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P R E F A C E

Many of the devices and systems used in modern industry are becoming progres
sively smaller and have reached the nanoscale domain. Nanofabrication aims at 
building nanoscale structures, which can act as components, devices, or systems, in 
large quantities at potentially low cost. Nanofabrication is vital to all nanotechnol
ogy fields, especially for the realization of nanotechnology involving traditional areas 
across engineering and science. This is the first book of its kind dedicated solely to 
examining the manufacturing technology of nanoscale structures, devices, and sys
tems, and is designed to satisfy the growing demands of researchers, professionals, 
and graduate students. In this monograph, both bottom-up and top-down fabrica
tion technologies are introduced, with an emphasis on multidisciplinary principles, 
methodologies, and practical applications.

Bottom-up fabrication strategies involve manipulation or synthetic methods of 
biochemistry in directly assembling subnanoscale building blocks, such as atomic, 
molecular, and supramolecular elements, into required nanoscale patterns, of which 
bio-medical, chemical, and physical sensors and actuators are obvious applications. 
More ambitious is work in large-scale molecular electronics and computers, aimed 
at constructing circuitry in which individual atomic or molecular parts serve as 
wires and transistors. However, performing only one atomic or molecular reaction 
at a time using non-molecular machines, such as scanning probe microscopes, is 
impractical for making large quantities of a product. It appears that whether the 
strategy is manipulation, chemical synthesis, or self-assembly, the fabrication must 
occur in parallel or in arrays to self-form groups of atoms or molecules fast enough 
to produce useful structures of macroscopic size. Six chapters in this monograph 
are primarily devoted to examining recent developments in bottom-up approaches.

The top-down strategies have basically evolved from conventional lithographic 
techniques, in which nanoscale structures or semiconductor chips are fabricated from 
a bulk material by gradually removing or subtracting bits of the material in series. 
A key difference from the bottom-up approach is that, in the top-down approach, 
the parts or chips are both patterned and built in place, so that no assembly step 
is needed. The top-down approach has been proven to be a critical tool for the sus
tained evolution of the electronic, computer, photonic, and microsystem industries. 
However, there continue to be many obstacles and challenges that confront top-down

vii
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viii Preface

techniques as these techniques approach their fundamental size limits. Accordingly,
I have included ten chapters in this book mainly to address these obstacles and* 
challenges.

Eventually, the most promising strategy for the development of nanofabrication 
processes in large quantities will a hybrid approach, a combination of the bottom-up 
and conventional top-down techniques, and an integration of biological and chemical 
nanoelements in future devices. For example, through the use of the conventional 
lift-off technique, biological molecules, such as proteins and immunoglobulins with 
sizes of a few nanometers, have been immobilized in thin-patterned films. In fact, 
several chapters of this book involve the hybrid strategy.

Each chapter in this volume has been authored by well-known resear
chers, to whom I am grateful for their contributions. I am also indebted to a large 
number of reviewers, whose critical reviews have ensured that each chapter is of 
the highest quality. I would also like to thank Dr. Walt Trybula of Sematech for 
his advice in editing this book. Finally, I hope that readers will find this book both 
stimulating and useful.

Ampere A. Tseng 
Arizona State University 

Tempe, Arizona USA 
January 2007



CHAPTER 1

ATOM, MOLECULE, AND NANOCLUSTER MANIPULATIONS 
FOR NANOSTRUCTURE FABRICATION USING SCANNING 

PROBE MICROSCOPY

AMPERE A. TSENG
Department of Mechanical and Aerospace Engineering,

Arizona State University,
Tempe, Arizona 85287-6106, USA

S. D. SARTALE and M. F. LUO*
Department of Physics, National Central University,

Chungli, Taiwan, 32001, ROC

C. C. KUO
Department of Physics, National Sun Yat-Sen University,

Kaohsiung, Taiwan, 804, ROC

Over the last decade, scanning probe microscopy (SPM), including scanning tunnel
ing microscopy (STM) and atomic force microscopy (AFM), has become a powerful 
manipulation technique by virtue of its ability to interact with individual adsorbed 
nanoparticles with nanoscale precision on the surface. In this article, the principles, 
procedures and applications of both STM and AFM-based technologies for manip
ulation of atoms, molecules, and nanoclusters are reviewed with an emphasis on 
their ability to create a wide variety of nanostructures. In the manipulation of sin
gle atoms and molecules, the interaction among the atoms/molecules, surface, and 
tip are specifically discussed first. The approach for positioning the atom/molecule 
from and to the desired locations and precisely controlling its movement is also elab
orated for each specific manipulation technique. The applications of these techniques 
for fabricating different nanostructures and nanosystems are then presented. In the 
manipulation of nanoclusters, different nanocluster-substrate pairs in different envi
ronments with their potential applications in electronics, biology, and medicine are 
specifically evaluated. Finally, concluding remarks are provided, where the scopes 
for technological improvement and future research are recommended.

* Corresponding author: Department of Physics, National Central University, Chungli, Taiwan 
32001, ROC; mfl28@fermi.phy.ncu.edu.tw
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1 . I n t r o d u c t io n

Many of the devices and systems used in modern industry are becoming progres
sively smaller and have reached the scale of nanometers. Nanofabrication is playing 
an ever increasing role in building these devices and systems as well as under
standing the associated characteristics and functionality at the nanoscale. In gen
eral, nanofabrication consists of two major approaches: top-down high-resolution 
and bottom-up directed building processes [1]. The top-down approach has evolved 
from the conventional lithographic technology, which is the de facto standard used 
in the semiconductor industry. This approach takes a bulk material, and modifies 
or breaks it into smaller desired structures and normally involves removing or etch
ing out (sometimes with forming or adding) some materials to make the final ones. 
As an alternative to the top-down approach, interest has shifted to the bottom- 
up approach, in which the materials of atom or molecular scales serve as building 
blocks, for next generation nanoscale devices and systems.

The ultimate bottom-up approach to nanofabrication is the precise control over 
single atoms and nanoscale particles for the formation of nanostructures, also known 
as nano-manipulation. In the past decade, scanning probe microscopes (SPM), or 
more precisely, scanning tunneling microscopy (STM)-based technology has become 
an increasingly popular tool for manipulating matter at the atomic and molecular 
level because the tunneling current involved can selectively break chemical bonds 
and/or induce chemical association among the atoms. Originally, SPM has been used 
to gain knowledge of surface morphology and molecular organization in the fields
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of physics, chemistry, and biology. Currently, SPM has enjoyed widespread accep
tance in many areas of nanotechnology, including surface imaging, metrology, spec
troscopy and lithography [2, 3]. In this article, an overview of recent developments in 
the SPM technology for the manipulation of atoms, molecules, and nanoclusters is 
presented, focusing on its ability in creating a wide variety of nanostructures. Here, 
a nanocluster is a cluster of atoms or molecules whose characteristic dimensions are 
a few nanometers. On one side, it overlaps with the structure of nanocrystal, and 
with (macro)molecule on the other end. Nanoclusters are typically smaller struc
tures than nanocrystals and are important building blocks for functional materials 
and devices.

SPM-based manipulation involves two major techniques: scanning tunnel
ing microscopy (STM) and atomic force microscopy (AFM). The principles and 
approaches of each technique are introduced and evaluated separately with emphasis 
on their abilities, efficiencies, and reliabilities to engineer structures with nanometer 
resolutions. The nanostructures made by different techniques are specifically pre
sented in order to illustrate the versatility and advancement of these SPM-based 
techniques. The major variances as well as the associated strengths and weaknesses 
for the different techniques evaluated are examined. The potential applications for 
specific techniques and the uniqueness of the fabricated nanostructures are also 
discussed. Finally, prospective developments and research focuses for SPM-based 
techniques are presented.

In general, AFM is less restrictive than STM, because AFM can be performed 
in a normal room environment and can be used to image any kind of material. 
However, because the underlying principle and configuration of each technique are 
different, STM can be controlled at higher resolutions with a lower scanning speed 
while AFM can have higher speeds but lower resolutions. As a result, STM has 
the ability to manipulate single atoms with sizes at a subnanometer level, while 
AFM is normally used to manipulate particles, including macromolecules and nan
oclusters with sizes ranging between 10 and 100 nm. In addition to manipulation, 
both STM and AFM have been used for material modification (including resist 
exposure), material addition (mainly induced deposition), and material removal 
(including etching) at nanometer scales. Although these applications are important 
in nanofabrication, they are beyond the scope of this article. The details of these 
applications can be found in recent review articles by Tseng, Notargiacomo and 
Chen [2] and Tseng [4].

2 . M a n ip u la t io n  b y  S ca n n in g  T u n n e lin g  M ic r o s c o p e  (S T M )

The first SPM was the STM invented in 1981 by Binnig et al. [5]. STM uses a 
sharpened conducting tip with a bias voltage applied between the tip and the target 
sample. When the tip is within the atomic range (~1 nm) of the sample, electrons 
from the sample begin to tunnel through the gap to the tip or vice versa, depending



4 A. A. Tseng et al.

Control Parameter*
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• current
■ local heating
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Figure 1 . Schematic of controlling parameters between tip and adparticle on the surface in scan
ning tunneling microscopy (STM).

on the sign of the bias voltage as shown in Fig. 1. The exponential dependence 
of the distance between the tip and target gives STM its remarkable sensitivity 
with sub-angstrom precision vertically and sub-nanometer resolution laterally. Two 
basic modes of operation, known as constant height and constant current modes 
are usually used for imaging. In the constant height mode, the tip travels in a 
horizontal plane above the sample. The induced tunneling current, which depends 
on topography and the electronic properties of the local surface, constitutes the 
STM image. In a constant current mode, the tip height is adjusted by feedback 
signals to keep the tunneling current constant during scanning, and the variation 
of the tip height represents the image.

In operating STM, the tip will approach the sample surface until the set-point 
current is reached (at a given bias voltage). An adsorbed atom, molecule or nanoclus
ter, which is hereafter referred as an adparticle, is held on the surface by chemical 
bonds with the surface atoms. In an imaging mode, the distance between the tip 
apex atom(s) and adparticle is far enough such that any forces between them are 
negligible as compared to the forces binding the adparticle with the surface, and 
the adparticle is not disturbed by the passage of the tip over it. However, if the 
tip-adparticle distance is gradually decreased, the tip-sample interaction changes 
from the conventional tunneling regime to the electronic-contact regime and then 
to the mechanical-contact regime [6 , 7]. In the manipulation mode, the tip is in 
close proximity of the surface such that the adparticle bonds to the tip as shown in 
Figs. 2(a) or 3(a). It implies that by varying the distance between the STM tip and 
the sample, a force may be exerted on the nanoparticle adsorbed on the surface. 
A controlled manipulation experiment can thus be performed by lowering the tip 
towards the target adparticle to enhance the tip-adparticle interaction to overcome
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Figure 2. Schematic of lateral manipulation (LM), in which adatom remains bound to surface 
and pushed or dragged by STM tip: (a) pulling where adatom discontinuously follows tip from one 
adsorption site to another due to attractive forces, (b) sliding where adatom is trapped under tip 
and follows its motion instantaneously and continuously, (c) tip is retracted at desired place.

the forces between the adparticle and the surface. By adjusting the tip position 
and reducing bias voltage, and/or increasing the tunneling current, it is possible 
to adjust the magnitude and direction of the force, so that the tip can either push 
or drag an adparticle across a surface while the adparticle remains bound to the 
surface (Fig. 2(b)). This process is known as lateral manipulation (LM), normally 
defined in terms of pulling, sliding or pushing, depending on the type of interac
tion that is used between the tip apex and adparticle (attractive for pulling and 
sliding and repulsive for pushing) [8]. As shown in Fig. 3, the adparticle can also 
be picked up by the tip and relocated to another position with the assistance of 
the electric fields from the STM tip to increase or reduce the tip-adparticle inter
action. This process is called vertical manipulation (VM). At any point in the scan 
after such an operation, the tip can be retracted to the imaging distance by reset
ting the bias voltage and/or set point current to the imaging values, which thereby 
terminates the attractive interaction between the adparticle and the tip as shown 
in Figs. 2(c) and 3(c). These two manipulations require extremely fine control of 
the local interactions among the tip, adparticle, and surface. In general, it requires 
less force to move an adparticle along the surface by lateral manipulation than to 
pull it away from the surface using vertical manipulation. A schematic description 
of these interactions and the controlling parameters involved are also illustrated 
in Fig. 1.
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adatom

(XOOOOOOOOOO
surface

C)
tip

to___  surface
Figure 3. Schematic of steps in vertical manipulation (VM), in which adatom is transferred from 
surface to STM tip and back to surface: (a) tip picking adatom from adsorption site and adatom 
dissociation occurring, (b) tip lifting adatom from surface and moving to desired place due to 
attractive forces, (c) tip with adatom is loaded at desired site.

2 .1 . Manipulation o f  Atom s by STM

The first pioneering work demonstrating the ability of positioning single atoms 
on a metallic surface was conducted in 1990 by Eigler and Schweizer [9] with 
an STM. An STM with a W-tip was used to arrange Xe atoms adsorbed in a 
company logo of “IBM” on a single Ni (111) surface, as shown in Fig. 4. Exper
iments are typically conducted using an STM at low temperatures under UHV 
(ultrahigh vacuum, less than 10“ 9 torr) conditions. After careful cleaning of the 
sample surface, the construction of quantum structures can be achieved by an 
atom-by-atom relocation on the surface. The lateral manipulation is adopted and 
performed by moving the probe in a constant current mode. Given the close dis
tance, the tip is almost in mechanical contact with the atom, and the proxim
ity nature of the tip-atom interaction is the main driving force. The atom is left 
at the desired final location by retracting the tip to the original imaging height 
achieved by exploiting atomic resolution STM images of the surface as shown 
in Fig. 2.

Several different geometrical configurations of atoms have been achieved and the 
clear interference effect of electron waves has been directly observed. Figure 5 shows 
the image of two Chinese characters for ’’ atom” made of iron atoms on copper (111)
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Figure 4. STM image of lateral manipulation of xenon atoms on nickel(110) surface by STM in 
writing company logo of “IBM” (courtesy of IBM Research, Almaden Research Center).

Figure 5. STM image of atomic manipulation of iron atoms on copper(lll) surface in writing 
Chinese characters for “atom” by C. P. Lutz and D. M. Eigler, to which the literal translation is 
something like “original child” (courtesy of IBM Research, Almaden Research Center).

surface by D. M. Eigler and C. P. Lutz of IBM. As indicated by Crommie, Lutz, and 
Eigler [10], the ripples around the characters are the standing-wave patterns in the 
local density of states of the Cu (111) surface. Recent instrumentation development 
of STMs for low temperature operations can be found from Libioulle et al. [11] and 
Foley et al [12].

In vertical manipulation, the ability of picking an adatom from and releasing 
it back to the substrate surface, i.e., the direction of transferring atoms between 
the tip and the substrate surface is critical. Eigler, Lutz, and Rudge [13] found that 
the direction of transferring Xe atoms between the tip and the substrate surface 
is the same as that of the tunneling electrons and the corresponding atom transfer
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rate is a power-law function of the tunneling current (I). For the specific experiment 
conditions considered, i.e., the voltage (V) ranges from 18-180mV with a tunneling 
junction such that V /I  =  906 кП± 2%, and the transfer rate varies I4-9±0-2. Lyo and 
Avouris [14] have also shown that voltage pulses can be used for vertical manip
ulation by extracting atoms from a S i( l ll )  surface to the tunneling tip and then 
depositing them elsewhere using an opposite polarity pulse. They noted that the 
atom motion was in the same direction as the electron motion. Later, Shen et al. [15] 
also observed that the transfer of atomic H to Si surfaces at relatively low voltages 
is strongly power-law dependent. This reversible field (electron)-induced transfer of 
a single atom is also known as the Eigler switch [16]. This transfer phenomenon 
has been studied theoretically by many investigators [16, 17, 18]. Basically, the 
atom transfer in Eigler switch can be viewed as a potential-barrier crossing problem 
between the potential wells formed by the interaction of the atom with the tip and 
the sample, respectively. The main mechanism behind the transfer is that the cur
rent excites the atom vibrationally in the double-well potential, sustained by the 
van der Waals attraction to surface and tip. The bond is broken by overcoming the 
potential barrier by gaining energy from the tunneling electrons. Also, the Xe atom 
dissipates energy to the surface phonons, so that the competition between the dis
sipation to surface phonons and the “heating” by inelastically tunneling electrons 
should be included in the mechanism. The theoretical predictions generally agree 
very well with the experimental findings, especially the bond-breaking rate being 
consistent with the power-law dependence transfer rate.

The electric-field driven vertical-manipulation mechanism has also been used 
by Sailing and Lagally [19] to extract individual atoms from Si (100) surfaces to 
form nanometer scale rectangular pits. Later, using multiple vertical manipulations, 
Sailing, Kravchenko, and Lagally [20] could write nanoscale trenches in Si (100) 
surfaces with a 2.4 nm resolution from Si films that are only three atomic-layers 
thick. Recently, by studying the dynamics of a single cobalt (Co) atom, Stroscio 
and Celotta [21] have concluded that, at low tunneling voltages (less than 5 meV), 
the transfer rate between sites is independent of tunneling voltage, current, and 
temperature. At higher voltages, the transfer rate exhibits a strong dependence on 
tunneling voltage, indicative of vibrational heating by inelastic electron scattering. 
Adatoms can not only be laterally manipulated from the surface sites, but also 
extracted or vertically manipulated from more strongly bound intrinsic sites to cre
ate atom-vacancy pair atoms. The differences between the forces involved in lateral 
and vertical manipulations have been analyzed by Pizzagalli and BaratofT [22].

Normally, stable nanostructures consisting of adsorbed atoms can only be cre
ated at low temperatures because the mobility of the adatom can be greatly reduced. 
Thus, the adatoms become controllable and atomic/molecular manipulation can be 
performed nearly frozen. The instrumental effects including piezo hysteresis and 
thermal drifting can also be minimized at low temperatures. For example, the typ
ical 24-hr drift can be less than a few A for temperatures at a few K, which is
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a temperature achieved by cooling with liquid helium. Precision within a few A 
is essential in single atom manipulation. However, it is possible to increase the 
working temperature, even up to room temperature, by using atoms embedded 
in the surface. Hasegawa and Avouris [23] have used the vertical manipulation of 
STM to observe the formation of standing wave patterns on Au (111) surfaces at 
room temperature. The oscillations are imaged from spectroscopic data or maps of 
(dI/dV )(I/V )_1 where I and V are the bias current and voltage, respectively, and 
found near step edges and atomic defects from which the electrons scatter. The 
2D standing wave patterns observed are consistent with the oscillations predicted 
by solving the classic eigenvalue problem in quantum mechanics for a particle in a 
hard-wall box.

2 .2 . Manipulation o f Molecules by STM

Similar to atoms, single molecules, starting with small molecules, such as CO, 
can be manipulated with an STM tip by managing the tip-adsorbate interaction 
force, by regulating the induced electric field, or by applying tunneling electrons 
from the tip. In the early experiments, only one type of manipulation is applied 
while in recent studies, multiple manipulations have been concurrently performed. 
The resulting chemical reactions on the molecules can be dissociation, diffusion, 
adsorption, and/or bond formation for creating molecule-based building blocks for 
patterning various nanostructures. Numerous experimental and theoretical studies 
have been reported to quantify these reactions. For example, Dujardin, Walkup, and 
Avouris [24] studied the dissociation of individual ВюНн molecules from an S i(lll)  
surface using low-energy tunneling electrons from the tip in a vacuum chamber of 
10~8 torr. They found that the probability for the dissociation increases from 0.1 to
0.8 as the applied bias voltage increases from 4 to 8 V with a current of 200 pA. Note 
that when electron energies higher than the work function of the tip (normally less 
than 3eV) are applied to the molecule, the tip acts as an electron emission source 
and the field emission induces the dissociation.

Stroscio and Eigler [25] and Zeppenfeld, Lutz, and Eigler [26] were the first group 
to study the lateral manipulation of CO molecules adsorbed on P t ( l l l )  surfaces 
using cryogenic STM. CO molecules have also been laterally manipulated on various 
surfaces, including C u (lll)  and Ag (110) [27]. As shown in Fig. 6, a nanoscale 
Brandenburg Gate is constructed with 48 CO-molecules regulated on a Cu(211) 
surface using lateral manipulation at 15 К [28]. At this temperature, the molecules 
can be sufficiently frozen so that a large number of them can be precisely moved to 
the desired location. Also the fabricated structure can remain stable for a relatively 
long time. However, in the lateral manipulation, CO molecules are usually pushed 
by the STM tip and moved discontinuously in front of the tip due to repulsive 
forces, while metal adatoms are usually dragged and slid. On close packed surfaces 
like C u (lll) , pushing is not very reliable, as the molecules tend to move to the side
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Figure 6 . STM image of Brandenburg Gate-like nanostructure constructed on Cu(2 1 1 ) with 48 
CO-molecules using lateral manipulation with cryogenic STM at 15 К (courtesy of Professor Karl- 
Heinz Rieder of Swiss Federal Laboratories for Materials Research, Duebendorf, Switzerland and 
Dr. Gerhard Meyer of IBM Zurich Research Laboratory, Riischlikon, Switzerland).

of the tip and get lost. The successful creation of the nanostructure shown in Fig. 6 
can be attributed to the proper choice of the orientation of the surface. As shown, 
the parallel “valleys” (from the top to the bottom in Fig. 6 ) of the Cu(211) surface 
can act as “railways”, in which the CO adsorbed at the upper part of the intrinsic 
step edges can be pushed along the railway trails.

Jung et a l [29] applied lateral manipulation of bulky hydrocarbon molecules at 
room temperature. This hydrocarbon group can maintain sufficiently strong inter
actions with the surface to prevent thermally-activated diffusion at room temper
ature, but nevertheless allow controllable manipulation. Gimzewski and Joachim 
[30] have demonstrated that the manipulation of single molecules at room temper
ature is also feasible; they have exploited the strong interaction with the surface 
shown by macromolecules such as porphyrins. Furthermore, on the field of increas
ing the throughput and patterning speed, it is worth mentioning the “automated 
atom assembly” approach of Stroscio et a l [31] in which they performed bottom- 
up fabrication of nanostructures by providing the STM with computer-controlled 
capabilities of lateral displacements of atoms. Most manipulations are performed 
under the constant current mode, but the constant height modes have also been 
used for manipulation of complicated molecules [32].

In molecular manipulation, an interesting phenomenon called “molecule cas
cades” has been discovered. It is similar to a row of toppling dominoes. Heinrich 
et a l [33] arranged CO molecules on Cu (111) at low temperature in staggered 
chains of dimmers, where moving one molecule with the STM tip causes the subse
quent motion or hopping of another, and so on. The hopping rate of CO molecules in 
cascades was found to be independent of temperature below 6 К and to exhibit a pro
nounced isotope effect, hallmarks of a quantum tunneling process. These molecule



Atom, Molecule, and Nanocluster Manipulations for Nanostructure Fabrication 11

cascades could have many potential applications. For example, logic gates and other 
devices can be implemented by engineered arrangements of molecules at the inter
sections of cascades. Heinrich et al. [33] have demonstrated that these molecule 
cascades could be arranged into logic circuits such as one-time logic AND gates and 
two- and three-input sorters which incorporate logic AND and OR functions.

In vertical manipulation, the molecular flipping during vertical transfer of CO 
molecules from a Cu surface to the tip has been studied by many investigators. As 
indicated by Ishi, Ohno and Viswanathan [34], CO stands upright on metal surfaces 
with the carbon atom binding to the substrate. As the CO molecules have a sim
ilar absorption geometry to isolated Cu atoms adsorbed on a Cu surface, the CO 
molecule turns around when being transferred up to the tip. This additional degree 
of freedom associated with CO molecules makes the vertical manipulation of CO 
more complicated and less predicable than that of single atoms. To have a predica
ble or reliable vertical manipulation procedure, Bartels, Meyer, and Rieder [35] have 
found that the tunneling voltage must be slowly ramped to zero and the tip-CO dis
tance should be simultaneously reduced to compensate the decrease in the current. 
In vertical manipulation, Bartels, Meyer, and Rieder [35] reported that the pickup 
of a single CO molecule can be applied for enhancing the ability of the STM tip. 
The sharpness of the STM tip can be greatly increased by deliberately transferring 
a molecule (or atom) to the normally etched tip apex. Thus, the image contrast can 
be improved. Additionally, the molecule-(or atom-) attached tip can have better 
chemical contrasts in molecular recognition imaging. For example, a CO-attached 
tip can distinguish between the adsorbed CO molecules and oxygen atoms relatively 
easily, which look very similar to the bare etched metal tip. Furthermore, the pickup 
step in vertical manipulation can be used as a material removal process for mak
ing various molecular structures such as nanotrenches, mentioned in the section on 
manipulation of single atoms. Also, the loading step in vertical manipulation can 
act like a material addition process. Theoretically, a three-dimensional molecular 
assembly can be built step by step using either material removal or material addition 
processes. The vertical manipulation is also capable in transporting the molecules 
(or atoms) across substrate obstacles, which should be difficult to perform by lateral 
manipulation.

STM manipulation of atoms and molecules has been used to create various arti
ficial structures at the nanoscale and these structures can be in situ characterized 
and modified by using the tunneling electron current for rotations, diffusional jumps, 
vibrational excitations, desorption, dissociation. As indicated by Rieder et al. [36], 
by tuning the voltage into the energy levels of specific vibrations or electronic lev
els, new opportunities for making molecular engines and switches become possible. 
Iancu, Deshpande, and Hla [37] found that two conformations of isolated single 
TBrPP-Co molecules on a C u (lll)  surface can be manipulated or switched with
out altering their chemical composition by applying +2.2 V voltage pulses from a 
STM tip at 4.6 K. As a result, two different Kondo temperatures, which can act
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as a molecular switch, are obtained by this single molecular switching mechanism. 
Grill and Moresco [38] have presented several examples of molecular wire-electrode 
systems, where single molecules are placed in contact in a controlled way. The asso
ciated electronic contact can be characterized using the additional contribution to 
the tunneling current, but also using the influence on the electronic states of the 
electrode and the molecule. Changed chemical structures of the molecule resulting 
in different shapes and dimensions of electrodes can lead to a variety of contact 
configurations and molecular wire-electrode electronics.

2.3. M a n ip u la tio n  o f  N an oclu sters by S T M

In recent years, interest in direct manipulation of deposited nanoclusters using an 
STM tip has grown significantly, not only because it is easy to operate and control 
precisely but also because nanoclusters exhibit a wide range of peculiar fundamental 
properties [39-42]. Realization of precise control and positioning of the supported 
nanoclusters promises potential applications in optics, electronics, mechanical mate
rials, catalysis as well as biotechnology. For instance, precisely arrayed nanoclusters 
can be employed in developing high-performance electronic and magnetic devices 
[43, 44].

Recently, the STM manipulation technique has been used to pattern Co nan
oclusters grown on an ordered AbOe/NiAlflOO) surface [62]. The tip is placed over a 
specific cluster and the applied bias is reduced below a threshold value to attract the 
cluster and subsequently removed it from the patterns. Through this approach, the 
patterns of the supported Co clusters can be systematically tailored. The removed 
clusters can also be relocated to other positions by reversing the polarity. The 
uniform Co clusters formed from vapor deposition are only present on crystalline 
AI2O3 films and are highly aligned by protrusion structures of the crystalline AI2O3 . 
Through simple thermal treatments we can control the geometry of the crystalline 
AI2O3 film as well as the protrusion networks on it and thereby manipulate patterns 
of the Co clusters [45,46]. The patterns of the Co clusters can thus be manipulated 
[45-46]. This self-organized patterning in combination with the STM manipulation 
techniques enables one to fabricate desired cluster patterns and subsequently to 
investigate their physical properties.

Figure 7 displays a sequence of STM images illustrating removal of the Co 
clusters by reducing the bias during scanning. Figure 7(a) shows the STM image 
obtained at 2.4 V bias and 0.8 nA tunneling current, where aligned Co nanoclusters 
are formed on crystalline AI2O3 . As shown in the square of the zoom-in area in 
Fig. 7(b), the bias is lowered to different values during scanning (from left to right). 
As the tunneling current is kept the same, this process brought the tip close to 
the clusters, as illustrated schematically in the cartoon inset. It is evident that bias 
voltages below a threshold value of 0 .8  V induce the motion of the Co nanoclusters. 
Figure 7(c) is the same surface region as shown in Fig. 7(a) scanned just after the 
manipulation process with the same imaging parameters. It can be observed from



Atom, Molecule, and Nanocluster Manipulations for Nanostructure Fabrication 13

Figure 7. STM images showing removal of Co clusters by reducing bias during scanning: (a) 
Co clusters grown on ordered АЬОз/МАЦЮО) surface (bias =  2.4 V and tunneling current =  
0.8 nA), (b) zoom-in image of square area shown in Panel (a), where bias was lowered to different 
values with I =  0.8 nA during scanning, (c) same surface region as in Panel (a) after removal of Co 
clusters scanned with the same imaging parameters (2.4 V, 0.8 nA). The inset cartoon illustrates 
the procedure.

the figure images that where the bias is above the threshold value, the Co clusters 
are in fixed and well-defined locations. On the contrary, the regions where the bias 
is below the threshold value have no Co clusters. When a higher tunneling current 
is set, a higher threshold bias can be found. For instance, when 1.6 nA was used as 
the set point current, the threshold bias was found to be 1.6 V.

Following the approach described above, the desired Co-cluster patterns can be 
engineered as shown in Fig. 8. Figures 8(a) and 8 (b) show that specific clusters 
are pulled out from the edge of the crystalline regions to create voids or cavities in 
the pattern. The arrows shown in Fig. 8(a) stand for the process, in which the tip 
was first moved over the specific clusters (the end sides of the arrows) and brought 
close to them, by reducing the bias, to induce the motion of the Co clusters, and 
the tip was translated to the other location to remove them from the pattern. 
Figure 8 (c )-8 (e) shows that a long cluster chain can be trimmed and cluster chains 
with various lengths can thus be fabricated. Figure 8(d) is a zoomed in image of 
Fig. 8 (c) and Fig. 8(e) is the image after the trimming processes denoted by the



14 A. A. Tseng et al.

Figure 8. STM images of cluster patterns engineered by STM manipulation: (a) before creation 
of cavity by removing specific Co clusters, (b) after removing specific Co clusters to create cavity, 
(c) before trimming long Co clusters chain on crystalline AI2O3 strip, (d) zoom-in image of square 
area shown in Panel (c), (e) after trimming the chain, where condition of 0.8 V and 0 .8nA was 
used for removing Co clusters and 2.4 V and 0.8 nA were used for imaging.

arrows in Fig. 8 (d). Such manipulation processes typically do not damage the oxide 
support, evident by the remaining oxide protrusion structures after cluster removal, 
as shown in Fig. 9(a). However, in a few cases, lowering bias below threshold value 
brings the tip so close that the tip removes not only clusters but also oxide film. 
Figure 9(b) shows that the oxide film grown at the NiAl step was removed along 
with the clusters.

At low Co coverage, the Co nanoclusters can be pulled or pushed on the crys
talline AI2O3 surface by the STM tip. Figure 10 shows the Co clusters in the square 
area pushed or pulled along the protrusion stripes (the tip moves from bottom 
upward). After the processes, the clusters were moved to the middle part of the 
square area. Although we observed that the tip pulls or pushes the Co clusters on
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Figure 9. STM images showing clusters and oxide films removed by STM tip with bias below 
threshold value (bias =  2.4 V and tunneling current =  0.8 nA): (a) Co cluster rows removed from 
long clusters chains, (b) clusters and oxide films removed, in which oxide film grown at step of 
NiAl substrate. In the region indicated by square in Panel (b), 0.8 V bias was used.

Figure 10. STM images of movement of Co clusters (0.15 ML coverage) on crystalline AI2O3 
surface by pulling or pushing with STM tip: (a) before moving clusters, (b) after movement, where 
cluster number after movement is not the same, indicating that some are adsorbed on the tip. 
Images were obtained at 2.4 V and 0.8 nA.

the oxide surface, in most cases the clusters are attracted and adsorbed on the tip, 
indicated by the fact that the number of clusters before and after manipulation 
is not the same. Adsorbing too many clusters sometimes causes multi-tip effect or 
deteriorates the imaging, as shown in Fig. 11. The image quality can be regained 
simply by removing the adsorbed clusters from the tip. These adsorbed clusters can 
be relocated on the surface by simply reversing the bias polarity when the tip is 
brought closer to the surface. Figure 12 demonstrates that we picked up a Co cluster 
from the crystalline AI2O 3 surface and relocated it to the amorphous region. It is 
worth noting that the size of the Co clusters unloaded from the tip remains similar 
to those on the surface.
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Figure 11. STM images of multi-tip effect due to Co clusters adsorbed on tip: (a) before manip
ulation, (b) after manipulation, where bias =  2.4 V and tunneling current =  0.8 nA were used in 
manipulation.

Figure 12. STM images of relocation of specific Co cluster from crystalline AI2O3 to amorphous 
region, where cluster removed is indicated by circles and insets manifest void creation after remov
ing the specific cluster: (a) before picking up the cluster, (b) after relocating it on the amorphous 
region. Both images were obtained at 2.4 V bias and 0.8 nA tunneling current.

In the context of the STM atom/molecule manipulation, the manipulation pro
cess is more like vertical manipulation [47]. At the threshold parameters (bias volt
age and tunneling current) the tip-cluster distance is so reduced (<2.5 A, estimated 
by a simple tunneling model [48, 49]) that the force between the cluster and the tip, 
involving a combination of the electric field and chemical boding, is stronger than 
the adhesion force between the Co cluster and the oxide surface, about 35 eV/A for a 
single cluster with the mean size [45, 46], derived from the density-functional-theory 
calculations. Therefore, the cluster can transfer with the tip upon its withdrawal



[18, 50]. Here, the electron field provides a directional driving force to transfer the 
cluster in the desired direction. The cluster is unloaded after reversing the bias 
polarity [51]. In line with the argument, the STM tip may not remove the clusters 
while competing with much stronger cluster-oxide interactions, such as Pt clusters 
on ordered А12Оз/№А1(ЮО).

Many groups have been devoting significant efforts to manipulation of metal
lic nanoclusters on silicon single-crystal surfaces because of silicon’s importance 
in the microelectronics industry and the hope that hybrid organic devices can 
be integrated with existing silicon technology. Meanwhile, the manipulation of 
metallic nanostructures on a clean reactive silicon surface has been considered 
unfeasible for reasons of surface wetting and strong interface bonding. Pretreat
ment to the clean silicon surface is hence necessary to achieve manipulation. 
By using the buffer-layer-assisted growth technique, Chey, Huang, and Weaver 
[52, 53] have demonstrated controlled manipulation of Ag, Cu and mixed Ag-Cu 
nanoclusters on an S i(lll)-(7x7 ) surface. The buffered (60-300 ML thick layer 
of Xe) Si surface is used to deposit Ag and Cu atoms, and the Ag and Cu 
adatoms are sufficiently mobile on Xe to form nanoclusters. Unwanted Ag nan
oclusters were removed by laterally pushing the nanoclusters with the STM tip 
using the following two approaches. In the first approach, fast approach mode, 
a large area was scanned to derive the image and then a single line scan was per
formed over the desired feature with a fast scan speed (>10  д т /s), so that the feed
back could not respond, to establish contact between the nanocluster and the tip 
to remove the Ag nanocluster. The second approach is typical, involving a line scan 
at a slower scan speed (~0.1 /хт/s) with the feedback disabled. These manipula
tion results were dependent on the competition of bonding strengths of nanoclusters 
with the substrate and the tip. For instance, these Ag nanoclusters with height more 
than 12 nm (~200000 atoms) could not be moved, as the cluster-substrate contact 
area, determining the number of Ag-Si bonds and thus the adhesion force, depends 
on the nanoclusters’ sizes [52]. In addition, for Cu nanoclusters on S i(lll)-A g  and 
even Ag nanoclusters on A g (ll l )  substrates, where the nanocluster-substrate inter
action is stronger, the manipulation was not successful. In some cases, such as Mn 
clusters on Ceo terminated Si surfaces, the clusters can be removed and transferred 
to the tip but cannot be released from the tip [54].

Hydrogen-terminated Si surfaces are another kind of popular silicon support for 
cluster manipulation. Butcher et al. have demonstrated that by scanning at either 
large negative tunneling current or high positive bias voltage, it is possible to remove 
Ag nanoclusters from hydrogen terminated Si(100) surfaces [55]. By lowering tun
neling impedance below a threshold value, individual Ag nanoparticles could be 
controllably slid across the H-passivated S i(lll)  surface or picked up by the tip and 
subsequently re-deposited by applying an appropriate voltage pulse [56]. On the 
same H-terminated S i(lll)  surfaces, the manipulation can also be applied on Au 
nanoclusters prepared by means of field-induced transfer 
was restricted to the Au nanoclusters deposited by using
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of Au tip material, but
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voltage pulses ( < + 8  V) [57]. Higher voltage pulses lead to the formation of an 
Au-Si alloy. Furthermore, it was observed that upon traversing the tip through a 
wet chemically prepared CdS nanocluster agglomeration, several individuals can be 
removed to form a desired structure [57].

Chemically passivated nanoclusters are also tried for such manipulation. For 
instance, it has been demonstrated that chemically passivated Au nanoclusters 
deposited on a highly oriented pyrolytic graphite (HOPG) surface can be manip
ulated in a controlled way by using appropriate tunneling parameters [58]. In the 
cleared area after removal of these C12H25S coated Au clusters, fragments result
ing from the cluster dissociation process were observed. These fragments could be 
laterally displayed by further high current tunneling [58].

All examples discussed above were carried out in an ultrahigh vacuum (UHV) 
condition. For realistic applications, attempts have been made to perform such 
manipulation at ambient pressure. Ohgi, Sheng, and Nejoh, [59] have demon
strated that lower-density Au nanoparticles supported on self-assembled monolay
ers (SAMs) of octanedithiol (HS(CH2 ):SH:CsS2) molecules formed on an A u (lll)  
surface can be removed easily with lower bias and higher tunneling current than 
the imaging ones, although the manipulation is difficult at coverages above 1 ML. 
Rolandi et al. [60] have shown that alkanethiol-coated Au nanoparticles on HOPG 
substrate can also be removed by scanning at low bias voltages. Coulomb blockade 
was found to be the reason why the tip attracts nanoclusters at low bias voltage. 
The results for the manipulation in ambient conditions are not abundant; however, 
they have implied the possibility to succeed. Table 1 summarizes the successful 
attempts to manipulate nanoclusters on different surfaces.

Table 1 . STM-manipulation of nanoclusters on surfaces.

Nanocluster Surface Environment Reference

Co Al2O3/NiAl(100) UHV Sartale et al. [62]
Ag, Cu and mixed 

Ag-Cu
Xe (60M L )/S i(lll), 

A g (ll l)  and others
UHV Chey et al. [52, 53]

Mn Сво terminated S i( l l l ) UHV Upward et al. [54]
Ag H-terminated Si(100) UHV Butcher et al. [55]
Ag H-passivated S i( l l l ) UHV Radojkovic et al. [56]
Au and CdS H-terminated S i( l l l ) Hartmann et al. [57]
Chemically 

Passivated Au
Highly oriented 

pyrolytic graphite 
(HOPG)

Durston et al. [58]

Au Self assembled
monolayers (SAMs) 
of octanedithiol 
formed on A u ( ll l)

Ambient Ohgi et al. [59]

Alkylthiol 
coated Au

HOPG Ambient Rolandi et al. [60]



Atom, Molecule, and Nanocluster Manipulations for Nanostructure Fabrication 19

3. M a n ip u la t io n  b y  A t o m ic  F o rce  M ic r o s c o p e  (A F M )

AFM has evolved from STM and operates by measuring attractive or repulsive forces 
between the tip and sample, which vary with the spacing between the two. Since the 
tip is located at the free end of a cantilever, the attractive or repulsive forces cause 
the cantilever to deflect as shown in Fig. 13. Depending on the situation, forces that 
are measured in AFM include mechanical contact force, Van der Waals forces, cap
illary forces, chemical bonding, electrostatic forces, magnetic forces, Casimir forces, 
solvation forces etc. Typically, the deflection is measured using a laser spot reflected 
from the top of the cantilever into an array of photodiodes. AFM has a much broader 
potential and range of applications over its predecessor STM because it can be used 
for imaging any conducting or non-conducting surface and be performed at room 
environment [6].

Depending on the application, AFM can be operated in either contact or non- 
contact modes. In a contact or near contact mode, either the constant height or the 
constant force mode can be used. In a non-contact (NC) mode, the cantilever tip 
is made to vibrate near the sample surface with spacing on the order of a few nm 
or intermittently touches the surface at lowest deflection. Consequently the non- 
contact is also known as the tapping mode. Furthermore, in NC or tapping mode 
operations, if the dynamic properties of the cantilever carrying the tip are measured, 
the specific AFM apparatus can be called frequency modulation (FM) AFM or 
dynamic force microscopy (DFM). It has been known that frequency modulation is 
required for resolving reactive surfaces, like S i(lll)  under UHV, where a chemical 
bond between a tip and a sample can be formed [61]. However, measuring dynamic 
response using frequency modulation can restrict the operation speed of AFM.

As compared with STM, the AFM operation principle of manipulation is rela
tively simple. During scanning, the separation between the AFM tip and the adpar
ticle is such that the lateral attractive van der Waals forces are sufficiently weak to 
avoid unintentional contact of the adparticle with the tip, as shown in Fig. 13(a).

(a)

Ф adparticle 

surface

(b)

surface
Figure 13. Schematic of AFM tip positions in the imaging and manipulation modes: (a) in imaging 
mode, lateral attractive van der Waals forces are sufficiently weak to avoid contact between tip and 
adparticle, (b) in manipulation mode, tip is in contact with adparticle, which is pushed laterally.
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Using disabling the feedback loop and advancing the tip into contact with the par
ticle (Fig. 13(b)), the tip can move laterally to push the adparticle to a predefined 
position on the surface. In this section, the applicability of AFM for manipulation 
of single atoms, molecules, and nanoclusters is described and assessed.

3.1. M an ipu la tion  o f  Single A to m s by A F M

Oyabu et al. [63] are believed to be the first group using a cryogenic AFM near 
a contact mode to study the vertical manipulation of Si atoms on S i(lll)-(7 x 7 ) 
surfaces. The experiment was conducted at a temperature of 78 К under UHV (5 x 
10“ 11 Torr). A typical n-doped Si cantilever with a spring constant of 48N/m  and 
1st harmonic resonant frequency of 160 Hz was used. The corresponding quality 
(Q) factor for this cantilever system is 1.7 x 105. In a dynamic system, the Q 
factor is a measurement of the effect of resistance to oscillation. It compares the 
frequency at which a system oscillates to the rate at which it dissipates its energy. 
Roughly speaking, a higher Q has less resistance to oscillation. In manipulation, a 
soft nanoindentation was first performed by the tip to remove a selected Si atom 
from its equilibrium position at the surface without additional perturbation of the 
(7x7) unit cell. The short-range interaction force acting between the atom at the tip 
apex and closest adatom at surface activated the removing process. Unloading the 
manipulated atom is achieved by depositing it on a previously created vacancy at 
the surface. These manipulation processes are purely mechanical, since only short- 
range chemical interaction forces are involved and neither bias voltage nor voltage 
pulse is applied between probe and surface.

Later, Oyabu et a l [64] extended their study to the lateral manipulation of a Ge 
adatom on G e ( ll l )—c(2 x 8 ) surfaces by frequency-modulation AFM. The stud}' 
observed that the intrinsic adatoms of G e(lll)  surfaces are suitable for lateral 
manipulation by the short-range interaction force acting between the outermost 
atoms of a tip and the atoms on the surface. Moreover, an atom inlay was conducted 
using an FM-AFM with a Si cantilever of 29.5 N/m spring constant under lateral 
manipulation of Sn adatoms at room temperature on a G e ( ll l)—c(2 x 8 ) surface 
and resulted in an embedded atom letter “Sn” as shown in Fig. 14. The inlay was 
acquired with an oscillation amplitude of 15.7 nm, setting a frequency shift value 
of —4.6 Hz with respect to a free oscillation first-mechanical resonant frequency of 
160,450 Hz under UHV environment [65]. They observed that small thermal energy 
of the atom enables stable manipulation for a relatively long period of time.

Kawai and Kawakatsu [6 6] applied an AFM under the frequency-modulation 
mode to extend the lateral manipulation of Si adatoms on the S i( l l l)—(7 x 7) surface 
to room temperature under a UHV environment. Pushing and pulling steps were 
carried out with repulsive and attractive interaction forces between the cantilever 
tip and the adatom. A small amplitude of 0.4 nm was used to improve the detection 
sensitivity of the short-range interaction force gradient as well as to enhance the
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Figure 14. AFM image (7.7 x 7.7 nm2 image size) of atom inlaid letter “Sn” by rearranging Sn 
atoms on G e (lll)-c (2  x 8) surface at room temperature with cantilever oscillation amplitude of 
15.7 nm, using Si cantilever of 29.5 N/m spring constant, setting frequency shift value of —4.6 Hz 
with respect to first-mechanical resonant frequency of 160 kHz (courtesy of Dr. Oscar Custance of 
Osaka University, Japan).

resolution of the manipulation. Enhanced detection sensitivity due to the small 
amplitude could also avoid accidental modifications of the surface during imaging. 
Since a stiff cantilever is necessary to realize a small amplitude operation, the 2nd 
flexural mode was used. In the pushing mode, the 2nd frequency and frequency 
shift were set to 1,701 kHz and 20 Hz, respectively, with a Q factor of 13,095, while 
the corresponding values used in the pulling mode are 1,697 kHz and -104 Hz, 
respectively, with a Q factor of 10,474. They observed that small adatoms can be 
extracted, attached and laterally manipulated in and over the half unit cell with a 
repulsive interaction force. In the case of a tip condition that gave a strong image 
contrast, an adatom beside a vacancy could be pulled to the neighboring stable site 
with a strong attractive force.

Nishi et al. [67] used FM-AFM to investigate the atomic manipulation on an 
insulator surface, which normally is not suitable for STM manipulation. They 
adopted the soft nanoindentation approach, similar to that used by Oyabu et al. 
[63], to manipulate atoms on a cleaved ionic crystalline KC1(100) surface in UHV at 
room temperature with limited success. Very often, more than one surface atom is 
vertically manipulated or dragged from the surface by nanoindentation, while in rare 
cases, single-atom manipulation is successfully performed. Lateral manipulation of 
a vacancy has occasionally succeeded on the KC1(100) surface. They presumed that 
the lateral manipulation was induced by pulling. The difference between the covalent 
bonding of Si (Si-Si: 2.32 eV/bond) and the ionic bonding of KC1 (K-Cl: 7.2 eV/ion 
pair) leads to the different results in the atom manipulation. They have introduced 
thermal drift compensation software for better approaching the target atom.

3 .2 . Manipulation o f Single Molecules by A F M

Similar to single atoms, individual molecules are difficult to be manipulated by 
sliding on or dragging from a surface to chosen sites. The most important reason is
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probably the presence of undesired interactions between the AFM tip and surface, 
including van der Waals, electrostatic and adhesion forces. Also, the non-specificity 
of the attachments, residuals, and molecules often occurs between the tip and sur
face [6 8 ]. Although many efforts have been made to manipulate single moleculates 
with AFM, all are with limited success. For example, Chyan et al. [69] have used 
the mechanical forces exerted by AFM to initiate the unfolding transition of indi
vidual protein molecules for the characterization of the unfolding and refolding 
processes. However, actually sliding the molecule to the desired location in a sta
ble and controllable manner is still unachievable. Recently, Hobbs and Kantorovich 
[70] theoretically studied the response of a Ceo molecule imaged by an AFM on an 
insulating surface in an UHV environment and showed that it is possible to identify 
the intramolecular features of the molecule. Their results may lead to successful 
manipulation of the molecule using NC-AFM.

3.3. M a n ip u la tio n  o f N an oclu sters by A F M

Schaefer et al. [71] demonstrated first that the gold clusters with diameters ranging 
from 9 to 20 nm on highly ordered pyrolytic graphite (HOPG) substrate were moved 
across the surface to a predefined location using the AFM tip. By employing the 
same approach, these Au clusters were further arranged to form arrays on the WSe-2 
substrate [71]. Aerosol nanoparticles can also be manipulated by the AFM. It was 
found that Ag aerosol particles on an InP substrate were swept by the AFM tip 
during scans [72]. More delicate manipulation was performed on aerosol Ag particles 
on SiC>2 substrate, in which the letters “LTL” were written using 45 nm Ag particles 
[73]. GaAs aerosol particles (30 nm) on GaAs substrates were also positioned with 
nanometer precision and formed complicated patterns and structures [74]. Modeling 
based on this sort of aerosol particle manipulation implies again that the tip radius 
should be minimized in order to reduce the adhesion between tip and particle as 
reported by Junno et al. [74].

Since the AFM manipulation techniques are becoming mature, some have 
attempted to manufacture nanodevices using such a bottom-up approach. Junno 
et al. [75] had fabricated nanomechnical switches and atomic scale contacts with
50 nm Au nanopartides in air at room temperature. Electrode patterns were formed 
previously by e-beam lithography followed by evaporation of 3nm Ti (for adhe
sion) and 25 nm Au with a gap of 20-50 nm onto a 300 nm thick SiC>2 layer on 
a silicon substrate. The manipulation procedure consists of three steps: (i) locat
ing electrodes and gap area and selecting suitable nanoparticle by AFM imaging, 
(ii) positioning the tip behind the particle according to the desired displacement 
direction and (iii) moving it while the feedback is disabled. Figure 15 displays the 
sequence of AFM images recorded during positioning of an Au nanoparticle into the 
gap between the two Au/Ti electrodes. The ohmic junctions established between 
the nanoparticle and the electrode were stable for several hours. By pushing the

X
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Figure 15. Sequence of AFM images (670 run by 670 nm) of positioning 50-nm Au particle into 
gap between A u/Ti electrodes, where heights of particles and electrodes гиге 30 nm (courtesy of 
Prof. T. Juno of Lund University, Sweden).

nanoparticle to and fro, the nanoparticle behaves as a bi-stable nanomechanical 
switch to close and open the circuit.

Similar to atom manipulation, the tapping mode (TM) or frequency modula
tion (FM) of AFM can be applied for the manipulation of nanoclusters, in which 
the AFM feedback exploits the change in the amplitude of a cantilever’s oscilla
tion driven at a user-defined frequency due to the interaction of a tip mounted 
at the cantilever’s end with a sample. Ramachandran et al. [76, 77] observed that 
variations in the amplitude and the resonance frequency of the cantilevers lead to 
different contrast in the FM-AFM images for the Au nanoparticles in either UHV or 
air environments. Further exploration found that tip-nanoparticle contact caused 
negative contrast, which implied a new protocol for the FM-AFM manipulation. 
As the tip-nanoparticle contact can be easily identified, one can subsequently use 
‘feedback off’ and ‘set-point change’ approaches for direct and controlled manipu
lation. Using these approaches, it was demonstrated that FM-AFM can manipulate 
5 nm Au nanoparticles to form a chain-like pattern. Figure 16 shows the lateral 
manipulation of Au nanoparticles (approximately 24-nm in size) on a cleavaged 
mica surface by FM-AFM in ambient environment at room temperature to create 
a chain-like nanostructure. A positive coating of poly-L-lysine on the mica surface 
allows the negatively charged gold particles to be adsorbed onto the surface. The 
manipulation was performed on a NanoScope Ilia  MultiMode AFM made by Digital 
Instruments of Santa Barbara, С A. Rectangular Si tips (probe model TESP) with a
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Figure 16. AFM images of lateral manipulation of 24-nm Au nanoparticles to create chain-like 
nanostructure by FM-AFM: (a) pushing nanoparticles labeled with 2 and 3 along direction shown 
by arrows, (b) nanoparticles 2 and 3 are pushed close to nanoparticle 1, (c) moving nanoparticle 
4 towards nanoparticle 1, (d) final chain-like nanostructure.

spring constant of approximately 50N/m and a setting frequency of approximately 
300 kHz were utilized.

A probe control software (PCS) for the commercially available AFM unit was 
developed to monitor the underlying phenomena during manipulation processes 
[78]. It was successfully tested for manipulation of Au nanoparticles on Poly-L-lysine 
coated mica substrate [78, 79]. FM-AFM in combination with PCS are used to study 
the manipulation process by analyzing the simultaneously recorded amplitude and 
cantilever deflection and show that the contact force between tip and nanoparticle 
is responsible for the onset motion [80]. Moreover, utilizing the PCS [78] for col
loidal Au nanoparticle on (Aminopropyl) trimethoxysilane (APTS) coated silicon 
substrate, more complex manipulation was performed, including building a simple 
three-dimensional pyramidal structure and also rotating and translating a linked 
two-particle structure [81].

As reported by Resch et al. [82], AFM manipulation in a liquid environment is 
also possible. It has been shown that the colloidal Au nanoparticles on Polylysine
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Figure 17. AFM images (2500 nm x 2500 nm) showing removal of a lipid vesicle supported on 
lipid membrane/mica using AFM manipulation technique: (a) before the vesicle pushed by AFM 
tip, where an arrow indicates tip’s movement, (b) after push.

coated native S1O2 surface grown from Si substrate can be precisely translated by 
mechanical pushing in aqueous and non-aqueous (ethanol) environments. Through 
this procedure, the desired two-dimensional structures were fabricated [82]. More
over, the AFM tip has been used to move bio-related materials. Figure 17 shows that 
a lipid vesicle on a lipid membrane supported on mica was pushed by the AFM tip to 
a desired location. These results are important as they imply potential applications 
in growing bio-inspired fields, such as biophysics and biomedicine. Table 2 summa
rizes the major attempts to manipulate nanoclusters on different surfaces by AFM.

Table 2. AFM-manipulation of nanoclusters on surfaces.

Nanocluster Surface Environment Reference

Au Highly oriented 
pyrolytic graphite 
(HOPG) and WSe2

Ambient Schaefer et a l 1995 [71]

Ag InP Ambient Junno et al. [72, 74]
GaAs GaAs Ambient Martin et al. [73]
Ag S i0 2 Ambient Junno et al. [72, 74]
Au Ti electrodes on SiC>2 Ambient Junno et al. [75]
Au Poly-L-lysine coated Ambient Baur et al. [78,79];

Mica and UHV Resch et al. [80, 81]; 
Ramachandran et al. 
[76, 77]

Au (Aminopropyl) 
trimethoxysil ane 
(APTS) coated 
silicon

Ambient Resch et al. [80, 81]

Au Polylysine coated 
Si0 2 /Si

Liquid Resch et al. [82]

/ 1
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Scanning probe microscopy (SPM) is an essential tool for creating a variety of nanos
tructures using the bottom-up approach. This article has selected and reviewed two 
major manipulation technologies within the family of SPM lithography using scan
ning tunneling microscopy (STM) and atomic force microscopy (AFM) as well as 
the AFM based dip-pen technique. The principles, procedures, achievements and 
potential for each manipulation technique have been presented. In particular, a wide 
variety of nanostructures manipulated by these techniques have been presented to 
specifically illustrate their respective feasibilities and limitations.

Both lateral and vertical manipulations can be performed by STM and AFM. In 
general, STM has achieved manipulation and positioning of a wide range of single 
atoms and molecules on a surface, while AFM can be performed in room environ
ment and is more popular in manipulation of nanoclusters. This suggests that STM 
perhaps achieves the ultimate resolution of atom-by-atom control of the surface, i.e., 
in subnano levels, while AFM is more practical in operating at a nanoscale level 
only. Many researchers have attempted to implement this level of control into mak
ing actual components and devices mentioned in the text, including, nanomechnical 
switches made by Junno et al. [75], molecular logic circuits developed by Heinrich 
et al. [33], molecular engines suggested by Rieder et al. [36], and molecular switch 
presented by Iancu, Deshpande, and Hla [37], and molecular wire-electrode systems 
reported by Grill and Moresco [38]. The remaining challenge will be transferring 
such fine manipulation-related components or devices into usable semiconductor or 
electronic systems. In addition, manipulation possibilities of nanoclusters on syn
thetic surfaces [62] and in liquid environments [82] for nano-fabrication constitute 
further experimental challenges very worthwhile to pursue for high-density informa
tion storage systems and biomedical applications. As a result nanoscale manipula
tion has a great potential for providing necessary nanoscale devices and systems 
for the sustained evolution of electronic, photonic, biomedical, and nanosystem 
industries.

In STM, three different interactions between the tip and sample, including direct 
atomic attraction forces, tip-induced electric field, and inelastic scattering by tun
neling electrons have been identified and studied as the original sources for the 
manipulation. In most of the earlier experiments, only one type of these in terac tion  
sources was employed. In more recent studies, however, techniques have been devel
oped to integrate one type of the interaction sources with another in m anipu la tion  
of single atoms/molecules. In this way, a large numbers of nanoparticles can be 
manipulated and eventually assembled in specific geometries. As a result, nanoscale 
devices and systems can be constructed from these basic building blocks. In AFM, 
it offers a room environment manipulation, while the whole manipulation process 
can be imaged in real time. As a result, AFM manipulation would be relatively 
easier to be performed and controlled. More detailed comparison between STM and  
AFM used in nanofabrication can be found in Tseng, Notargiacomo, and Chen [2]-

4. Concluding Remarks
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However, from an industrial point of view there are some downsides to the SPM- 
manipulation technique. It is limited to certain combinations of nanoparticles and 
surfaces. Frequently, the experiments are performed blindly and the manipulation 
parameters are optimized by a trial and error method. The interaction between the 
SPM tip and adparticle is complex but a thorough understanding of such inter
actions and the mechanism involved in the manipulation process is demanded, in 
order to perform the manipulation process in an entirely controlled manner. Another 
major obstacle in the SPM-manipulation is a serial process with low throughput. 
To increase throughput, multi-tip arrays and massively parallel algorithms have to 
be developed as those reported by Eleftheriou et a l [83). Finally, the manipula
tion techniques have developed many new applications in their own right and many 
new capabilities have been evolved to complement the existing nanofabrication pro
cesses. This powerful SPM-manipulation tool should offer significant opportunities 
for different applications in next generation nanotechnology and is on the verge of 
having a revolutionary impact in a wide range of industries.

It is worth pointing out that the motivation of this article is not to present an 
exhaustive review of all significant work in this field. A selection of topics and papers 
to be cited is necessary and is made without the intention of excluding valuable ones 
who gave important contribution to the development of SPM manipulation.
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Atomic force microscopy (AFM) was originally developed for atomic resolution sur
face topography observations. Nowadays, it is also widely used for nanolithography. 
AFM-based lithography is an effective method compared to conventional photolitho
graphic processes due to its simplicity, high resolution, and low cost. It can provide 
nanoscale stage control and the probing tip can be used as a lithographic tool. There
fore, various AFM-based nanoscale fabrication methods have been proposed using 
electrochemical oxidation, material transfer, mechanical lithography, and thermally
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induced modifications. This chapter will introduce the detailed processes and appli
cations of AFM-based lithographic techniques.
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1 . I n t r o d u c t io n

Nanofabrication technology is an important field of research. Numerous attempts 
have been made to improve this technology in recent years. Photolithography and 
subsequent etching is the most widely used technique, and has contributed to the 
advancement of large-scale integration (LSI) and micro-electro-mechanical systems 
(MEMS). Photolithography is suitable for mass producing microstructures and 
nanostructures because it is a high-throughput fabrication process. Lithographie 
galvanoformung, abformung (LIGA) [1] can also be used to fabricate high aspect 
ratio structures; however, it requires the use of complex instruments and is time- 
consuming. Several successful attempts have been made at using scanning probe 
microscopy (SPM), electron beam (EB) [2], and focused ion beam (FIB) [3] lithog
raphy to fabricate nanoscale to microscale structures. SPM lithography is a partic
ularly effective method due to its simplicity, precision, and low cost.
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SPM, which includes scanning tunneling microscopy (STM) [4], atomic force 
microscopy (AFM) [5], and scanning near-field optical microscopy (SNOM) [6], was 
developed to observe surface characteristics by detecting interactions between the 
probe and solid material. STM and AFM are the most widely used technologies in 
the SPM family STM was developed by Binning et al. [4] in 1982, and is used to 
measure the surface topography to an atomic resolution by detecting the tunneling 
current. After the development of STM, several microstructuring and nanostruc
turing technology approaches [7] using STM were developed to enable researchers 
to manipulate even single atoms. Thus, SPM can be used as not only a measuring 
tool but also as a nanostructuring tool. However, as STM is controlled by detect
ing a tunneling current between the probe and sample, the measured sample is 
limited to conductive material. To overcome this problem, AFM was developed by 
Binning et al. [5] in 1986. AFM detects minute forces between the probe and sample 
instead of the tunneling current. The advantage of AFM is that any type of material 
can be measured and machined and the operation can be conducted under normal 
atmospheric conditions. AFM permits nanoscale movements, and uses a probing tip 
that can also be used as a microtool. Therefore, AFM is appropriate for nanoscale 
lithography.

Nanolithographic techniques that make use of AFM are discussed in this chap
ter. Four categories of technique are considered: electrochemical oxidation, material 
transfer, mechanical lithography, and thermally induced modifications. The fun
damental characteristics and applications of these methods are described in the 
following sections.

2. E lectrochem ical Oxidation

Among known scanning probe techniques, AFM-based direct oxidation is particu
larly significant because of the remarkable level of cross-fertilization and incremental 
progress that has been achieved over the past decades by several laboratories world
wide. The technique is particularly suited for practical applications because it can be 
performed in air. During the oxidation process, an electrically biased AFM tip oper
ated at ambient humidity acts as a nanoscopic electrochemical cell to the localized 
oxidation on the sample surface. The lateral size of the oxidized features is typi
cally in the range of 10 to 100 nm for various materials, including semiconductors 
and metals. This process was recently used to achieve sub 10-nm lateral resolution 
using carbon nanotube (CNT) AFM tips as the anodizing electrode. In this section, 
lithography processes based on AFM oxidation will be introduced. These include 
simple oxidation and modified oxidation processes.

2.1. Simple Oxidation Processes

The basic idea of AFM-based oxidation is straightforward [8]: using a conducting 
AFM tip held either in contact with or within a nanometer of an electrically biased,
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Figure 1. Thin oxide line. Scanning an electrically biased metallized AFM tip over the surface 
(A) can form a 1- to 3-nm-thick oxide line on many substrates. The pattern then can be used as 
an etch mask to create freestanding silicon nanowires (B,C). Farther processing of the nanowire 
can also be carried out with the AFM tip (D) to create other confined structures. Reprinted with 
permission from [8] by Science.

stable, homogeneous substrate, one can induce highly localized enhanced oxidation 
of the substrate, as shown in Fig. 1 . An oxide layer a few monolayers to a few 
nanometers in thickness rapidly forms on the substrate at the tip-sample junction. 
Typical line widths are ten to several tens of nanometers, and writing speeds of up 
to 1 mm/s are possible, depending on the material, voltage bias between the tip and 
substrate, and available oxygen. Voltages used range from three to several tens of 
volts, and both molecular oxygen and oxygen from adsorbed water layers that exist 
under ambient conditions at the tip-sample junction provide the reactant source. 
The presence of these impurities normally causes significant complications in other 
lithographic processes. Technical improvements began with Snow and Campbell’s 
use of metallized AFM tips in place of STM [9]. They presented a method of fab
ricating Si nanostructures with an air-operated AFM. An electrically conducting 
AFM tip was used to oxidize regions ranging from 10 to 30 nm of an H-passivated 
Si (100) surface at writing speeds of up to lm m /s. This oxide served as an effec
tive mask to transfer a pattern into the substrate by selective etching. The initial 
oxide growth rate depended exponentially on the applied voltage and produced an 
effective “tip sharpening” effect that allowed small features to be produced by a 
relatively large-diameter tip.

STM-based non-contact lithography has been previously studied in field- 
emission mode and is generally operated in ultra-high vacuums (UHVs) to main
tain a stable emission current [10-13]. The local oxidation of silicon has also been 
performed using AFM in non-contact mode based on the force gradient [14]. Oper
ation in UHVs can be cumbersome and time-consuming, and STM patterning also
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suffers from poor alignment capabilities since imaging may expose the resist. Wilder 
et al. [15], who are part of Quate’s group, introduced an alternative non-contact 
lithography technique based on AFM operated in air. They found that by using an 
active current feedback circuit with an appropriate high gain, they could maintain 
a stable field emission of electrons from the AFM tip, which were then used as the 
feedback signal to control the tip-to-sample spacing. This permitted reliable lithog
raphy in air. AFM apparatuses with fine vertical positioning and precise control of a 
constant current from the tip have been used to obtain feature sizes below 30 nm in 
65-nm-thick resist. These features have been transferred through reactive ion etch
ing into Si (100) substrates, yielding a 10:1 aspect ratio, as shown in Fig. 2. The 
ability to reliably pattern with AFM in a non-contact mode facilitates extension

Figure 2. SEM micrographs of lines written using the noncontact AFM mode and etched into 
the underlying silicon, (a) Top-down image of 28-nm-wide lines written with an exposure dose of 
20nC/cm and a sample bias of 84 V. (b) Higher magnification image showing pattern continuity 
and uniformity, (c) The sample was tilted to show the ends of the zig-zag patterns, (d) A higher 
magnification of the turn-around point. The feature is 32 nm wide and etched 320 nm deep into 
the silicon, yielding a 10:1 aspect ratio. Reprinted with permission from [15] by American Institute 
of Physics (AIP).
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to parallel lithography to increase the throughput of SPM-based lithography. How
ever, a challenge for parallel lithography is maintaining independent control of the 
exposure properties of each tip. Minne et al. [16] developed an expandable system 
to operate multiple AFM probes in parallel at high speeds. The combined improve
ments from the parallelism and enhanced tip speeds in this system represented an 
increase in throughput by over two orders of magnitude. They also developed an 
array of 50 cantilevers with a 200 jxm pitch that contained a dedicated integrated 
sensor and integrated actuator, permitting the probes to be scanned at 4m m /s.

H-passivated Si surfaces have been successfully used in many nanoscale Si- 
oxide fabrication AFM processes because these surfaces are relatively stable in air 
[17-19]. In contrast, H-terminated Si surfaces are easily oxidized in humid ambient 
air, restricting their applications [32]. Ueno et al. [20] found that a bilayer-GaSe 
terminated Si (111) surface was very stable against heating and oxidation under 
UHV conditions. This surface was not oxidized even after exposure to ambient 
air for one month, although it could be oxidized through electrochemical reactions 
based on AFM oxidation processes. Ueno et al. reported that higher sample volt
ages, slower scan velocities, and/or higher ambient humidity levels produced wider 
and/or thicker oxide patterns, similar to conventional AFM oxidation processes 
based on Si substrates.

AFM-based nanoscale fabrication processes using various crystal planes or mate
rials have also been reported. Chien et al. [21], in Gwo’s group, introduced Si
(110) nanomachining using an AFM oxidation lithography process. Silicon nanos
tructures with high aspect ratios (~400nm structural height and ~55nm  lateral 
dimension) can be fabricated using this process and aqueous KOH orientation- 
dependent etching on H-passivated Si (110) wafers. Chien et al. also demonstrated 
that an AFM-induced local oxidation technique is a very effective way to convert 
the nanoscale thin SisN4 film (<5nm) on an Si (0 0 1 ) surface to SiOx [2 2 ]. From 
experiments, they found that the threshold voltage for 4.2-nm-thick film was as 
low as 5 V and the initial growth rate was on the order of 103 nm /s at 10 V. They 
believed that the reaction of oxidants and silicon nitride resulted in the replacement 
of nitrogen by oxygen. Hence, the local intensive field induced by an AFM probe 
could turn silicon nitride into silicon oxides or silicon oxynitrides. Later, Klauser 
et al. [23] reported the exact oxide states in the AFM-induced localized area on a 
silicon nitride layer using scanning photoemission microscopy. A spatially resolved 
photoemission analysis with submicron resolution was used to study the oxidation 
states of converted silicon oxide patterns compared to the surrounding SisN4 layer. 
The core level shift of the Si 2p photoelectron peak and the spectral features in the 
valence band revealed a complete conversion of silicon nitride to silicon oxide at a 
bias voltage of 10 V with no remaining nitrogen left. The main oxide was Si0 2 -

Boisen et al. [24] studied AFM oxidation-based writing on a 7-nm-thick alu
minum film. They obtained a line width of approximately 100 mn. Nonpatterned 
aluminum could be dissolved selectively in a wet chemical etch, leaving the patterned
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areas as an etch mask. Alternatively, the aluminum oxide could be etched to form a 
positive etch mask. Aluminum and aluminum oxide are both excellent etch masks 
for reactive ion etching (RIE) of silicon and silicon oxide. Hence, by combining RIE 
processes, a variety of structures can be fabricated from aluminum-based masks. By 
demonstrating the fabrication of submicron cantilevers and bridges defined in sili
con and silicon oxide, Boisen et al. showed the potential of fabricating advanced 
nanomechanical structures with integrated microelectronics. After this publica
tion, many researchers fabricated nanostructures using Al surfaces on Si or SiC>2 
[25-27]. Shirakashi et al. [28] investigated the AFM oxidation lithography process on 
a niobium-deposited SiC>2/Si substrate. The modified structures were fabricated by 
applying negative bias voltages to the metal-coated conductive cantilever in air, sim
ilar to conventional Si-based AFM oxidation lithography. They showed the results 
of varying the line width and height according to the scan speeds and bias voltages, 
and suggested that the modified structure was Nb oxide using an auger electron 
spectroscopy (AES) analysis. Their findings were similar to previously reported 
results for Ti, Cr, and GaAs depositions.

2.2. Modified Oxidation Processes

AFM oxidation lithography processes have been studied by a number of investi
gators and used for a variety of applications, including writing oxide patterns for 
use as etch masks to pattern metal silicides and for fabricating Si and metal-oxide 
nanoelectronic devices, because AFM provides fine controllable lateral and verti
cal movements. These processes coupled with additional mechanical or chemical 
treatments will be described in the following paragraphs.

The advancement of AFM oxidation lithography processes allowed the technique 
to be integrated into the processing of complementary metal-oxide semiconductor 
(CMOS) devices, as demonstrated by Snow and Campbell [29]. During the fabri
cation of metal wires and metal-oxide-metal (Ti-TiOx-Ti) junctions using AFM 
oxidation with a conducting tip, the width of the wires and resistance of the junc
tions were controlled by real-time, in situ measurements of the device resistance. 
Because the properties of nanoscale devices are very sensitive to size variations, such 
measurements provide a more accurate method of controlling the device properties 
than using geometry alone. In this way, Snow and Campbell fabricated structures 
with critical dimensions of less than 10 nm with precisely tailored electrical prop
erties. Similar to this work, Davis et al. [27] reported that the AFM oxidation of 
Al could be used to fabricate nanomechanical CMOS systems. It was necessary to 
precisely control the distance between the conductive tip and sample substrate to 
obtain accurate line widths of less than 10 nm, as shown in Fig. 3. By optimiz
ing AFM parameters, line widths down to 10 nm have been routinely obtained on 
CMOS processed chips. Shirakashi et al. [30] applied an AFM oxidation lithography 
process based on a niobium-deposited Si0 2 /Si substrate, as described in Ref. 28, to
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Figure 3. Schematic diagram and non-contact AFM image of an oxidized pattern with (a) a small 
tip/sample distance and high voltage and (b) large tip/sample distance and low voltage. Reprinted 
with permission from [27] by Elsevier.

thin Nb films on SiC^/Si substrates to fabricate metal- and insulator-based electron 
devices with a Nb/Nb oxide system. The fabricated planar metal/insulator/metal 
(MIM) diodes showed non-linear I-V characteristics, implying that the Nb oxide 
wires formed by the AFM oxidation acted as insulating barrier material for the 
electrons. Thus, there is potential for using AFM oxidation processes to fabricate 
metal- and insulator-based devices.

Many research reports have been issued on lateral tunneling devices, such as 
tunneling transistors and single-electron transistors, based on lateral metal/oxide 
structures made from Ti/T iO x and Nb/NbOx using a STM or photolithography 
process [31-34]. These results indicate that this fabrication process is well-suited for 
constructing lateral tunneling devices. However, Snow et al. [35] demonstrated that 
the magnitude of the tunneling current in such metal/oxide devices is irreproducible 
because of the variability of the oxide stoichiometry, and that the devices were 
unstable under bias because of electromigration effects [29,31]. A PtSi/Si system 
can be an attractive alternative for such lateral quantum tunneling devices because 
the tunneling occurs through a crystalline Si layer of a back-to-back PtSi/S i/P tS i
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(a) AFM  oxidation (c) Aqua regia etch

Figure 4. Diagram depicting the process for patterning PtSi by using scanned probe anodic 
oxidation as a diffusion mask. Annealing after the selective etch greatly restricts the lateral diffusion 
of the PtSi under the oxide mask. Reprinted with permission from [35] by American Institute of 
Physics (AIP).

Schottky barrier. Snow et al. reported a process for patterning ultra-thin layers of 
PtSi with high spatial resolution using AFM oxidation on an H-passivated Si surface, 
as shown in Fig. 4. This oxide pattern prevented the reaction of the deposited P t film 
with the underlying Si to form PtSi. The unreacted P t on the oxide was removed by 
selective etching before any annealing. This process greatly reduced lateral diffusion 
and produced a 2-nm-thick PtSi layer with good electrical properties. Consequently, 
the ability to fabricate nanoscale PtSi/Si features was an important step toward the 
realization and exploration of lateral Si-based quantum devices.

In practice, AFM oxidation is not suitable for patterning large features since the 
writing speed is limited by the inherent low throughput of single-probe lithography 
and the high scan speed stability of typical probe-based instrumentation. Since 
photonic device structures require both coarse and fine patterning, an alternative 
approach for prototyping such devices combines optical lithography and AFM oxi
dation, in which the optical lithography defines microsized coarse structures and 
the AFM oxidation defines only sub-100-nm fine structures. AFM-induced oxide 
can also be used as a mask for selective plasma nitridation of silicon to reverse 
the pattern, and negative-contrast structures can be produced by subsequent KOH 
etching [36]. Due to mobile ion (K+) contamination, however, KOH is not favor
able to the integrated circuit (IC) production process. In addition, the aggressive 
etching properties of KOH lead to a noticeable degree of roughness on the surface 
and sidewalls. Cohn et al. [37] proposed an alternative to KOH etching using a 
combination of SPM oxidation and TMAH etching. Tabata et al. [38] demonstrated 
anisotropic etching of silicon with a tetra-methyl ammonium hydroxide (TMAH) 
solution, which yielded a smooth surface, was a selective and nontoxic process, and 
was compatible with ICs. Hence, Chien et al. [39] used a combined process of opti
cal lithography and AFM oxidation followed by additional wet chemical etching
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Figure 5. Schematic flowchart of the combination of optical lithography and SPM oxidation. 
Reprinted with permission from [39] by American Institute of Physics (AIP).

in a TMAH plus isopropyl alcohol (IPA) solution, as shown in Fig. 5. Functional 
photonic devices can be produced using such a combined process. For example, 
to fabricate a waveguide grating, optical lithography can be employed to define the 
waveguide structure and AFM oxidation can be used to define the grating structure.

There have also been many research reports related to the AFM oxidation pro
cesses of chemically modified surfaces. The surface of H-Si is, however, not as stable 
against oxidation when the entire surface area is oxidized gradually in air [40]. In 
addition, friction occurs while scanning the silicon strips on metal coatings away 
from the cantilever surfaces. A bilayer-GaSe terminated Si (111) substrate was 
employed in Ref. 20 to protect both surfaces from these problems. Another approach 
is to use organic self-assembled monolayers (SAMs) as resist materials for chemical 
modifications. It has been demonstrated that SAMs are available for ultra-thin uni
form resists in lithography with UV [41] and SPM oxidation [42,43]. Ara et al. [44] 
proposed nanoscale modifications of alkyl monolayers covalently bound to Si (111) 
surfaces using an AFM oxidation process with platinum-coated AFM cantilevers. 
Alkylation of silicon is of growing interest since it provides an organic/inorganic sys
tem based on Si-C covalent bonds [40,45-47]. After the AFM oxidation, chemical 
modifications were performed, including 1-octadecene (CH2=CH—(СНУгб-СНз) 
treatment on etched surfaces in NH 4F  solution and selective coverings with octade- 
cyltrichrolosilane (OTS; CH3 (CH2)i7SiCl3), as illustrated in Fig. 6 . Ara et a l 
reported that surfaces covered with alkyl monolayers did not change after more than 
one week in air, and that OTS was adsorbed on oxide layers through siloxane cou
pling. These siloxane monolayers are used as resist films in lithography [42,43]. There 
have also been attempts to cover the selectively etched surface on the local AFM 
oxidized area with fiuorocarbons [48]. This process implies that nanoscale pattern
ing of alkyl monolayers will prove useful in preparing nanoscale organic/inorganic 
interfaces. Yasuda et a l [49] reported selective epitaxial growths of Si based on the
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Figure 6. Schematic view of the chemical modification process: (a) removing the silicon oxide and 
terminating the surface of grooves with hydrogen using NH4F; (b) covering the etched surface with 
1-octadecene molecules; and (c) covering the silicon oxide with octadecyltrichlorosilane molecules. 
Reprinted with permission from [44] by American Institute of Physics (AIP).

subsequent etching of the local AFM oxidized area, similar to the previous process, 
using an ultra-thin bilayer mask. The key feature of this process was the direct writ
ing of nanoscale patterns from the local AFM oxidation of the SisN4 layer in air, 
as shown in Fig. 7. Windows for selective growth were defined by wet etching the 
locally oxidized regions. High growth selectivity after the chemical vapor deposition 
of Si was accomplished by employing a bilayer mask structure, which was formed 
by oxidizing the Si3N4 surface and then selectively desorbing SiCb in the windows. 
High-quality homoepitaxial growth of the Si was verified by transmission electron 
microscopy (ТЕМ), which suggested the possibility of applying this technique to the 
heteroepitaxial growth of various materials on Si with a minimal junction area [50].

The AFM oxidation process can be used to fabricate nanoscale polymer struc
tures. Lyuksyutov et al. [51] used amplitude-modulated electrostatic lithography on 
20- to 50-nm-thick polymer films. The current flow through the thin polymer film, 
arising from a bias between the conductive substrate and AFM tip, resulted in local
ized Joule heating of the polymer attoliters above their glass transition temperature. 
Polarization and electrostatic attraction of the molten polymer toward the AFM tip 
in the strong (108-109 V/m) nonuniform electric field was believed to produce raised 
structures as small as 10-50 nm wide and 1 -1 0  nm high. Several investigators have 
studied the detailed kinetics of this process in an attempt to understand the mech
anism controlling the oxidation rate [52-58]. These studies have established two
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Figure 7. Procedures for preparation of a SiC>2/S i3N4 bilayer mask and selective epitaxial growth 
of Si. Reprinted with permission from [49] by American Institute of Physics (AIP).

empirical relationships that describe the growth kinetics: the oxide height increases 
as the logarithm of the growth time [54,55,57,58] and, for a fixed exposure time, 
the oxide height increases linearly with the applied voltage [53,57,58]. However, 
the oxide height can be controlled and modified by additional etching processes. In 
addition, there are many ways to reduce the line width of AFM-induced oxide lines. 
For example, scan speeds, bias voltages, tip-sample distances, humidity levels, and 
bias exposure times can be varied. The oxide width (full width at half maximum, 
FWHM) generated by AFM oxidation is largely dependent on the formation of 
water bridges between the tip end and sample surface. Hence, minimization of the 
water bridge in the lateral direction is a direct approach that can be used to reduce 
the oxide width. The width can be as small as a few nanometers if a single-wall CNT 
is used as the probe [59]. Dai et al. [60] first showed that CNTs might constitute 
well-defined tips for SPM imaging. They attached individual nanotubes, several 
micrometers in length, to the silicon cantilevers used in conventional AFM. There 
are several ways to attach CNTs to the AFM tip. Dai et al. [60] and Wong [61], 
in Lieber’s group, presented a method of mechanically attaching nanotube bundles 
to fabricate the tips; however, it was time consuming and could not be used with 
the smallest nanotubes, limiting the quality of the tips. A new technique was devel
oped, shown in Fig. 8 , in which individual CNT probe tips were grown directly by 
chemical vapor deposition (CVD), providing control over the orientation [62,63]. 
The ends of the silicon tips were flattened at their apex by contact AFM imag
ing and were then anodized in hydrogen fluoride to create nanopores 50-100 nm 
in diameter along their axis. Nishijima et al. [64,65] attached CNTs to an AFM 
tip by preparing a CNT cartridge using electrophoresis. They demonstrated th a t 
individual CNTs could be transferred to an AFM tip by the driving force generated 
from electrostatic attraction under the precise stage movement control provided by

epitaxial Si
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Figure 8. Characterization of CVD nanotube tips, (a) FE-SEM image of a CVD nanotube tip 
that has been shortened for imaging. Nanotubes were grown from a uniform pore structure consist
ing of pores about 60 nm in diameter, with 150 pores per jxm2. Scale bar, 1 jim. (b) Transmission 
electron microscope (ТЕМ) image of a CVD nanotube tip. The entire AFM cantilever/tip assem
bly with nanotube tip was mounted on a custom ТЕМ holder for imaging. Scale bar, 100 nm. 
(c) Tip oscillation amplitude (grid marks 5nm apart) as a function of height above the sample (Z 
position; grid marks 2nm apart) recorded in force calibration mode with a Nanoscope III (Digital 
Instruments). The right of the plot corresponds to free oscillation of the tip above the surface. As 
the tip approaches and begins to tap the surface (thin arrow), the amplitude decreases to zero. The 
oscillation amplitude increases again after the nanotube buckles (thick arrow). CVD nanotubes 
were grown in a tube furnace. Tips (with catalyst) were heated by 15°С per min to 750°С in 
a flow of 950 STP cm3 min- 1  argon and 40 STPcm 3 min- 1  hydrogen. At 750°C, 10 STP cm3 
min- 1  ethylene was added for 10 min, and the furnace was cooled at 15°C per min in 500 STP 
cm3 min- 1  argon. Reprinted with permission from [62] by Nature Publishing Group.

a scanning electron microscope. After the development of the CNT AFM tip, Dai 
et al. [66] applied it to the AFM oxidation lithography processes on H-terminated 
Si substrates. They verified that nanotubes could write nanostructures with a 10- 
nm line width at speeds up to 0.5mm/s over large surface areas, and presented 
a solution to the long-standing tip-wear problem. Cooper [67] and Nishijima [68] 
also reported similar lithography processes using a CNT AFM tip on titanium and 
organic polysilane films, respectively.

AFM oxidation lithography allows us to produce nanoscale patterns and has 
become a powerful technique for prototyping novel device structures under the
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system to monitor the tip position and write the pattern because the line width and 
patterning speed in DPN are independent of the contact force. The modified DPN 
process, which was used to construct protein arrays with 100- to 350-nanometer 
features, provided an opportunity to study a variety of surface-mediated biological 
recognition processes [75]. The fabrication of magnetic nanoparticle arrays [76], 
direct DNA patterning on metals and insulators [77], and optically active colored ink 
patterning [78] were also reported. Recently, Nelson et al. [79] introduced a modified 
thermal DPN (tDPN) process based on metal transfer from a metal-coated AFM tip 
onto the sample substrate. The AFM cantilever tip was coated with indium metal, 
like a miniature soldering iron, which could be deposited onto a surface forming 
lines with a width of less than 80 nm under heating conditions, as shown in Fig. 10. 
When the cantilever was unheated, no metal was deposited from the tip, allowing 
the writing to be registered to existing features on the surface. The ability to deposit 
a solid metal locally could enable the direct prototyping of nanoelectronics or masks. 
Moreover, deposition could be coupled with AFM surface metrology to perform in 
situ inspections and repairs of nanoelectronics.

4. M e c h a n ic a l L ith o g ra p h y

Mechanical lithography is a method in which a solid material is mechanically 
removed and/or deformed by a tool to fabricate a groove pattern on a substrate. In 
conventional machining methods, such as turning, milling, and drilling, it is diffi
cult to machine materials with machining depths of less than a hundred nanometer 
because of the motion error and thermal deformation of the machine tool and the 
elastic-plastic deformation that occurs on the tool and machined material [80]. It 
is also difficult to fabricate a micro/nano-machining tool that has a precise small 
shape with microscale/nanoscale resolution. AFM with friction force microscopy 
(FFM) was originally developed to observe solid materials at a nanoscale resolu
tion [5,81], and therefore is capable of nanoscale movement and has a small probing 
tip for observations. By applying AFM and a probing tip as a machining and a 
nanomachining tool, respectively, it is possible to nanomachine various materials. 
In conventional machining, the cutting depth is controlled using the undeformed 
chip thickness. However, in AFM-based mechanical machining, the cutting depth is 
controlled by the normal force between the tool and the machined material, which is 
kept constant using feedback control from a piezo scanner. This method of control 
overcomes the problem of elastic-plastic deformation that disturbs the tool cut
ting the material. The primary advantage of AFM-based mechanical machining is 
the simplicity and low-cost of the fabrication process, because additional systems, 
such as those required for atmospheric control and electrochemical reactions, are 
not necessary. In addition, various materials can be machined using this method, 
whereas other methods are limited. Therefore, AFM-based mechanical machining 
is an effective tool for nanoscale lithography.
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C old  C antilever

(a) Hot C antilever

Figure 10. (a) Schematic of the operation of tDPN, which uses a heated AFM cantilever with a tip 
coated with a solid “ink.” When the tip is hot enough to melt the ink, it flows onto the substrate. 
No deposition occurs when the tip is cold, allowing imaging without unintended deposition, (b) A 
topographic AFM image of a continuous nanostructure deposited from an In-coated tip onto a 
borosilicate glass substrate. Reprinted with permission from [79] by American Institute of Physics 
(AIP).

There are two AFM-based mechanical lithography techniques. The first is a 
material removal process in which the nanostructure is directly fabricated by 
mechanical machining, similar to mechanical scratching. The other is a combina
tion of mechanical patterning and etching in which the material is patterned with a 
mechanical method and the structure is fabricated with subsequent etching. There 
are two methods of performing the latter process: one in which an etching mask 
made from another material is patterned by mechanical machining, and one in which 
an etching mask is formed directly by the mechanical patterning. These AFM-based 
mechanical lithographic techniques are described in the following paragraphs.
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AFM makes use of a cantilever to detect forces between the tip and solid surface in 
the observation process. Machining at a nanometer resolution is made possible by 
applying the cantilever as a machining tool. Several attempts at direct mechanical 
patterning on materials have been reported. Gobel et al. [82] fabricated periodic 
structures and nonlinear complex structures on a gold surface. A 5-nm-deep peri
odic structure and a 25-nm-deep and 350-nm-wide scratched pattern were fabricated 
using an applied normal force of 25 iaN. They applied these results to modify the 
gold structure fabricated by LIGA. Only the resist that adhered to the gold struc
ture was successfully removed and smooth structures could be obtained by applying 
the highest normal force. Their results indicate that AFM machining is an effective 
tool not only for nanoscale patterning but also for modifying microscale/nanoscale 
structures. Sumomogi et al. [83] machined Ni, Cu, and Au films with a diamond 
tip. They applied normal forces ranging from 0.98 to 19.6 \x,N and machined these 
surfaces to a depth of over 100 nm by repeated machining. When machining Cu 
and Au, ridges caused by the adhesion of removed material were observed on the 
machined surface, whereas a smooth surface was formed after machining Ni, indi
cating that the nanomachining behavior is determined by several factors, such as 
the plasticity, adhesive, and properties of the materials.

Miyake [84] machined muscovite mica using a silicon nitride tip. Fractures 
occurred on the cleavage plane of the Si0 4 -K and K-Si0 4  interfaces when the applied 
normal force was greater than 130 nN, and a 1-nm-deep groove was formed on the 
machined area. Kato et al. [85] demonstrated that machining aluminum covered 
with anodic oxide in various solutions, such as NaOH, CUSO4 , pure water, and Cu- 
electroless solution, enhanced the machining depth. As a result, a groove depth of 
400-500 nm was fabricated by repeatedly scratching the surface 1600 times using 
a Si cantilever and NaOH or CUSO4 solutions. They suggested that the ability to 
obtain deep grooves in NaOH and CUSO4 solutions resulted from the dissolution 
of thin aluminum oxide layers in the solutions. Since stable oxides form in water, 
the resulting groove depth was shallower. Extensive tool wear of the silicon tip was 
observed after machining in the NaOH solution since the solution dissolved the sil
icon. The wear was improved by using a diamond tip; in this case, there was no 
noticeable wear after 16000 repetitions.

As described above, nanoscale patterning is possible using AFM-based mechan
ical machining. However, only soft materials can be effectively machined using this 
method while hard materials are limited to a maximum groove depth of a few 
nanometers. In addition, several thousand machining repetitions are required to 
machine a deep groove, which is time-consuming. Major limitations in the direct 
mechanical method include the shallow machining depth and tool wear. A conven
tional AFM cantilever has a low stiffness because it is necessary to detect minute 
forces between the tip and the sample in the observation process. To overcome these 
problems, several attempts to fabricate a scanning probe for mechanical patterning

4.1. M aterial Removal



Atomic Force Microscope Lithography 51

have been reported. The most widely used material for a direct machining cantilever 
is diamond because of its extreme mechanical hardness and wear resistance. Unno 
et al. [86] developed a diamond cantilever by combining anodic bonding microfab
rication techniques employing a CVD diamond film. The anodic bonding yielded a 
high-throughput fabrication process that produced pyramidal diamond tips. Oester- 
schulze et al. [87] fabricated a polycrystalline diamond probe using photolithography 
and CVD processes to create in-plane gate transistors made from GaAs/AlGaAs 
heterostructures. Grooves that were 0.5 and 5.0 nm deep were formed on a GaAs 
surface at normal forces of 1 |xN and 10 |jlN, respectively, using the fabricated dia
mond cantilever. The in-plane gate transistors were fabricated using less machining 
repetitions than those machined with a silicon lever, and the wear problems were 
also reduced.

The diamond probes described above can eliminate probe tool wear, but the 
resulting groove depth is shallow due to the reduced lever stiffness. Therefore, it is 
necessary to develop a cantilever with high stiffness to fabricate deeper structures. 
Ashida et al. [88] developed a nanomachining and measuring system based on FFM 
that can machine a material with a removal depth of several tens of nanometers. 
The lateral force in the machining process can be measured using the FFM mech
anism, resulting in effective realizations of nanoscale phenomena. This system uses 
a diamond tip cantilever with high stiffness. The cutting edge consists of a sin
gle diamond grain attached to the silicon lever. The stiffness of the cantilever is 
820 N/m, over one thousand times greater than conventional cantilevers. The can
tilever allows machining of single-crystal silicon surfaces, a material that is difficult 
to machine, to a maximum depth of 70 nm. Chip observations by SEM revealed 
that continuous and curled cutting chips were formed around the machined area, 
as shown in Fig. 11. This indicates that the silicon substrate was machined in a 
ductile mode. However, since the cantilever used a single diamond grain, which had 
an irregular shape, as the cutting edge, it was necessary to improve the irregulari
ties to obtain higher precision nanomachining and patterning. Therefore, Kawasegi 
et al. [89] developed a diamond tip using a combination of photolithography and

Figure 11. SEM image of cutting chips generated after machining a silicon substrate. The silicon 
was machined using diamond tip cantilever at a normal load of 2403 |iN, and a scanning pitch of 
157 nm (a), and 470nm (b).
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anisotropic wet etching of silicon. Their diamond tip has a sharp cutting edge with 
a tip radius less than 100 nm, and is attached to the silicon lever. It can machine 
a silicon substrate to a depth of 400 nm when the applied normal force is greater 
than 500 |xN. This machining depth is significantly larger than that obtained using 
other cantilevers. In addition, the cantilever performs well for a machining distance 
greater than 1700 nm.

The mechanical removal process is an effective patterning method because of 
its simplicity and low-cost. Soft materials can easily be patterned using a conven
tional cantilever. The shallow machining depths and significant tool wear that are 
sometimes encountered for harder materials can be eliminated using a diamond can
tilever. The machining resolution and groove depth are controlled by the accuracy 
of the machining tool. Therefore, the development of accurate machining tools is 
the most important factor when machining and patterning materials.

4.2. R e s is t  R em ova l and E tch ing

In direct machining, structures are fabricated by removing materials, so it is easy 
to produce concave structures. However, it is necessary to remove large amounts 
of material to fabricate convex structures, which is a time-consuming process. The 
machining process described in the following paragraphs requires modifications to 
the etching mask only, and structures are fabricated by subsequent dry or wet 
etching. Etching can remove large amounts of material at a time, and therefore it 
is suitable for fabricating convex structures. In addition, various structural mate
rials can be used simultaneously by applying different conventional lithographic 
techniques.

Magno and Bennett [90] fabricated nanometer-scale structures on GaSb/InAs 
film by machining and then wet etching, yielding a 20-nm-thick InAs layer covered 
with a 5-nm-thick GaSb layer, using a cantilever with normal forces between 70 
and 350 nN and a scan rate of 0.07 jim/s. Consequently, 2-^xm-long, 10-nm-deep, 
and 100-nm-wide grooves were formed. Then the InAs underlying the groove was 
etched in citric acid/hydrogen peroxide for 15 s while the GaSb layer acted as an 
etching mask. Therefore, the InAs under the machined area was selectively etched 
but the area covered with the GaSb layer was not. This produced a deeper and wider 
structure with a 72 ±  5 nm deep and 298 ±  16 nm wide groove after selective etch
ing the GaSb layer in ammonium hydroxide/water. Magno and Bennett proposed 
using this technique for quantum wire and in-plane gated structures requiring trench 
isolation. Avramescu et al. [91] patterned a Si0 2  surface using a similar method. 
A 5-nm-thick poly-methylmethacrylate (PMMA) layer on 35-mm-thick SiC>2 was 
machined using a Si3N4 tip at a normal force of 1400 nN and scanning speed of
0.05|xm/s. The resulting product was then etched in buffered hydrofluoric acid 
(BHF) for 30 s. The machined pattern on the PMMA was transferred to the under
lying Si0 2 , and an array of lines with a period of 200 nm and a line width of 50 nm
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Figure 12 . AFM topography image of letters on a SiC>2 surface with a line width of 40 nm. 
The structure was fabricated by patterning of resist layer applying tapping mode patterning and 
subsequent wet etching in BHF solution. Reprinted with permission from [92] by Elsevier.

was fabricated. To fabricate a precise structure, Klehn and Kunze [92] used a tap
ping mode to pattern a resist layer on a thermally grown S1O2 and silicon surface. 
The frequency of the tapping mode was 300 kHz and the resist was patterned using 
a Si tip. After etching in BHF, an array of line structures was fabricated on the pat
terned area of the SiC>2 , and the silicon line pattern was fabricated by subsequent 
KOH etching. Klehn and Kunze fabricated letters with a line width of 40 nm on 
a Si(>2 surface using this method, as shown in Fig. 12 . Sung and Kim [93] demon
strated high-speed patterning of a resist layer on a workpiece substrate. To produce 
sub-100-nm-wide grooves using high-speed patterning, an ultra-thin self-assembled 
monolayer was applied as a resist layer. They used a diamond-coated tip (spring 
constant of 47N/m, tip diameter of 200 nm) and fabricated a sub-100-nm-wide pat
tern over an area of 10000  |xm2 at a patterning speed of lm m /s and a normal 
force of 1.5 м-N. The machining speed was significantly faster than other methods, 
enabling a high-throughput fabrication process.

The combination of resist removal and wet etching can be used to fabricate 
deeper and wider structures than a simple mechanical removal process. The etching 
mask material is soft (e.g. resist and PMMA) and therefore the tool wear is small. 
Several attempts have been made to fabricate structures from metal by applying 
conventional photolithographic techniques with AFM-based lithography. Sohn and 
Willett [94] demonstrated a combination of AFM lithography and a lift off process, 
and fabricated 42 mn-wide and 50 nm-thick Cr wires on a GaAs surface, as shown in 
Fig. 13. A PMMA layer on a blanket exposed poly methylmethacrylate/methacrylie 
acid (PMMA/MAA) layer was machined using AFM with a conventional SiaN4
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Figure 13. SEM image of Cr wires of 42 nm wide and 50 nm thick fabricated on a GaAs surface. 
The structure was fabricated using machining, development, and lift off processes. Reprinted with 
permission from [94] by American Institute of Physics (AIP).

cantilever at a normal force range of 1100-1180 nN. The sample was then baked 
and Cr was deposited. After the resist layers had been lifted off, the Cr wires were 
fabricated on the machined area. Sohn and Willett reported that the linewidth 
was affected by the fabrication conditions, such as the normal force, development 
time, and resist thickness. Bouchiat and Esteve [95] fabricated a single-electron 
transistor using RIE and a lift off process with AFM lithography. A 15- to 2 0 -nm- 
thick PMMA layer on a 5- to 15-nm-thick germanium layer and a 200- to 300-nm- 
thick PMMA/MAA layer were machined using a silicon cantilever (k =  5 N/m), and 
then etched using RIE. After the RIE, a freestanding structure was formed under the 
germanium layer due to the under-etching of the PMMA/MAA layer. This method 
allows fabrication of a suspended germanium mask and provides a freestanding area 
under the mask. Using this mask, a tunnel junction can be fabricated by deposition 
at two angles through the suspended mask, thereby producing a 40-nm-wide metal 
line and single electron transistors. Hu et al. [96] used AFM mechanical lithography 
to fabricate a reactive ion etching (RIE) mask. A 3-nm-tliick Ti layer and a 65-nm- 
thick PMMA layer on silicon were machined using a silicon cantilever with a tapping 
mode. The sample was etched by O2 RIE; then a Cr structure was fabricated using 
deposition and a lift off process. Line structures that were 30 nm wide and 2011111 
thick, and nanodots that were 20-40 nm wide were fabricated using the Cr structure 
as an etching mask for SFe +  O2 RIE.

AFM-based resist removal and subsequent etching provide more precise and low- 
cost patterning than using a conventional photolithographic method. A deeper or 
thicker structure with a height (depth) of several tens to hundreds of nanometers 
can be fabricated using this method. Since narrow metal structures can also be 
fabricated, the method is suitable for electronic devices that require such structures.
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In the following paragraphs, we will consider a simpler method of structure fabri
cation using direct patterning by AFM machining and subsequent wet etching.

Lee et al. [97] used H-passivated Si (100) to fabricate a structure by direct 
patterning and wet etching. The silicon surface was machined at a normal force of 
25 nN and a scanning speed of 20 p,m/s using a conventional SiaN4 tip with a 20-nm 
radius, and then etched in KOH for 10 s. As a result, a structure 8 nm high and 80 nm 
wide was fabricated on the machined area. Silicon atoms were bonded with hydrogen 
atoms on the surface of the sample. After the AFM machining, the Si-H bonds were 
broken, and dangling bonds of the silicon atoms then bonded with oxygen atoms 
in air, resulting in the formation of a native oxide layer on the machined area. The 
oxide layer acted as an etching mask in the KOH, so structures could be fabricated 
on the machined area. However, structures could not be fabricated when the tip 
force was less than 20 nN since this was too weak to break the Si-H bond.

The height of a structure fabricated by this method is very small because the 
native oxide layer is thin and the etch resistance against KOH is low. But by applying 
higher normal forces that are several hundreds of micronewtons, AFM machining 
can induce affected layers on silicon substrate, and these layers can be used as an 
etching mask. Park et al. [98] and Kawasegi et al. [99] proposed a direct mechanical 
patterning method known as tribo-nanolithography (TNL). They used ТЕМ and 
secondary ion mass spectrometry (SIMS) analyses to show that an amorphous layer 
100 nm wide and 20 nm deep was formed on a single-crystal silicon surface after 
machining with a diamond tip at a normal force of 350 |xN due to pressure-induced 
phase transition. The amorphous layer formed had etch resistance against KOH 
and therefore could be used as an etching mask. A high-stiffness cantilever with a 
diamond tip [8 8] was used, and the applied normal force was several micronewtons. 
After machining, the machined area was not removed due to the large tip radius and 
it therefore protruded at a height of 1 -2  nm due to the phase transition from a crystal 
to an amorphous silicon structure. During etching in KOH, the amorphous layer that 
formed on the machined area withstood the etching while the non-machined area 
was etched, creating a protruding structure with a height of several tens to hundreds 
of nanometers. However, the amorphous layer that formed on the machined area 
was selectively etched in HF, forming a concave structure with a depth of 10 to 
20 nm [100]. These results indicate that two types of structure, convex and concave, 
can be fabricated by changing the etchant. Structures of various shapes have been 
fabricated using these phenomena. The depth and width of the amorphous layer 
formed depends on the machining conditions, such as the normal force and number 
of repetitions. Thus, etch resistance against KOH is controlled by these parameters. 
A step and a slanted structures fabricated by TNL and wet chemical etching are 
shown in Fig. 14. The silicon surface was machined by a diamond tip at five normal 
forces in the range of 124-372 |xN and subsequently etched in 10wt% KOH. As a 
result, a structure with five different heights was fabricated on the machined area,

4.3. Direct Patterning and Wet Etching
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Figure 14. TNL-modified structures, (a) Step structure prepared by TNL and additional wet 
chemical etching. The silicon surface was machined at five normal forces in the range of 124- 
372 nN and subsequently etched in 10wt.% KOH for 10 min. (b) Slanted structure prepared by 
TNL in 5wt.% KOH solution. The speed in the у-direction was changed from 78 to 20 nm/s 
after modifying half of the area. Reprinted with permission from [98] by American Institute of 
Physics (AIP).

utilizing the change in thickness of the amorphous layer due to the normal force. 
A slanted structure can also be fabricated by machining in KOH, in which the 
formation of an amorphous layer and the etching of silicon occur simultaneously. A 
slanted, protruding structure is fabricated by taking advantage of the time lag in 
the machining process. Therefore, the inclination of the structure can be controlled 
by the scanning speed of the feed direction.

The techniques presented here can be used to fabricate a structure with a height 
of several tens to hundreds of nanometers using a simple process because the forma
tion and development of a resist layer is not required. In addition, the etch resistance 
of the amorphous layer is controlled by the machining conditions, permitting the 
effective fabrication of three-dimensional structures.

This section examined nanopatterning using AFM-based mechanical machining. 
The advantage of these methods is the simplicity and low cost of the patterning 
process. However, there are several problems associated with these methods, such 
as tool wear and low machining depth for hard materials. The accuracy and effi
ciency of the fabricated structure depend on the machining tool. These problems 
can be eliminated by selecting an appropriate method and using a diamond tool. 
Therefore, the development of an appropriate cantilever for these applications is an 
important issue.

5. T h e r m a l ly  I n d u c e d  M o d if ic a t io n s

Thermally induced lithography forms a pattern on the material surface using heat- 
induced deformation. A heated cantilever is used to pattern the surface. AFM 
enables us to pattern the surface to a nanoscale resolution.
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This method was mainly developed by IBM to build a high-density data storage 
device known as a Millipede. The method aims to write, read, and erase data on a 
thin polymer surface using a two-dimensional AFM array. In earlier work, Mamin 
et al. [101] fabricated pits on a PMMA surface using thermally induced modifi
cations. An AFM tip irradiated by an infrared laser is in contact with a PMMA 
substrate. The heat from the tip softens the PMMA and forms pits on the contact 
area. The size of the pits varies from a few tens of nanometers to one microme
ter, depending on the force and size of the laser pulse. Later, Vettiger et al. [102] 
developed a 32 x 32-AFM cantilever array located in a 3 x 3-mm2 area that permit
ted high-speed thermomechanical writing/reading processes. Lutwyche et al. [103] 
demonstrated the writing and reading of 1024 data using a 32 x 32-cantilever array, 
as shown in Fig. 15. The 1024 data were written on a PMMA surface, and then 
read back. More than 80 percent of the levers were able to write and read back 
data. Indentations that were 40 nm wide with a pitch of 120 and 40 nm were fabri
cated. The pattern of 64 x 64 bits was written and read back by 128 x 128 pixels. 
The resulting data corresponded to 13-30GB/in2. Data density up to lT B /in 2 
has been achieved [104]. This technology is expected to be used in ultra-high- 
density data storage devices that cannot be produced using conventional fabrication 
methods.

In another approach, Bae et al. [105] developed a diamond probe for thermome
chanical nanolithography to eliminate tool wear. The diamond probe was fabricated 
using a silicon-lost mold and CVD techniques, and milled with a focused ion beam 
to sharpen the tip. Thermomechanical lithography was demonstrated on a PMMA 
surface and line patterns with a pitch of 40 nm were fabricated.

Figure 15. (a) 1024 AFM image read and written by 32 x 32 cantilever array, (b) Enlarged image 
of (a). Numbers in image indicate the row and column of each lever. Reprinted with permission 
from [103] by American Institute of Physics (AIP).
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AFM-based! lithography car* be used to obtain nanoscale patterning and has become 
a powerful technique for prototyping novel device structures under the base of fine 
movements- ш the lateral or vertical directions of AFM. It is particularly suited to 
prasetkadi appMcatEons because it can be performed in air. This chapter has clearly 
shown ghat AFM-based lithography can ensure spatial resolution of under 10  nm. 
wbkhi b  mracb bet.нет than most common lithographic process, including common 
pho^ithograpby and emerging next-generation lithography processes, for exam
ple- SXOM % 1Щ . FIB |3.107|. ЕВ {2ЛЩ based modifications. However. AFM- 
baa«d Etbogrsphy has some unresolved problems for applications that require high 
ftbrougbpfit and wider patterning to centimeter scales. Most of these problems are 
TSshxed w  system  design and the lithograph}' technique itself. In terms of sy s te m  
design, Jtbe parallel cantilever system reviewed in this chapter and high-speed stages 
wikb friib-nanometer feedback systems can provide a high throughput and wider pat
terning that can be applied to massive industrial applications. While the vertical res
olution is controllable to sub-nanoscales by the feedback system in AFM. the lateral 
resolution is mainly dependent on the calibrated data of the PZT-actuated nanos
tages, which do not have feedback systems due to their high cost. Hence, the next 
generation of AFM. covering wider travel ranges under controllable sub-nanometer 
movements, mast be developed in the near future. In addition, high-speed oxi
dation. material transfer, mechanical scratching, and other processing techniques 
that maintain patterning uniformity on a substrate must also be developed: these 
include cantilever design, advanced materials for transfer, and stable environmental 
control. Many worthy research studies reported worldwide have attempted to down
scale the pattern size and apply AFM lithography, because researchers believe that 
this technique has the potential to become an essential tool for emerging nanotech
nology and nanoscience related to electronic, photonic, biomedical, and nanosystem 
engineering.
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CHAPTER 3

SCANNING PROBE ARRAYS FOR NANOSCALE IMAGING, 
SENSING, AND MODIFICATION
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Nowadays tools based on Scanning Probe Methods (SPM) have become indispens
able in a wide range of applications such as cell imaging and spectroscopy, profilom- 
etry, or surface patterning on a nanometric scale. Common to all SPM techniques 
is a typically slow working speed which is one of their main drawbacks. The SPM 
speed barrier can be improved by operating a number of probes in parallel mode.
A key element when developing probe array devices is a convenient read-out sys
tem for measurements of the probe deflection. Such a read-out should be sufficiently 
sensitive, resistant to the working environment, and compatible with the operation 
of large number of probes working in parallel. In terms of fabrication, the geomet
rical uniformity i.e. the realisation of large numbers of identical probes, is a major 
concern but also the material choice compatible with high sensitivity, the detection 
scheme and the working environment is a challenging issue. Examples of promis
ing applications using parallel SPM are dip-pen-nanolithography, data storage, and 
parallel imaging.

Keywords: Actuation; Atomic Force Microscopy (AFM); Atomic resolution; Antibody; 
Block-copolymer; Bragg grating; Carbon Nano Tubes (CNT); Contact mode; Dielectric; 
Diamond; Doping; Dry etch; Electrochemical sensing; Electronic noise; External sensing; 
Ferroelectric; Flicker noise; Focused electron beam (FEB); Focused Ion Beam (FIB); Force 
distance curves (FDC); Glycerol; Heterodyne; Homodyne; Interferometry; Magnetostric- 
tive; Microfluidic channel; Millipede; MOSFET; Mould; Multi-Wall Carbon Nano Tubes 
(MWCNT); (iWalker; Noise; Optical path difference; Oxidation sharpening; Piezoelec
tric effect; Piezoresistive coefficient; Piezoresistive effect; Polymer; Potassium hydroxide
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KOH; Tip-surface interaction; Replication; Resonance frequency; Sacrificial layer; Scan
ning Electrochemical Microscopy (SECM); Scanning Probe Methods (SPM); Scanning 
Thermal Microscopy (SThM); Scanning Tunnelling Microscopy (STM); Self-Assembled 
Monolayer (SAM); Self sensing; Sensitivity; Silicon nitrate Si*Ny; Silicon oxide (ЭЮг); 
Single-Wall Carbon Nano Tubes (SWCNT); Spectral density; Stress; Tapping mode; Ther
mal noise; Thermal sensing; Tomographic imaging; Topographical imaging; Voltammetry; 
Wave-guide; Wet etch.

N o m e n c la tu r e

A Area
С Capacitance
D Distance between cantilever end and the photodiode
Do Diffusion coefficient
E Electric Field
F Force
Fth Thermal forces
I Intensity
It ,oo Steady state current
OPD Optical path difference
P Power
Q Electrical charge
Qc Quality factor
R Resistance
S Ath Spectral density of thermal noise
S F th Spectral force density
T Temperature
V Voltage
a Electrode Diameter
с Specific heat
со Concentration of oxidised species
d Thickness of air gap
dQ Charge coefficient
к Thermal conductivity
kB Boltzman constant
kc Spring constant
1 Cantilever length
n number of electrons
w Cantilever width
t Cantilever thickness
^ P h o to d io d e Spot displacement
Д R Change in resistance
Ф Faraday constant
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e Strain
eo Permittivity in vacuum
er Relative permittivity
4> Phase
A Wavelength

Thermal diffusion length
7Г Piezoresistive coefficient
P Density
cr Stress
и) Modulation frequency of temperature
CJO Resonance frequency
U\ Laser frequency
Ws Shifted frequency
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1. In tro d u ctio n

The development of the Scanning Tunneling Microscope (STM) [23] and shortly 
thereafter the Atomic Force Microscope (AFM) [22] in the 1980s for many people 
represents the most significant breakthrough of nanotechnology, if not its real sta rt
ing point. For the first time, it was possible to image solid surfaces with atomic 
resolution51, to measure interaction forces on a molecular level [73], and to manipu
late matter at the atomic scale [46].

Today, Scanning Probe Methods (SPM) include a wide range of microscopy 
techniques which have found countless applications. STM is mostly used for high 
resolution work on electrically conductive surfaces under controlled conditions (high 
vacuum or ultra-high vacuum (UHV), and local electron spectroscopy. On the other 
hand, force microscopy has become the commonly used technique to get micro
scopic (topography) information on virtually any type of surface. Its operation 
is more robust and less prone to disturbances from ambient conditions, and it 
is more flexible with regards to environmental conditions and sample properties. 
In controlled environments such as UHV, force microscopy has demonstrated lat
eral resolution comparable to the best STM data (“true atomic resolution” [59]). 
Further SPM representatives include the Scanning Near-Field Optical Microscope 
(SNOM) [114,152], the Scanning ElectroChemical Microscope (SECM) [14], the 
Scanning Thermal Microscope (SThM) [154], and many more.

Characteristic to all SPM techniques is that a nanoscale probe is raster scanned 
in close proximity across the sample surface, and that its interaction with that sam
ple surface is recorded to generate a surface map (the surface “image”). In most 
operation modes, a feedback loop constantly compares the measured interaction 
to a previously chosen set value, and controls the vertical location of the probe to 
keep it at a constant distant to the surface. As a consequence, common to all SPM

a It is true that field ion microscopy (FIM), introduced in the first half of the last century, is 
capable of atomic scale imaging, but it is limited to selected conducting surfaces at high electric 
field conditions.
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techniques is a typically long acquisition time of an individual image frame. A higher 
resolution data set of 512 x 512 data points at a scan speed of 1 sec/line requires 
several minutes of acquisition time. This limitation is due to amplifier or detection 
bandwidths which limits signal detection below a certain frequency, mechanical res
onances of the scanner and the instrument which would destabilize the instrument 
beyond acceptable levels, and/or signal to noise issues which require a certain min
imum acquisition time to improve measurement statistics.

Some of these issues can be addressed by video rate operation of SPM [7 7 , 
124,162]. Here, the setup is optimized so that images can be taken at rates of 25 
frames sec-1 . To the operator such a microscope with its “real-time” panning and 
zooming capabilities feels more like a Scanning Electron Microscope (SEM) than a 
conventional SPM.

The article presented here deals with an alternative approach to break the SPM 
speed barrier. By operating a number of N probes in parallel, N images can be 
acquired simultaneously. Such a setup allows the rapid investigation of larger scan 
areas, or the execution of high resolution or high sensitivity experiments N-times in 
parallel, adding to the statistical significance of the SPM data. The N-fold gain in 
acquisition time or data quality for some applications justifies a largely increased 
complexity of the setup, and its associated increased cost.

In the following section, we describe the most relevant microfabrication tech
niques and materials used to fabricate the nanometric probes used in SPM. Partic
ular weight will be put on those processes that can lead to an integration of probes 
into arrays. The next section is devoted to the detection of the cantilever deflection. 
Numerous detection schemes have been demonstrated in the past, but only few have 
proven that they are valid technologies for the read-out of many probes in parallel. 
Finally, the most relevant applications will be presented, along with a discussion of 
the additional advantages gained from the probe arrays.

2. M a ter ia ls  and F ab rication  P ro cesse s

In scanning probe methods such as force microscopy, the probe is composed of 
the nanometric tip responsible for sensing with high lateral resolution, and a 
transduction element composed of a flexible cantilever. Materials for probes include 
semiconductors, dielectrics, metals and polymers. It is important, however, to dis
tinguish between materials used for the cantilever and materials used for the tip. 
Depending on the application, a probe needs to have well-defined cantilever and tip 
specifications. The cantilever is characterized by its compliance, i.e. spring constant 
kc, and its resonance frequency w0. The tip is characterized by its shape i.e. aspect 
ratio, height, and apex radius. Microfabricated tips can be realized in distinct ways: 
direct and indirect fabrication by etching and moulding, respectively. Both meth
ods have good reproducibility and are suitable for high-volume tip and/or tip array 
manufacturing. Additional techniques include sharpening or deposition of tips using
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focused beam methods. Some applications require that the tip and cantilever are 
made of different materials. This can be done by post-growing or post-assembling 
processes. For integrated manufacturing processes, however, such hybrid probes 
represent considerable difficulties. With a few exceptions [3], tip and cantilever are 
typically fabricated from the same material when integrated fabrication processes 
are used.

Several fundamentally different methods for producing nanometer sharp tips and 
tip arrays have been presented. Additional complications arise when nanotips have 
to be integrated onto cantilevers. Therefore, not all of the presented techniques are 
compatible with micromachining technology, and suitable for mass manufacturing 
of MEMS based nanoprobe systems.

For parallel probe implementation the issue of geometrical uniformity becomes 
central, which in turn affects the process control for a given manufacturing process. 
It is therefore important to address the question: can a process that works reliably 
for the fabrication of individual sharp tips be used for probe array fabrication? An 
example of a parallel probe array is shown in Fig. 1.

2 .1 . P robe m a ter ia ls

The first AFM system was built with a hand-cut aluminium foil as cantilever tip 
which was bent to allow one edge to act as a tip. Later, diamond fragments were 
glued to the cantilever in order to form a tip-like protrusion. The use of dielec
tric thin films led to a breakthrough in cantilever and tip fabrication. They can 
be reproducibly and precisely made with well-controlled thickness, structured with 
conventional lithography, and made free-standing by micromachining methods using 
sacrificial layers or removing the dispensable part of the Si-substrate. Furthermore,

Figure 1. SEM micrograph of an array of 4 microfabricated silicon cantilevers with tips. The 
probes have been fabricated using a combination of dry and wet silicon etching [32].
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they are mechanically and chemically robust. Silicon oxide SiC>2 and silicon nitrate 
SixNy (Si3N4) probes can be formed on silicon by standard microfabrication pro
cesses such as thermal oxidation or chemical vapour deposition (CVD). The ability 
to fill a sharp potassium hydroxide (KOH) -etched pyramidal mould that is defined 
by the < 111> etch stop planes of silicon was exploited for the first mass-fabricated 
SPM tips [9]. The moulding method allows fabrication of SPM probes with virtu
ally any material that can be deposited as thin film. For instance, diamond and 
diamond-like carbon tips [70,144,145], metallic probes made of nickel [160,210] and 
tungsten [181] for conductive probes have been realized.

Polymer probes of ultraviolet (UV) sensitive spin-coated photoplastic layers have 
been fabricated in a similar way and presented by Genolet et al. for SPM applica
tions [56]. Akiyama et al. developed a wafer-scale process for batch fabrication and 
mounting polymer tips on a quartz tuning fork [6]. A microscopic four-point probe 
for resistivity measurements on thin films was fabricated using high-aspect ratio, 
negative photoresist as probe and cantilever material [94]. The use of UV light- 
structurable material allows a very simple fabrication technique in order to create 
sharp polymer probes with an apex radius in the range of 20 to 50 nm, depending 
on the mould, which does not require high-end thin film processing equipment. The 
major drawback of polymer probes however, is their poor resistance to mechanical 
wear. Silicon tips have been fabricated by dry and wet etching techniques [32,201]. 
These have very good mechanical properties and are used in standard probes for 
commercial AFM instruments. Akamine et al. developed microfabricated SiN can
tilevers with an integral single-crystal silicon tip [3]. The silicon tip is self-aligned to 
the end of the cantilever and created by a process which simultaneously fabricates 
and sharpens the silicon tip with an apex radius in the range from 20 to 40 nm. 
Examples for such probes have been presented by Akamine et al., Folch et al. and 
Grow et al. [3,52,66].

An interesting material for AFM tips are carbon nanotubes, either in single- 
or multi-wall form (SWCNT, MWCNT), since they can be made with a precise 
diameter in the sub-5 nm range, have a shape with a well-defined aspect ratio, and 
are mechanically very robust. Carbon nanotube tips have been assembled [68] or 
catalytically grown onto cantilevers [36]. Although, significant progress has been 
made recently, a major difficulty remains in the uniform fabrication and integration 
of CNT onto cantilevers, particularly in view of parallel probe systems, where a 
large number of tips must be fabricated.

An overview of the various materials along with the possibilities to realize 
nanoprobes is listed in Table 1 , where material, shape and technology are compared.

2.2. T ip fa b rica tio n  processes

Sharp tips can be fabricated either by direct or indirect methods in which a sharp 
mould is created prior to a replication step. Both methods are used for reliable mass- 
manufacturing of cantilevers with sharp tips. Other methods include beam-induced 
deposition. Focused beams of charged particles can be used to locally deposit
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tip-like structures with high aspect ratios. Focused Electron Beam (FEB) [76,190] 
and Focused Ion Beam (FIB) [89,136] induced deposition have been developed for 
the fabrication of appropriate probe tips. FEB and FIB methods are very useful 
for rapid prototyping but due to the serial approach they are less suited for batch 
fabrication.

Tips made of thin film materials (dielectrics, metals) are typically made via 
moulding and replication methods [9]. First, a sharp mould is created in a sacrificial 
substrate (typically silicon) or a substrate covered by a sacrificial layer. The mould 
shape can vary from pyramidal, semi-spherical to conical, depending on the material 
and mould fabrication method. If necessary, the mould can be further sharpened by 
oxidation processes [4]. In a second step, the dielectric or metal layer is deposited 
on the substrate and inside the mould and structured by photolithography. Finally, 
the probe material is released by etching the substrate or the sacrificial layer [56]. 
In some cases, a thin organic monolayer is added in order to allow the easy removal 
of the probe from the mould [96]. For example, a layer of dodecyltrichlorosilane 
forming self-assembled monolayers (SAM) on a SiC>2 substrate reduces the adhe
sion between the SiC>2 and a 100 nm thick evaporated aluminium (Al) film. Sub
sequently, a 100 p,m thick layer of photoplastic polymer material has been spun 
onto the SiC>2-SAM-Al sandwich layer and structured by photolithography. In a 
final step, the polymeric micro-part together with the Al-layer could be mechan
ically lifted off from the substrate due to the low adhesion between SAM and Al 
layer. The organic SAM provides enough resistance for the microfabrication process 
including photoresist spinning and thermal steps. This process has been used for the 
fabrication of photoplastic probes for scanning near-field optical microscopy [96]. In 
contrast to the deposition of a sacrificial layer which needs to be relatively thick, 
this method has the advantage of preserving the mould sharpness.

Tips in silicon are etched by wet, dry, or combined methods [32,201]. The most 
important parameter to control is the etch duration in order to prevent the tips 
from being over-etched and becoming blunt. Reproducibility in lithography, as well 
as variations of the global and local etch rates play a crucial role (Fig. 2) in order to 
obtain the uniformity that must be achieved for parallel probes in terms of height,

border
of array

______ ________ J  ^ ___ " )  ^ ____ '  ... array

Si

Figure 2. Tip formation by underetching showing inhomogeneities over an array. Due to loading 
effects in plasma etch process, the silicon probe at the edge of the array has a different etch rate than 
those in the centre of the array. This leads to a different shape of the etched probes. The underetch 
rate at the border of the array is higher than in the centre due to more available reactive ions, 
whereas etching in the centre is ion depletion limited. Such effects can be minimized by appropriate 
mask design, e.g. larger etch masks, or fabrication of blank structures at the borders [29].
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shape and sharpness. The different etch ratios of high index planes in Si can be 
exploited for high fabrication yield. Oxidation sharpening of silicon can also be 
used to improve the sharpness of the probes. It can be used for etched probes [127] 
as well as for silicon moulds and has in particular increased the manufacturing yield 
of nanoprobes.

2.3. C a n tilever  fa b rica tio n  processes

In the case of dielectric thin film cantilevers (e.g. SixNy) the lever thickness is 
precisely determined by the deposited film thickness, typically in the order of 100- 
500 mn, depending on the targeted mechanical properties. In the case of single
crystal silicon as cantilever material, a double-side micromachining process with 
wafer-through etching yields free-standing silicon cantilevers. Silicon-On-Insulator 
(SOI) substrates, where the buried silicon dioxide serves as an etch stop layer, can 
be used in cases where well-defined thickness control of the cantilever is required.

Silicon and SOI wafers are also used for the fabrication of cantilevers with inte
grated piezoresistive sensors [188]. Typically, a locally and shallow doped region of 
boron creates a conductive path through parts of the cantilever whose resistivity 
changes as a function of cantilever bending. The piezoresistive effect is described in 
more details below. The force sensibility of piezoresistor devices can in general be 
maximized keeping the thickness of the piezoresisitve layer as thin as possible. Im
planted ions have an enhanced diffusivity prior to annealing [71], the diffusion coef
ficient of implanted boron (B) ions being 103 times the intrinsic value. Harley et al. 
fabricated 890 A thick cantilevers using epitaxially grown piezoresistors [71]. The 
boron is incorporated into the lattice during the epitaxy process and therefore, diffu
sion could be minimised for the post processed annealing. Saya et al. have proposed 
another approach to realise ultrathin piezoresistors in which germanium (Ge) has 
been implanted prior to boron implantation [171]. The Ge bombardment results in 
a preamorphised Ge layer, which avoids channelling effects during boron implanta
tion. A subsequent short annealing step at 950°C further minimises boron diffusion.

Constant force measurements performed with probe arrays require activation 
of each cantilever which allows force control for the individual cantilevers. There
fore, other types of cantilevers needed to be developed that include structures with 
integrated piezoelectric films allowing in-situ actuation. Minne et al. showed piezo
electric cantilever arrays that enable z-actuation allowing parallel constant force 
imaging at high speed [139]. The actuator has been realised by integrating a thin 
zink oxide (ZnO) layer at the base of the cantilever. Kim et al. reported a CMOS 
process combining 34 x 34 and 100 x 100 thermo-piezoelectric Si3N4 cantilevers into 
an array. The array is composed of lead zirconate titanate (PZT) cantilevers with 
integrated heaters and piezoelectric sensors forming a high-speed and low-power 
SPM-based data-storage system [100,142]. Although piezoelectric films show inter
esting characteristics, their dimensions are necessarily larger to those of the thin-film
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cantilevers, and the associated processing methods today are still too complex to 
allow reliable manufacturing. Electrothermal excitation is another frequently used 
method for cantilever actuation. Akiyama et al. integrated Al-Si thermal bimorph 
structures at the base of the cantilever. Applying a heating power of 45 mW a static 
deflection of 8 |xm has been achieved on a 580 |xm long cantilever.

Occasionally, the fabrication techniques for tip, cantilever and peripheral inter
face systems are not compatible. In such cases parallel wafer-to-wafer transfer meth
ods using bonding techniques have also been developed [42].

The fabrication steps to realize single probes must be critically reviewed for their 
compatibility if parallel probe systems need to be made. Not only is the height of 
the tip important, but the initial shape, thickness and bending of the cantilever also 
plays a crucial role. This has consequences in particular for the variation of the probe 
properties such as initial bending, compliance, and resonance frequency During 
a SPM single probe experiment, the approach angle for a cantilevered single probe 
to a planar substrate is not a critical issue. However, in the case of a linear parallel 
probe arrangement, the approach angle becomes critical in the plane parallel to the 
surface. The alignment of the cantilevers and the approach of the array determine 
which tip comes in contact with the surface first. Often, the two outermost probes 
are intentionally made longer to serve as adjustment probes (Fig. 3). It is obvious 
that a similar approach must also be considered for a 2D probe array where at least 
three adjustment probes should be used for the alignment of the array.

3. P a ra lle l D e te c t io n  in  S can n in g  P r o b e  A rrays

The first realization of atomic force microscopy relied on a tunnelling contact to the 
backside of the cantilever in order to detect its deflection 6 with high sensivity [22]. 
However, this method turned out to be too unreliable under ambient conditions, and 
it was soon replaced by other methods. In recent years, various cantilever deflection 
schemes have been developed, such as optical beam deflection or interferometry, 
piezoelectric and piezoresistive sensing of stress in the deflected cantilever, change 
in the capacitance formed by the cantilever and a counter electrode, and magnetic 
methods.

In this section, the state-of-the art in probe sensing systems is presented. Advan
tages and limitations for cantilever arrays are highlighted.

outer probes are higher for sample

Substrate 1

Figure 3. Schematic illustration of probe-to-sample approach. Outermost tips are larger to allow 
approach monitoring and array alignment [29}.
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E xternal sensor

P ro b e -sam p le  
interaction

su rface

Figure 4. Schematic illustration showing the three main classes of sensors used for deflection 
detection in scanning probe microscopy, (i) external sensor: sensor is not integrated in the cantilever 
(ii) self sensing: sensor is integrated in the cantilever (iii) Tip-surface interaction sensor: other tip- 
surface than force interactions are detected, e. g. thermal or electrochemical interactions. (Courtesy 
of J. Polesel-Maris).

Probe sensing systems can be separated into three main classes (Fig. 4): (i) 
external sensing achieved by schemes not directly linked to the cantilever, which 
have to be aligned prior to the experiments. With external sensors the deflection can 
directly be detected; (ii) self sensing, where the sensor is incorporated in the probe, 
often in the form of stress sensors usually located at the base of the cantilever where 
the maximal stress occurs; and (iii) sensing of additional probe-surface interactions 
that serve as indicator for tip to sample distance; examples are thermal [62] and 
electrochemical sensors [15], spin-valve probes [183] in scanning magnetoresistance 
microscopy, or scanning Hall probes [24,27,28].

3.1. G enera l con sidera tion s

3.1.1. Sensitivity

The quality of the data depends essentially on the quality of the probes and the 
instrument. In this section, the mechanical and geometrical aspects of cantilevers 
influencing the sensitivity of the setup are described.

For a rectangular beam with thickness £, length width w (Fig. 5) and a Young’s 
modulus E , the deflection S at the free end, and the stress a  at the base of the beam 
can be expressed according to eqs. (1) and (2), respectively:

4Z3
<5=

E w t3 
3 E t .  

a = 2 l ? 5’

(1)

(2)
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Figure 5. Geometry of a rectangular cantilever. (Courtesy of Ch. Santschi).

where F is the force applied at the free end of the cantilever. The spring constant 
kc is given by eq. (3):

_  Ewt
4*3 * W

Eqs. (1)—(3) give the rules for optimisation of the probe sensitivity in terms of 
geometry and material of the beam.

3.1.2. Noise limit

The detection limit of a sensing system is determined by various intrinsic or extrinsic 
disturbances of the device [167] including noise of various origins. Some of them are 
unavoidable since their origins are intimately related to the presence of the probe 
and the detection unit. Examples are thermal Brownian or thermomechanical noise 
[83,161], flicker or 1/f noise in piezoresistive sensors [191], electronic noise related to 
the signal treatment, and finally, noise due to mechanical and acoustical excitations 
from the macroscopic environment. The origins of noise related to cantilever beams 
have been the subject of several intensive studies [47,204].

A cantilever is a mechanical system, which can be described using a damped 
oscillator model. Damping is described by the quality factor Qc and directly related 
to the energy dissipation of the system. Systems which dissipate energy are necessar
ily sources of noise as described by the equilibrium fluctuation-dissipation theorem, 
known as the Nyquist-Johnson theorem [148]. It should be noted that the reverse 
case is also often true [33]. The fluctuation-dissipation theorem applied to mechan
ical resonators with thermal energy квТ as the only source of energy describes the 
generation of thermal noise having its origin in the coupling between the oscillators 
and its medium. Thermal forces, Fth, are non-correlated for time scales larger than 
the average time of intermolecular collisions. The equipartition theorem, thus, leads
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to the spectral force density of white noise (eq. [4]):

о  4  k B T k c  / / П

( 4 )

where u>o is the resonance frequency of the cantilever in vacuum, кв the Boltzman 
constant and T the temperature. The spectral density of thermal noise-driven ampli
tude SaiH of the free mechanical oscillator is given by eq. (5) [39]:

И  =  Ц 7----------------------- Г2 (5)
( X- S t )  + ( qtU )

The detection limit of the sensor is given by the deflection S equivalent to the 
amplitude SAth induced by thermal noise. Other sources of noise stem from the 
conversion of the deflection S into an exploitable signal, for instance, the shot- 
noise of the photodetector [64]. Using the SPM in contact mode, the low frequency 
mechanical noise of the platform [204] also contributes to the total noise to a not 
negligible extent. In dynamic mode, working close to the resonance frequency (Jo> 
the most relevant source of noise is thermomechanical noise of the beam. On the 
other hand shot noise of the photodetector and the 1/f noise due to low frequency 
phenomena become dominant in contact mode AFM. Expressions for the signal-to- 
noise ratio in the different operating modes can be found in Sarid [167].

3.2. E x tern a l sen sin g

External sensors are the most commonly used detectors for deflection measurements 
of AFM cantilevers [167]. Various other methods for the detection of the cantilever 
deflection 5 have been developed in the last few years.

3.2.1. Optical beam deflection

In 1988, Meyer et al. [137] proposed an optical system based on the measurement of 
the deflection 6 of a collimated laser beam focused on the rear side of the cantilever 
(Fig. 6). The reflected beam is collected using a photodiode which is divided into 
two or four quadrants. The quadrants are closely positioned to each other in order 
to detect the spot displacement induced by the deflection of the cantilever [64]. 
The normal deflection <5 and torsional bending correspond to the normal and lateral 
(friction) forces, respectively.

The key advantage of such a system is its large geometrical amplification of the 
deflection S leading to a high sensitivity. With the distance D between the free end 
of the cantilever and the photodiode the displacement of the spot A p h o to d io d e  o n
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Position Sensitive

the photodiode can be written as:

Aphotodiode =  (®)

A deflection S of 1A for a cantilever with I =  100 jxm and a distance D =  4 cm 
leads to a spot shift of 40 nm, corresponding to a geometrical amplification of 400. 
This method is mainly used by AFM manufacturers because its implementation is 
simple and results in a very sensitive optical read-out. Using this method, atomic 
resolution has been achieved with a detection limit of 0.1 A [59]. Moreover, its 
pN force sensitivities allow molecular force spectroscopy which is described in more 
details in Section 4.2. According to theoretical sensitivity calculations the minimum 
detectable deflection S, presented in various publications [156, 157, 169], atomic res
olution in a 10 kHz bandwidth is achievable. But it should be noted that, in practice, 
the sensitivity is limited by the amplitude of the thermal vibration of the cantilever 
and not by the minimum detectable deflection S [137]. Finally, with a fast photo
diode [69] and a pre-amp bandwidth of tens of MHz this set-up is appropriated for 
both, contact and dynamic mode.

A few studies have been done with multiple photodiodes in order to decrease the 
shot noise effect [172]. Fukuma et al. optimized this detection method using an opti
mally adapted photodetector [53,54], a pulsed laser source to remove interferences 
artefacts [91], and a very low-noise electronics. Noise density as low as 17fmHz“ 5 
was achieved.

The implementation of the optical beam deflection method has recently been 
demonstrated for probe array read-out. Alvarez et al. [12] used a sequential read
out of a ID array consisting of five cantilevers. Using voice-coil actuators, the laser 
beam is moved from one cantilever to the other in order to determine their deflec
tions. Subnanometer resolution has been obtained with a scan speed of about ten
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cantilevers per second. This sequential method is suitable for experiments where 
updating of the deflection in time intervals larger than hundreds of milliseconds is 
sufficient. But this technique is not adapted for imaging or fast force spectroscopy. 
Indeed, the computing time for the tracking of each spot and the frame rate of the 
CCD sensor are the bottlenecks of this parallel read-out method.

3.2.2. Optical diffraction sensing

Yaralioglu et al. [204] proposed an alternative method to the conventional optical 
beam detection described above. The method is based on the idea of a cantilever 
containing interdigital arms forming a Bragg grating (Fig. 7). Such a configuration 
simplifies the alignment procedure in arrays and more importantly, improves the 
signal-to-noise ratio by cancelling the laser pointing noise, the thermally excited 
mechanical vibrations and reduces the sensitivity to vibrations of the photodetector. 
The presented Bragg grating method has a vertical resolution of 1 A in a 1 kHz 
bandwidth. Since an optical intensity is measured, photodetector alignment is less 
important compared to the optical beam deflection method where the position of 
an optical spot is detected.

The diffraction pattern has multiple maxima, and is thus, split into several orders 
depending on the relative displacement between the two finger sets as illustrated 
in Fig. 8. At deflections 8 larger than Л/4, the diffraction pattern changes from 
the zero to the first order which limits the maximum deflection range that can be 
detected using a single photodetector. Taking advantage of the different orders in 
the diffraction pattern and using a set of multiple photodiodes allow the extension 
of the maximum range of deflection 6 that can be measured. For practical reasons,

Figure 7. SEM image of an interdigital cantilever. The length of the cantilever is 215 jim. Length 
and width of the fingers are 30 and 3 |im, respectively and the thickness of the structure is 2.5 
lim. The center part serves as reference and the outer moving part as measuring beam [204].
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Cylindrical Laser Beam

Orders

Jnterdigital

Photodiode
Detectors

Figure 8. Schematic illustration of the interdigital cantilever array and the diffracted orders. The 
signal of the orders are detected by photodiodes [182J.

this method is limited to a maximum cantilever deflection £ of about 300 nm using 
two photodiodes.

The authors demonstrated the usability of this method on vector probe arrays 
of five interdigitated cantilevers [182] using a single laser diode (P  =  10 mW, Л =  
635 nm) as illumination source. Using such a configuration, true parallel imaging of 
a grating with 220 nm high features has been carried out.

The same team also designed a 2-dimensional array of 6 x 4 spiral cantilevers 
and used the diffraction method for deflection measurements. The reflected laser 
beams were projected onto a CCD sensor for parallel measurements [126].

Recent work has been done on various diffractive methods of deflection detection. 
Karabacak et al. used an optical knife-edge method to compare the position of a dou
ble clamped beam to a fixed reference cantilever [90]. A noise density of 1 pm/Hz5 
operating in the MHz regime using short cantilevers (t=125nm , w =  200nm, 
I =  14 |xm) was achieved. Onaran et al. proposed a membrane probe with a tip 
situated in the centre of the membrane with a stiffness of INm -1  [149]. A Bragg 
grating and a liquid-sealed electrostatic actuator working up to 20 MHz were inte
grated at the rear side of the membrane. A photodetector placed at the 1st order 
diffracted beam allowed to detect the detection 6 with a noise density of 10 fm Hz-  5 
and force resolution of pN in a 10 kHz bandwidth.

3.2.3. Interferometric sensing

Interferometric detection of cantilever motion has been presented soon after the 
invention of AFM in 1986 [49,128,164]. While an optical beam deflection scheme 
measures essentially the bending angle at a given point on the cantilever, an inter
ferometric setup measures the displacement of a certain point on the cantilever with 
comparable intrinsic sensitivity [157]. The basic idea of interferometric sensing is 
the comparison of a light beam, reflected by the rear side of the cantilever, with 
a reference beam from the same light source, in general monochromatic source of 
wavelength Л. In most setups the optical length of the reference arm is kept con
stant, whereas the length of the signal or measuring arm changes. The interfering 
light intensity detected by a photodiode is a function of the interferometric Optical
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Path Difference (OPD), which is the length difference between the reference and 
the signal arms. The periodic intensity is given by a cosine function:

I(OPD) =  у  ( l  +  cos OPD

The OPD can be written as:

(7)

(8)

where (p represents the phase of the signal with respect to the reference wave, n 
is an integer number corresponding to the number of complete periods the signal 
arm is mismatched with respect to an equal armed system where the interferometer 
is perfectly balanced. The phase ambiguity due to monochromatic coherent light 
limits an unequivocal measurement to the range of A/2. In order to overcome this 
limitations, Dandliker et al proposed methods using two light sources [40].

Homodyne detection is a simple type of interferometry (Fig. 9(a)) where a light 
source of a specific and constant wavelength Л is used. Anselmetti et al used a 
compact Nomarski setup in order to detect the deflection S of a cantilever with the 
relatively high stiffness of 150Nm-l [13]. A remarkably low noise level of 0.035 A 
in a bandwidth from 0.01 Hz to 2 kHz has been obtained. Rugar et al proposed a 
compact and mechanically robust fibre optic interferometer based on the optical 
interference occurring in a micron-sized cavity formed between the cleaved end 
of a single mode optical fibre and the cantilever [164]. They achieved a peak-to- 
peak noise value of 0.1 A in a bandwidth of 1 kHz. More details on fibre optic 
interferometry for AFM cantilever detection can be found in Shie [175].

Figure 9. Schematics of homodyne (a) and heterodyne (b) interferometers used for detection of 
cantilever deflection. (Courtesy of J. Polesel-Maris).
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Using a configuration as shown in Fig. 9(a), the measurement of the phase y 
is very sensitive to fluctuations of the laser intensity, to variations of the fringe 
visibility due to beam divergence, and to small misalignments of the interferometer. 
In order to reduce this disturbing effects, optical heterodyne detection [49,95,128] 
has been introduced. Fig. 9(b) shows a scheme of such a setup.

The first beam splitter divides the incoming beam with frequency uji into two 
beams, each of them having half of the total intensity. The frequency of one of the 
resulting beams is transferred to u s  using an acousto-optic modulator tj s . Mixing of 
the two frequencies leads to the generation of two new frequencies, one at the sum 
of the two frequencies, and the other at their difference. The low frequency иц — сus 
produced in this maimer is referred too as beat frequency (eq. (9)).

(=I(t) =  Idc +  Iac cos ( 2tt(ui -  Us)t +  27г ~  ̂ • (9)

The DC component Iac does not carry any information about the OPD. In fact, 
only the second term of the cosine argument carries information about the can
tilever displacement. For a heterodyne system Kikuta et al. [95] report an rms noise 
of 0.35 A in a bandwidth of 200 Hz. The noise level of interferometric methods is 
comparable to that of optical beam deflection measurements.

Using large collimated signal beams, interferometric techniques are particularly 
well adapted for parallel detection of cantilever arrays. The fringes pattern on each 
beam allows a true highly parallel measurement of the cantilever bending avoiding 
the problem of beam-crossing as it occurs in optical beam deflection for large can
tilever deflections S. The interferogram can be used in a different manner to extract 
the deflection S. Helm et al. use white light interferometry in order to determine 
the bending of micromechanical cantilever sensors with an typical error less than 
1 ppm [19,72]. Deflections 6 smaller than 2nm have been measured in parallel with 
a lateral resolution of 2 |xm via the interference fringes pattern on the rear side of 
eight cantilevers.

3.3. Self sensing

In self sensors, the sensing elements are integrated in the cantilever structure. 
Advantages of such configurations are lack of inconvenient alignment, and the 
possibility to work in non-transparent media. Frequently used detection schemes 
are based on piezoresistive [187] and piezoelectric [82,110,184] effects which allow 
detection of stress a occurring at the base of the cantilever upon bending. Unfor
tunately, these schemes necessitate more sophisticated microfabrication processes 
for the implementation of self-sensing elements as cantilevers for external sensing. 
Recently, research on self sensing methods has opened the door to new optical, 
carbon nanotubes and magnetostrictive self sensing cantilevers. These promising 
results lead to new detection methods which are shortly described below.
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A method for measuring the deflection of AFM cantilevers based on the piezoresis
tive effect was first presented 1991 by Tortonese et al. [188]. Their method benefits 
from the stress dependent resistance of piezoresistive elements in order to transform 
mechanical deflection 5, thus, mechanical stress a, into analysable electrical signals. 
The deflection <5 of a cantilever is linearly dependent on the maximal a as shown in 
eq. (2) for a rectangular cantilever. The piezoresistive effect of doped germanium 
and silicon has been characterized by Smith [177]. Applying a stress a to these 
materials changes the volume V which in turn causes a change in the energy gap 
between valence and conduction band. This alters the number and mobility of the 
charge carriers and. thus, varies the resistance AR.

For a rectangular cantilever with an embedded Wheatstone bridge at its base, 
the change in resistance AR can be expressed as follow:

where F. 1 , w, and t are the applied force, the length, width and thickness of the 
beam (Fig. 5). respectively [159]. к represents the piezoresistive coefficient.

The piezoelectric effect in boron doped p-type Silicon is anisotropic and is most 
pronounced in the <110> direction and amounts to ttl =  71.8 10~ 11 m2N-1  [71]. 
A formalism for the linear piezoresistive effect is summarized by Gerlach [58]. The 
highest values for the piezoresistive coefficients have been measured for - 44 . Table 2 
shows a summary of the experimentally determined piezoresistive coefficients «г.

The number of charge carriers in semiconducting materials is, for the most part, 
determined by the dopant concentration. Doping of crystalline Si is accompanied 
whb unavoidable diffusion process, which is an important issue in reducing the 
thickness of the cantilever. The highest sensibility can be achieved if the piezoresis- 
ttve zone h  placed as far as possible from the stress neutral axis and remains as thin 
аз pft&iЫс. If the dopant concentration is uniformly spread out above and below

3 .3 .1. Piezoresistive sensing

Table 2. Piezoresistive coefficients of silicon and germanium [71].

ttj j [10-11m2N- 1 ] 7ri2[10-11m2N- 1 ] [10~ l lm~N_1]

r«-type silicon —102.2 53.4 —13.6
(1 1 .7  П cm )
p-type silicon 6.6 —1.1 13S.1
(7 .8  П cm )
n-typa germ anium —4.7 —5.0 —137.9
(9 .0  it cm )
p-type germ anium  —10.6 5.5 46.5
(15  О cm )
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the neutral axis, the stress would be neutralized leading to an average signal of zero. 
Harley et al fabricated 890 A thick cantilevers [71], as described in Section 2 .3 , with 
a force sensitivity of 500 fN in the bandwidth from 10 Hz to lk.

AFM cantilevers with atomic resolution have been fabricated [87,176,187]. The 
change in resistance AR has been analyzed integrating a Wheatstone bridge without 
reference resistance for thermal drift cancelling. But this apparent disadvantage 
allows the integration of three low noise resistors (thin metal film resistors) in order 
to reduce the level of flicker noise. The relative variation of resistance ^  depends 
on the geometry of the cantilever and the material properties according to eq. (10). 
With ^  =  3 x 10“6, corresponding to a 75 x 7 x 4.2 ц,т- 3  rectangular cantilever, 
an rms noise value for the amplitude of 0.1 A in a bandwidth from 10 Hz to 1 kHz 
has been found. The spring constants kc of the cantilevers leading to these rather 
low noise values are in the order of kc =  106 Nm-1  and are unfortunately too high 
for imaging of soft materials in contact mode.

Stress dependent resistivities have also been observed in polymers. For exam
ple Daoud et al [41] coated conductive polyamide fibres in an aqueous dispersion 
of poly(3,4 ethylenedioxythiophene-poly(4-styrenesulfonite)) (PEDOT-PSS). The 
conductivity of the fibres related to humidity, temperature, and mechanical strain 
has been investigated. The resistance as a function of the applied strain over 10 
strain-relaxation cycles is shown in Fig. 10.

The piezoresitive effect can be enhanced using integrated MOSFET-structures 
as sensing element. Due to the confinement of charge carriers perpendicular to 
the cantilever surface, quantum aspects have to be taken into account [84,196]. 
The calculated coefficient 7Tl in a confined Si resistor along the <110> direction 
is 174 m2N-1  which is an increase of more than a factor of two compared to the

Time (sec)

Figure 10. Variation in resistance of 2.54 cm long PEDOT-PSS coated fibres over 10 strain- 
relaxation cycles. The fibres were subjected to a strain level of 35% [41].
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Embedded MOSFET cross-section

/

Silicon nitride cantilever
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silicon nitride cantilever
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Figure 11. Illustration of cantilever deflection measurements using an embedded M OSFET as 
sensing element. The SiN cantilever is a reference and the gold-coated cantilever is used as sensing 
cantilever. Magnified view of embedded MOSFET in cross section shows stressed gate region when 
the cantilever bends, resulting in a change of drain current due to conductivity modulation of the 
channel underneath [174].

non-confined piezoresistive coefficient ttl- Figure 11 shows the working principle of 
a MOSFET structure used as a piezoresistive sensor. Shekhawat et al. [174] used 
MOSFETs embedded in a micro-cantilever in order to detect its deflection 8 . The 
change in drain current due to the induced stress in the drain channel has been 
measured. The sensitivity of the device is on the order or 0.1 to 0.2 mA nm- 1 . At 
low frequencies, a current noise of 40 to 60 nA in a bandwith of 1 kHz has been 
measured leading to a detection limit on the order of 0.01 A.

Piezoresistive sensing is promising for applications in probe arrays. A drawback 
is that the piezoresistive effect is restricted to certain materials, such as Si with 
a rather high elastic modulus E. Biological applications on the other hand often 
require very low spring constants kc. Non-piezoresistive materials such as SixNy 
have a lower Young's Modulus E than Si leading to softer cantilevers. Examples of 
probe arrays with embedded piezoresistive elements are presented in Section 4.

As the probes often are considered as wear and tear elements, cost-efficient 
production is an important issue, which may be a further disadvantage as the fab
rication of piezoresistive sensors is rather costly.

3.3.2. Piezoelectric sensing

The piezoelectric effect in quartz was discovered by Jacques and Pierre Curie in 
1880. A mechanical force applied on a piezoelectric crystal generates an electrical 
field E due to an asymmetric charge displacement. An applied mechanical force F 
on a piezoelectric cube with faces of area A and thickness t induces a voltage across 
the material according to eq. (11):
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The piezoelectric block behaves similar to a charged capacitor with a capacitance 
C, therefore, the induced voltage V can be written as:

v - i - ^ A F- <“ >

where dQ is denoted charge coefficient and is commonly given in pCN-1 . £q and 
er are the permittivity of vacuum and relative permittivity of the material, respec
tively. Ferroelectric materials may also exhibit piezoelectric behaviour, however, 
they must be polarized before. Crystals such as quartz, Rochelle salt, and ZnO are 
naturally piezoelectric, while other materials like the ceramics barium titanate and 
PZT, or the polymer polyvinylidene fluoride (PVDF) are ferroelectric. PZT has the 
highest piezoelectric constant among all available piezoelectric materials but also 
quartz, ZnO, and PVDF are suitable materials for piezoelectric sensing. The poten
tial of these materials for deflection sensing in AFMs has been demonstrated and is 
presented in the following. Guthner et al. demonstrated the capability of creating 
topographic images using a vibrating tip part of a high-Q quartz oscillator [65,67]. 
The frequency was modulated by tip-surface forces which depend on the probe- 
sample distance. Later, Giessibl used the same type of high-Q quartz sensor [61] in 
UHV and achieved atomic resolution on Si(l 11)—(7 x 7) surfaces [60].

Tansock and Williams demonstrated the capability of piezoelectric PVDF poly
mers sensors [184]. The incorporation of a ZnO film into a microfabrication pro
cess is not difficult due to low process temperatures. Itoh and Suga fabricated 
ZnO displacement sensors on a micro-fabricated cantilever [81,82]. Wanatabe and 
Fuji demonstrated successfully the use of PZT piezoelectric films as cantilever sen
sors [197] allowing to resolve mono atomic steps with a height of 4 A.

Imaging soft biological samples in contact mode is not possible with piezoelec
trical cantilevers due to its high stiffness up to 1800 Nm-1 .

Furthermore, imaging in buffer solutions requires a good sealing of the electrical 
wiring. Lee et al. demonstrated PZT microcantilever operation in dynamic mode in 
2-propanol with an amplitude resolution of 0.27 nm in a bandwidth of 125 Hz at a 
resonance frequency of 60 kHz [110]. Kageshima et al. developed a force sensor for 
dynamic atomic force microscopy in liquid environment with oscillation amplitude 
of lnm  combining MWCNT tips with a quartz tuning fork [88].

3.3.3. Capacitive sensing

Capacitive deflection sensing has been developed by several research teams [31,63, 
143]. A schematic illustration of a capacitive cantilever setup is shown in Fig. 12. 

The sensitivity at zero deflection S =  0 is described as follows:
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Substrate

Figure 12. Schematic illustration of a capacitive cantilever (a) top view, (b) side view showing 
air gap and SiC>2 spacer. The capacitance is formed between the Si cantilever and the counter- 
electrode [31].

Figure 13 shows SEM micrographs of an array of micromachined capacitive 
cantilever sensors. The holes in the cantilevers serve to promote etching of 
the thin Si0 2  layer used for the fabrication of the gap between cantilever and 
counter-electrode [30].

Goddenhenrich et al. developed an instrument which works in constant- 
capacitance mode realized by feedback-controlled adjustment of the capacitance. 
The sensing capacity is adjusted to a reference value using a piezoelectric device [63]. 
A detection limit corresponding to a change in the distance between the two plates 
of 0.01 A has been achieved. The obtained force resolution is comparable to that of 
optical beam deflection measurements.

3.3.4. Alternative methods of self sensing

In addition to standard detection techniques such as optical or piezoresistive meth
ods, other self-sensing methods for stress a and deflection <5 sensing of cantilevers 
have been explored recently.

P h o to n ic  w ave guide
The implementation of a Si0 2 /Si0 N/Si0 2  waveguide as deflection self sensor in a 
cantilever [74] has been proposed by Hoffmann et al. The authors used cantilevers 
with resonance frequencies of шо =  5 0 . . .  200 kHz and quality factors of Q =  100 . 
Optical coupling between the optical waveguides in the cantilever and a fixed waveg
uide on the chip across a 2 |im gap allows measuring the cantilever deflection S. 
Two different arrays made of 8 cantilevers with 8 different resonance frequencies 
u>o ranging from 96 to 103 and 30 to 100 kHz have been fabricated and tested. The 
frequencies u>o are separated by 1 and 10 kHz steps, respectively. The embedded
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Figure 13. (a) SEM micrograph of an array of mircofabricated capacitive cantilever sensors, (b), 
(c) Enlarged view of the cantilever ends, showing the gap between the cantilever and the counter
electrode as well the tip in more details. The perforation of the cantilever promotes the removal 
of SiC>2 between the cantilever and the counter-electrode [29].

waveguides were optically interconnected via 1 x 8 waveguide branching structure 
containing cascaded Y-junctions.

A recent and more detailed work based on this optical method has been pub
lished by Nordin et al. [146] and Zinoviev et al. [207,208] where minimal detection 
of 0.4 A has been reported A schematic set-up is presented in Fig. 14.

The potential of using micro ring resonators [102] and Bragg gratings [104], 
shown in Figs. 15 and 16, as stress sensors has been theoretically described by 
Kiyat et al. [102] and Kocabas et al. [104]. The calculated sensitivities on the order 
of 2 10- 4  A-1 , for typical AFM cantilevers with lengths, width, and thicknesses 
of 100-400, 20-50, and 0 .4-10  ц.т, respectively, are promising as the achievable 
sensitivities are as high as for interferometric detection. The crucial point for a 
good sensitivity is the design of the resonator and the waveguide.
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Figure 14. Scheme of a waveguide cantilever deflection sensor. The dependence of coupling effi
ciency between two waveguides (cantilever and output waveguide) is monitored with respect to 
their misalignment [207].

Figure 15. Schematic illustration of an integrated micro ring resonator displacement sensor. The 
ring resonator is integrated at the base of the cantilever where the maximal stress occurs, (a), (c) 
the cantilever for unbent and bent conditions; (b), (d) the field distribution on the ring resonator 
on the cantilever [102].

C a rb o n  N a n o tu b e s  (C N T ) sen so rs
Recent progress in growth and placement control of CNTs [205] allow the devel
opment of new types of stress sensors. Li et al. have presented an overview of 
recent studies on SWCNT based sensors for mass, strain, pressure and temperature
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Figure 16. Drawing of a cantilever containing a waveguide which modified by a Bragg grating. 
The Bragg grating is located at the base of the cantilever [104].

measurements at the nanoscale [115]. CNTs change their electronic properties when 
subjected to strain. Dharap et al. demonstrated experimentally the strain sensitive 
effect of CNT films [43]. Closer to applications for cantilever sensors, Dohn et al. 
proposed a self-sensing cantilever using MWCNTs [44,45]. A MWCNT is placed at 
the base of the cantilever where maximal stress occurs, and is subsequently con
nected to metallic on-chip electrodes (Fig. 17). To characterize the sensistivity of 
this stress sensor, a force F is applied and the change of the CNT’s conductance 
as a function of strain has been analyzed. The obtained data show large variations 
between different cantilever/CNT samples and low gauge factors on the order of
24. The piezoresistive gauge factor of Si, for instance, lies in the range from 40 to 
150 [71].

SWCNTs for cantilever self sensing were used by Stampfer et al. [179,180]. Elec
trodes and cantilever have been post-processed after positioning of the SWCNTs. 
A bridge configuration is connecting the electrodes to the cantilever (Fig. 18). A 
gauge factor of 2900 has been measured, a value 15 times higher than in piezore
sistive sensors, which demonstrates a very good sensitivity of these CNT sensors.

Figure 17. (a) Procedure for fabrication of the CNT strain sensor (b) Sketch of the setup for 
electromechanical measurements (c) Scanning electron microscope (SEM) images of an 8 |xm wide 
cantilever with a silicon nanowire used as a shadow mask, positioned across. The right image shows 
the nanowire released with the electrode gap across a 60 nm MWCNT [45].
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Single welled 
Carbon ndnotube

Figure 18. Schematic drawing and scanning electron microscope images of a cantilever-SWNT- 
based sensing device. The white arrows indicate the location of the suspended SWCNT. Deflections 
of the cantilever induce strains in the CNT leading to a change in its resistivity [180].

Low adhesion between CNT and substrate, leading to a displacement of the CNT, 
might be an explanation for the low gauge factor obtained in the described MWCNT 
setup [45].

The main source of noise in CNTs is 1/f noise [20,26,78]. In order to know if the 
signal-to-noise ratio is large enough for force spectroscopy in the pN range, noise 
characterization have to be performed at low frequency.

M a g n e to s tr ic tiv e  sen so rs
Stress dependence of magnetic properties of materials are known as Joule and Villari 
effects [86]. The magnetic stress sensor detection dates from 1976 [103]. Magnetic 
stress sensors have been used to measure the deflection of macroscopic cantilevers 
in order to measure the magnetostriction coefficient of ferromagnetic films [38]. 
Tunnelling magnetoresistance shows an enhancement of the magnetic stress effects. 
Lohndorf et al. [117] have measured up to 48% of relative change in the electrical
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resistance of quadratic 20 x 20|xm2 large and 2.5 nm thick magnetic tunnelling 
junctions which are made of magnetostrictive Co50Fe50. Gauge factors (AR/R)£-1  
on the order of 600 have been calculated.

Mamin et al. used the properties of spin-valve sensors in order to detect the 
deflection 5 of commercially available SixNy cantilevers [125]. A gauge factor of 
150, which is similar to doped crystalline Si used in piezoresistive sensors, has been 
achieved. The measured noise is on the order of the thermal-mechanical noise of 
a cantilever, which suggests a high sensitivity of the device. A 1/f noise compo
nent has been observed in the range of 1 to 10 kHz. This noise was attributed to 
the poor quality of the electrical contacts, stemming from the oxidation of the Та 
capping layer. The easy fabrication of these self-sensors is the main advantage com
pared to other self-sensing methods with equivalent sensitivity such as, for instance, 
piezoresistive sensing.

3.4. Tip-surface interaction sensing

With tip-surface interaction sensing methods, another interaction different from 
the force is taken as imaging signal. Very often these methods are subject to image 
artefacts stemming from the ambiguity of the signals.

3.4.1. Electrochemical sensing

Electrochemical sensing is similar to the method of tunnel current sensing used 
in scanning tunnel microscopy (STM). One important difference is that in STM, 
the current between tip and substrate does not induce chemical changes of the 
environment [15]. In order to perform electrochemical sensing, an insulated tip with 
a conductive apex is immerged in an electrolytic solution. When the potential at the 
conductive apex is sufficiently negative, a redox reaction occurs at a diffusion con
trolled rate [14] leading to a steady-state current if the tip-substrate distance is large 
enough that the diffusion is not hindered by the surface. This steady-state current 
represents the diffusive flux of oxidants О from the bulk solution to the electrode.

The electrochemical response is based on the current change due to the influence 
of the present substrate. For a planar, tip the steady-state current It ,oo can be 
written according to eq. (13):

IT,oo =  4n<£Docoa, (13)

where Do and со are the diffusion coefficient and the concentration of the oxidised 
species, respectively, a represents the diameter of the electrode and Ф the Faraday 
constant, n is the number of electrons transferred in the tip reaction (O 4- ne—► R). 
In scanning electrochemical microscopy (SECM), the current response, recorded as 
a function of the tip position, depends on the tip-sample distance, thus, the topog
raphy, but also on the chemical composition, thus, the reactivity of the surface.
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Figure 19. Basic principle of SECM. (a) tip far from the substrate leading to a steady state 
current, (b) tip near insulating substrate, hindered diffusion of О leads to decrease of current, 
negative feedback, and (c) tip near conductive substrate leading to an increase of current, positive 
feedback [14].

Chemically not uniform surfaces are subject to a crosstalk of chemical and topo
graphical information. Lowering the tip towards a conductive sample leads to a 
current increase, a positive feedback, whereas the approach towards an insulator 
causes a decrease, a negative feedback. Figs. 19 and 20 show the basic principles of 
SECM and current profiles of both, positive and negative feedback.

Topographical imaging may also be performed using SECM techniques but the 
separation of chemical and topographic information turns out to be very difficult. 
Therefore, reliable imaging of samples showing both variations in topography and 
reactivity is not possible [123].

These limitations can be overcome using combined AFM-SECM probes or probe 
arrays containing both, AFM and SECM probes, as described in Section 4.1.3.

3.4.2. Thermal sensing

Properties such as specific heat or thermal conductivity may be locally detected 
using thermal microprobes [154]. These near-field thermal information of a substrate 
is obtained by scanning the surface with a very small temperature sensor situated at 
the end of a probe tip [62,199]. When the tip is in close proximity to the surface of 
the substrate, the tip temperature is changed by thermal coupling between the tip 
and the substrate. By modulation the probe temperature sub-surface information 
becomes accessible, allowing tomographic thermal imaging [154].

Various types of thermal probes have been developed. Examples include thermo
couple junctions, thin film temperature sensors, as well as resistive sensors [120,199]. 
The advantage of resistive sensors is that they can both, locally supply heat and 
measure the temperature in one system. Resistive sensors allow operation in con
stant temperature mode, requiring a feedback with self-heating.
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L
Figure 20. Current as a function of the tip-substrate distance (a) conductive substrate, and (b) 
insulating substrate [14].

Thermal sensing and AFM can be combined (Fig. 21). However, given by 
the non-ideal geometry of the thermal probe topographical imaging has not been 
achieved in the same quality as with using standard AFM probes. Hybrid probe 
arrays, with dedicated probes for thermal mapping and for topographic imaging 
might improve this situation. SThM has been successfully applied in data storage, 
which is presented in more detail in Section 4.3.1.

4 . E x a m p le s  and  A p p licatio n s o f S can n ing  P ro b e  A rra y s

This section provides an overview of applications based on probe arrays. A wide 
spectrum of applications using scanning probe arrays for fabrication or data storage 
purposes is documented in the literature. On the other hand, imaging applications 
using probe arrays still lag behind due to a lack of simple, sensitive, and efficient
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Figure 21. Schematic illustration of a SThM-AFM setup. A standard AFM setup modified with 
a probe equipped with thermal sensor embedded at the apex of the tip [62].

read-out methods for the deflection of the cantilever. In many cases, data storage 
applications do not need a versatile and sensitive detection method since the sample 
properties and environment parameters are controlled and the contrast is optimised.

Most fabrication or measurement techniques based on probe arrays techniques 
have been developed as single probes techniques as described in more detail.

4 .1 .  Im a g in g  a p p lica tio n s o f  p ro b e a rra y s

The feasibility of high resolution imaging with probe arrays has been demonstrated 
for various imaging modes. Large images can be composed from multiple small 
images, and high resolution information, e.g. on surface roughness, can be obtained 
by zooming in to smaller dimensions. Some examples are presented in the following 
sections.

4.1.1. Imaging by parallel force microscopy

One of the common applications of scanning force microscopy is atomic force imag
ing or microscopy, allowing topographical imaging with vertical resolution of atomic 
dimensions [23]. Nowadays, the AFM is a commercially available tool used for many 
applications in domains such as biology, microelectronics, or material science.

AFMs can be used in three different imaging modes, namely, contact mode, non- 
contact mode, and intermittent contact or tapping mode. The most appropriate 
mode is determined by the type of experiment, characteristics of the sample, the 
environment, and other experimental conditions. For example, soft samples often 
necessitate tapping mode imaging and measurements of rigid samples performed in 
air environment may preferably be done in contact mode.
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Minne et al. presented a one dimensional cantilever array, which allows parallel 
constant force imaging at high speed [142]. The array contains 50 cantilevers spaced 
by 200 |xm, leading to a total range of 1 cm. 200 p,m has been the minimal achiev
able tip-to-tip spacing due to design limitations. In order to sustain a constant force 
on the cantilever, the architecture of the individual cantilevers has been separated 
into activator and sensor regions as shown in Fig. 22. For the actuation a piezo
electric approach was chosen, and the force detection was realized incorporating a 
piezoresistive sensor. Special attention had been paid to minimize electrical coupling 
between actuator and sensor signals. Parallel scanning at a speed of 4 mm s-1  was 
demonstrated with a vertical detection limit better than 5 nm. Unfortunately, the 
scan range of an individual probe is limited to 100 x 100 ixm2, which is not sufficient 
to achieve overlapping frames and thus a complete coverage of the surface.

A 2 x 1 cantilever array for parallel scanning force microscopy was developed 
by Akiyama et al. [7,8]. A single chip accommodates two cantilevers and an offset 
compensation and signal conditioning circuit. Moreover, a thermal actuator and 
stress-sensitive MOS transistors are integrated. Similar to the probes described 
by Minnes, the cantilever is divided into an actuator part, where three thermal 
actuators for feedback and self-excitation are positioned, and a sensor zone, as shown 
in Fig. 23. The Si tips were fabricated in a separate process and later transferred 
onto the cantilevers [144,145]. Figure 24 shows the Si tips glued onto the cantilever. 
Using this setup a vertical sensitivity of 40 A in a bandwidth of 10 kHz has been 
achieved.

A two-dimensional 4 x 4  piezoresistive probe array adapted for parallel atomic 
force imaging in air and liquid environments was developed by Polesel-Maris et al. 
[153]. A vertical and lateral resolution of 2.6 and 20 nm, respectively, has been 
demonstrated. Force spectroscopy on fibroblast cells in a liquid environment has

Silicon 
Cantilever & Tip

Figure 22. Schematic illustration of a scanning probe with integrated piezoresistive sensor and 
piezoelectric ZnO actuator. The cantilever is divided into a actuator and sensor region [142].
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Figure 23. Close-up view of a cantilever containing thermal actuators and two PMOS transistors 
delineated for sensing the deflection of the front part. The three thermal bimorph actuators are 
integrated in the rear stiff part and the side of the sensor, respectively [7].

Figure 24. SEM images of hand-glued and wafer-scale transferred Si tips. The tips are glued 
either by epoxy or hard baked photoresist [7].

been performed with sensitivities down to 160 pN. An SEM image of a 4 x 4 probe 
array is shown in Fig. 25.

A process enabling the fabrication of an array of millions of cantilevers 
corresponding to a density of more than 1000 cantilevers per square centimetre 
was presented by Kawakatsu et al. [92,93]. Si-cantilevers with lengths in the range 
of 500 nm to 100 jxm, thicknesses of 30 to 100 nm and tetrahedral tips can be fabri
cated using the same process. Figure 26 shows SEM micrographs of single crystal 
silicon cantilevers.

The read-out was realized using an optical heterodyne system. For cantilevers 
of 2 [xm length and 120 nm in thickness the natural frequency u>o and Q factor have 
been measured to be 36 MHz and 8000, respectively. The effective noise amplitude 
has been below 10 pm at frequencies above 10 MHz.
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Figure 25. Scanning electron microscope images of (a) 2 x 1 and (b) 4 x 4  cantilever arrays. Each 
piezoresistive cantilever is accompanied by a reference piezoresistor. Three electrical connections 
are necessary, one of them is the common ground [153].

A probe array containing piezoelectric cantilevers with ZnO sensors was fabri
cated by Itoh et al. [80]. Each cantilever is composed of five layers, namely 1.8 
Si0 2 , 0.3 \im Au/Cr, 1.0 |xm ZnO, 0.2 |im Au/Cr, and 0.2 Jim Si0 2 - The metal lay
ers are used to electrically contact the ZnO and the Si0 2  layers served as surface 
passivation. The dimensions of the cantilevers are 125 x 50 x 3.5 |xm3 with a reso
nance frequency in the range 145 to 147 kHz. In static mode an actuation sensitivity 
of 20nmV-1  has been achieved resulting in a displacement of 100 nm applying a 
voltage of 5 V.

4.1.2. Imaging of ultra-large scan areas

High-resolution imaging over large areas recorded in a reasonable time is desirable 
in many applications, for instance, in semiconductor device analysis. The maximal
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Figure 26. SEM micrograph of single-crystal silicon cantilevers of 3 ц.т length, 60 nm thickness, 
and 10 ц.т spacing. A tip of 2 jxm height is positioned at the end of each cantilever. No self sensing 
or actuation is provided in this probe array [93].

lateral scan range of a piezoelectric tube is limited to less than 200 Jim for voltages 
up to 200 V, which limits the maximal range for a precise lateral probe positioning. 
Using probe arrays with subsequent image stitching extends the maximal continuous 
image area. Parallel recording enables image acquisition of large areas at high speed 
and allows a zoomed view of an area of interest due to the high resolution of the 
individual pictures. This may be of interest for micro electronic applications where 
features of nanometric size are dispersed over large areas.

Minne et al [138] presented arrays with 10, 32 and 50 cantilevers arranged in 
a single line. The piezoresistive sensors provide a vertical resolution of 3.5 nm in 
a bandwidth of 20 kHz. A typical image size recorded using a conventional AFM 
configuration is on the order of 100 x 100 jim2. Figure 27 shows a 2 x 2 mm2 AFM 
image of an integrated circuit chip. The image has been recorded with a 10 x 1 
cantilever array each of them scanning a vertical swath of 0.2 x 2 mm2. The pixel 
size is roughly 400 x 400 nm2.

With 10 cantilevers working in parallel an area corresponding to 512 x 5120 pixels 
can be covered with a single scan. The whole 2 x 2  mm2 image corresponds to a 
data file larger than 100 Mbytes which is not very convenient for data processing.

McNamara et al. [129] fabricated a 1 x 8 probe array in order to combined 
individual thermal images of a commercial IC into an image covering a total surface 
of 750 x 200 ixm2. The scan speed of an individual probe was 25 jim s-1  resulting 
in an apparent total scan speed of 1600 ixm s-1  with a lateral resolution 2 [xm.

4.1.3. Electrochemical imaging with probe arrays

SECM has been shown to be a promising method for localized studies of surface 
reactions and their kinetics [158,173,200]. In particular for biological applications is 
SECM an interesting tool. For instance, Zhu et al investigated plant stress induced 
by cadmium [206] and Bard et al. recorded chemical images of living cells [16]. Again, 
the distinction between topographical and chemical contributions to the SECM 
image contrast is very difficult. In order to overcome those problems, multi-purpose
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2 mm

Figure 27. 2 x 2  mm2 AFM image of an integrated circuit chip. The image was recorded with 10 
cantilevers in parallel. The entire image was acquired in 30 min with a scan speed of 1mm s_ 1 . 
The box at the top left hand side is a zoomed view of the chip and the box at the bottom left hand 
side of the image represents the maximum scan size of 100 x 100 ц-m 2 from a typical AFM [138].

scanning probes have been developed. Lugstein et al. used FIB technique to inte
grate electrodes into an AFM tip for simultaneous force microscopy and SECM 
measurements, thus, allowing simultaneously record of electrochemical and topo
graphical information [118,119]. Macpherson et al. used similar probes to achieve 
sub-micrometer resolution [55,123]. The main drawback of combined SECM/AFM 
probes consists in simultaneously providing good insulation for SECM and good tip 
properties for AFM.

As in force microscopy, efforts have been made in SECM for parallel imaging 
using probe arrays. Fasching et al. presented a process enabling the fabrication 
of a probe array for simultaneous SECM and AFM analysis in order to perform 
synchronous observation of electrochemical and topographical sample properties [50, 
185]. The presented process allows getting away from single tip production scheme 
which were previously used. Figure 28 shows different arrangements of combined 
probe arrays.

Barker et al. [17] presented an SECM array with 16 individually addressable lin
early arranged probes, consisting of sixteen 10 |xm diameter microdots, with a pitch 
of 120 |xm sufficient large to ensure no overlap of the steady-state diffusion fields 
between neighbouring electrodes. Linear sweep voltammetry has been performed 
for all 16 probes for the one-electron reduction (n =  1) of Ru(NH3)g+ in a solution 
containing lOmM Ru(NH3)eCl3 and 0.2 M KC1.
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Figure 28. SEM images of two types of electrochemical probe arrays (a) Cantilever array with 
single tips. The thickness, width and length of the cantilevers are 0.4, 20, and 100 |xm, respectively, 
(b) Tip array on single silicon nitride cantilever. The thickness, width and length of the cantilever 
are 0.4, 60, and 100 |im, respectively [50].

4.1.4. Thermal imaging with probe arrays

Mapping of surface temperature, thermal conductivity, thermal capacitance, and 
performing micro-calorimetry with sub-50 nm resolution is possible with Scanning 
Thermal Microscopy (SThM). Applications range from studying the temperature 
distribution in a cell during mitosis to thermal mapping of the chemical changes of 
photoresist due to immoderate baking times [116]. Simultaneously recorded topo
graphic and thermal images of photoresist are displayed in Fig. 29.

Silicon UV6
| Thermal |

Figure 29. Topographic and thermal images of developed UV6™  photoresist sample with thick
ness of 350 nm obtained with z-direction feedback. In the cavities, the output voltage of the thermal 
sensor drops as the probe scans across the higher thermal conductive material [116].
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McNamara et al. developed 1 x 8 thermal probe arrays based on polyimide [129]. 
The use of polyimide as cantilever material offers not only a high thermal isolation 
necessary to minimise thermal cross-talk, but also a high mechanical flexibility 
resulting in 10-100  times smaller contact forces when compared to conventional 
scanning probes.

A particularity of this cantilever array is that no feedback is needed for force 
control or to keep the probe tip at a controlled distance from the surface. Due to 
the extremely low Young’s modulus E of polyimide, the contact force exerted by 
each cantilever remains low over a wide deflection range, preventing tip damage 
upon contact with the sample. In order to perform reliable measurements simulta
neously, the structure has to be designed in a manner such that the cantilevers are 
thermally and mechanically decoupled. Figure 30 shows two dimensional thermal 
images simultaneously obtained from two probes.

4.2. Force spectroscopy

Force spectroscopy can be used to investigate specific molecular interaction forces, or 
to analyze local variations in the elastic properties of the surface. A force microscope 
combines high lateral resolution with the ability to measure midget forces of tip 
sample-interactions of elastic and rigid samples. Figure 31 shows Force-Distance 
Curves (FDC) of different types of samples.

Chemical functionalization of the tip and the sample surface is possible to guar
antee a molecule specificity of the interaction force [109]. Common functionalization 
techniques are, for instance, thiol chemistry on gold and silane chemistry on acti
vated silicon surfaces. Performing force measurements with functionalized AFM 
tips single bond ruptures have been observed [51,111]. Extensive reviews of single
molecule force spectroscopy have been published [35,85,198,209].

Saya et al. fabricated piezoresistive cantilever arrays adapted for force detection 
applications in parallel mode [171]. Piezoresistive detection was chosen because of 
its adaptability to miscellaneous environmental conditions, such as high or low tem
perature, or operation in liquids. For the detection of the cantilever deflection S, 
a modified Wheatstone bridge was chosen, where two resistors were replaced by 
adjustable current sources. The possibility for current adjustment allows measure
ments under optimal conditions.

4.3. Surface modification

With appropriate modifications, scanning probe techniques give access to new meth
ods of nanofabrication. Different nanofabrication methods using scanning probe 
techniques have recently been reviewed by Tseng [189]. Equal to single SPM the 
operation speed can be improved using probe arrays.
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Figure 30. (a) Optical image of a via of a printed circuit board, (b) A-A’ cross section of a via with 
6 ц.т topography, (c) Simultaneous line scans taken from two probes, (d), (e) Two-dimensional 
thermal images simultaneously obtained from two probes [129].
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Figure 31. Illustration of force vs. distance curves (FDC). In vacuum (top): the snap-in mainly is 
governed by van der Waals forces. In air (middle): capillary forces due a thin film of adsorbed water 
retard the cantilever to snap-out. Air with a contamination layer (bottom): multiple snap-back 
can occur [1].
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As magnetic data storage is likely to reach its ultimate limits in storage density given 
by the instability of the magnetic domains (super-paramagnetic limit), researchers 
are investigating new technologies for high density data storage. The invention of 
STM led to the development of scanning probe based data storage devices [141]. 
An AFM-based storage system, presented by Sauerbach et al. [170] is based on 
the properties of ferroelectric materials such as PZT. Furthermore, SNOM [21] 
and Magnetic Force Microscopy (MFM) [105] techniques have been used for data 
storage. By modifying magnetic domains in magneto-optic thin films using SNOM, 
data densities of 45 Gb in- 2  have been achieved. Using the MFM approach, data 
densities up to 10 Gb in- 2  have been obtained. The magnetic Ni domains were 
fabricated using nanoimprint and lift-off processes. Carley et al. [34] suggested a 
method based on magneto-optic storage materials such as P t/Со multilayered films 
or rare-earth /transition element alloys. A scanning probe based method patented 
by Gibson et al. and HP converts materials from a polycrystalline to an amorphous 
state or vice versa using electron field emitters [141]. Furthermore, electrothermal 
probes were fabricated by Yang et al. Using these probes data density on the order of 
30 Gb in- 2 , with a writing rate of nearly 100 kHz can be obtained [203]. Data reading 
is performed by measuring the resistivity of the heater [193]. Changes in current can 
be analyzed as the heater is powered by a constant dc-voltage. A detected dint leads 
to enhanced heat dissipation at the tip of the cantilever due to a better thermal 
contact with the sample, and thus, to a change of the heater is resistivity. An entire 
reading cycle is illustrated in Fig. 32.

Again, in order to speed up reading and writing rate, probe arrays are of great 
interest since speed is a critical issue for data storage technique. Figure 33 dis
plays a schematic drawing of a 2D cantilever array used for data storage technique 
called “Millipede” [194]. The IBM group [48,101,121,122,193,194] presented several 
designs of probe arrays for storage purposes. They fabricated a 32 x 32 probe array 
and demonstrated dot sizes with diameters of 50 nm allowing storage densities of 
100-200 Gb in-2 . For data reading and writing, rates which are on the order of 
M bs-1  and 100kbs-1 , respectively, have been demonstrated. This rates are rather 
slow compared with transfer rates of hard disk drives (HDD) on the order of 
30 M bs” 1 [141].

Kim et al. [99] introduced a wafer-level transfer method of SiaN4 cantilever arrays 
onto a conventional CMOS circuit. They developed a 34 x 34 probe array containing 
thermo-piezoresistive read/write configuration with integrated heater in the AFM 
tip and piezoelectric PZT sensors for writing and reading cycles, respectively.

Bolks et al. presented a different design than that of current hard disk technology 
[25], which is based on scanning probe MEMS technologies. The key advantage of 
this design is that thousands of heads can be used in parallel. For data reading, a 
MFM approach has been chosen [155]. Their device is made of two individual silicon 
wavers as illustrated in Fig. 34 . One of them contains the magnetic media where

4 .3 .1. Data storage
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Figure 32. Principle of SP thermal sensing. The cantilever is continuously heated by a dc power 
supply while it is being scanned and the heater resistivity measured. If the tip enters in a cavity 
the sensing part approaches to the surface leading to an enhanced heat exchange [194].

reduced cooling

Large air gap

2D cantilever array chip
Multiplex driver

Storage medium 
(thin organic film)

Figure 33. Millipede is based on a mechanical parallel scanning of the storage device or the entire 
cantilever array chip. Millipede is not based on individual z-feedback for each cantilever requiring 
stringent control and uniformity of tip height and cantilever bending [194].

the data are stored whereas the probes are integrated on the other. The magnetic 
media is scanned in the x — у plane using a so called ц-Walker. Its working principle 
is illustrated in Fig. 35 and a more detailed description can be found elsewhere 
[186]. Using this technique, a capacity of 65 Gb in' 2 and a maximum reading speed 
of 50 Mb s' 1 have been obtained. The storage device exhibits a very low power
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Figure 34. Schematic illustration of the working principle and assembly of the scanning probe 
array memory. The lower and upper plates accommodate the probe array and the magnetic storage 
medium, respectively. Moving the medium across the probe array data can be written or read. 
The movement of the medium is carried out using a ц. Walker [25].
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Figure 35. The principle of цWalker is based on the sequences (a)-(d ). The step size is in the 
range of 10-100 nm [25].

consumption which, moreover, scales linearly with the number of implemented tiles 
which facilitate an extension of the device towards more storage capacity.

Rosenwaks et al. [163] reported a method based on parallel SPM for writing in 
ferroelectric domains of LiNb0 3  and RbTi0 P 0 4 . The writing speed of ferroelectric

П
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domain based devices is limited by both, the physical processes in a single domain, 
and the velocity of the scanning tip. In order to obtain reasonable throughput for 
areas in the mm2 range arrayed, scanning probes fabricated by Nanoink Inc were 
used. The standard Si3N4 tip arrays were coated with Cr in order to ensure a good 
conductivity. Using this setup, periodic structures have been written in RbTi0 P0 4  
with a velocity of 12 0^m s_1.

4.3.2. Nano-dispensing of liquids

Belaubre et al [18] presented a technique, based on microcantilever arrays that 
allows deposition of microspots using a direct contact technique. Electrostatic fields 
have been applied in order to load an integrated reservoir with, for instance, biolog
ical samples. Deposition of spots in the volume range from femto- to picoliters has 
been achieved with this method. Quill-type cantilever arrays have been developed 
by Xu et al. [192,202]. From a reservoir, the liquid is delivered through a microchan- 
nel to the tip of a cantilever. Using this tool, routine spot sizes of 2-3 [im have been 
achieved using this cantilever array.

A scanning probe based nano-dispenser (NADIS) was developed by Meister et al. 
[130,132]. Using NADIS, small droplets of liquids can be lodged at specific places 
on the substrate of interest. NADIS technique is based on a cantilever with a tip at 
its end, akin to AFM-probes. A nanometric hole through which the liquid of choice 
can be deposited is located at the apex of the tip. The liquid is provided through 
a micro fluidic channel connecting the apex with a reservoir. By controlling the 
wetting properties of probe and substrate, the transport of the liquid through the 
probe (Fig. 36) small drop sizes can be achieved. Furthermore, the contact time is ал 
important parameter for the volume control of the deposited liquid. The deposition 
of volumes on the order of attoliters was demonstrated [134].

Chips containing individual NADIS probes can easily be mounted on standard 
AFM tools using its deflection feed-back for distance control between tip and sample. 
Moving the tip towards the surface leads to a surface-tip contact, and consequently 
well-defined amounts of liquids can be placed on the substrates.

Sub-100 nm apertures centred at the apex of the tip were realised using FIB 
technique [135]. Another approach to produce nanoholes at the apex of the tip 
was presented by Song et al. They demonstrated the realization of sub-100 nm 
tip apertures for optical near-field applications [178]. This approach represents a 
potential method for the realisation of nanofluidic channels used for NADIS devices.

Figure 36. Schematic illustration showing the influence of probe hydrophilicity and hydrophobic- 
ity on the droplet size. A hydrophilic outer wall of the tip leads to a broadening of the meniscus 
between tip and substrate [130].
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Consistently with other scanning probe techniques, NADIS, is an equally, slow 
method when single probes are used. The deposition speed is limited for the most 
part by the viscosity of the liquid to deposit and is, for instance, 0.5 s per depo
sition cycle using glycerol. Hence, parallel operation is strongly desirable for com
mercial applications, and therefore, the realization of arrays of NADIS probes is in 
preparation [131].

Dot arrays were deposited using NADIS technique. The smallest height and 
diameter of the droplets are on the order of 20 and 70 nm, respectively, correspond
ing to a volume of approximately 40 attoliter. In a further experiment, the glycerol 
was fed with 20 nm polystyrene nanoparticles prior to its selective dispersion on the 
Si wafers demonstrating the feasibility of local deposition of nano-particles using 
NADIS technique. Figure 37 shows an array of nanoparticles deposited on a Si wafer. 
Finally, self-organised micellar monolayer made of polystyrene-poly-2-vinylpyridine 
block co-polymers were locally inverted by glycerol deposition. Figure 38 shows 
AFM-picture of the glycerol induced transformation [107,108,133].

,4

Figure 37. Array of 20 nm polystyrene nanoparticle clusters selectively dispensed using NADIS 
technique. The dots consists of a few beads (upper inset) [134].

Figure 38. (a) Array of spots made of reconfigured micelles after exposure to glycerol droplets. 
The contact-time of the NADIS probe with the substrate is mentioned for each line on the left-hand 
side of the image, (b) Detailed view of a smaller dot. (c) Some individual reconfigured micelles are 
visible [133].
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4.3.3. Dip-Реп-Nanolithography (DPN)

DPN allows fabrication and imaging of nanostructures on the sub-100 nm length 
scale. The nanostructures are created in a similar fashion to an old-style quill 
pen [151] and line-widths as small as 10-15 nm can be achieved using a conventional 
AFM setup. Application examples for nanostructuring using DPN are deposition 
of alkylamines on gold substrates covered with SAMs terminating in interchain 
carboxylic anhydride groups [37], and fabrication of templates for FeaCXi nanopar
ticles [147].

The line-width in DPN is independent of contact force over a large contact force 
range (0-10 p.N) [75,166] and therefore, a DPN array requires minimal single-tip 
feedback control and is rather straightforward. Using parallel DPN leads to very 
precise patterns as the individual probes are rigidly coupled and move simultane
ously over the substrate. Lee et al. [113] presented an approach for the fabrication of 
centimetre-scale features with biologically active antibodies. A SAM of NHSCnSH 
was deposited on gold surfaces using parallel DPN technique (Fig. 39) prior to 
immersing in an aqueous protein solution. The resulting nanoscale dot arrays were 
incubated in a solution of Alexa Flour 594-labeled human IgG. By adjusting the 
tip-surface contact time, the diameter of the nanodots could be modified in a range 
from 100 to 650 mn. In a further example of parallel DPN, Salaita et al. [166] 
demonstrated using a custom-made linear array of 250-pen that one can gener
ate nanopatterns distributed over distances of 1.25 cm, which is 100 times larger 
than the scan range of a typical AFM instrument. They achieved scanning speeds 
of almost 1 cm min-1  and demonstrated that massively parallel DPN can be per
formed without loosing its basic attributes such as feature sizes well below 100 nm. 
For the control of the 250-pen array only a single-tip feedback system is required 
and a standard AFM configured for lithography can be used for the process.
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Figure 39. Schematic illustration of the process used to bind proteins on biologically active anti
bodies, which are covalently bound to nanoscale features patterned using DPN (113].
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Figure 40. (a) Writing mechanism of DPN device. A molecular ink fed from the reservoir forms a 
liquid-air interface at the annular aperture of the volcano tip. (b) Ink from the reservoir is delivered 
to the tip via capillary forces. (c,d) SEM images of a volcano dispensing tip [98].

A further variation of DPN probe arrays has been developed by Moldovan et al. 
[98,140]. In this model, a microfluidic channel continuously delivers the liquid from 
a reservoir to the apex of the tip, as depicted in Fig. 40. This approach minimises 
the re-ink and re-position cycles which increase the efficiency of the operation. Using 
this approach, a scanning speed of 0.05 cm s-1  has been successfully tested, and line 
widths as small as 40 nm have been achieved. These demonstrations were carried 
out with a saturated solution of 16-mercaptohexadecanoic acid (MHA) in ethanol.

4 .4 . H ybrid arrays o f probes

Multifunctional probes, e.g. SECM/AFM, have already been presented above. Probe 
arrays offer the possibility of implementation of diverse independent functions 
within one probe array, which allows simultaneous execution of different processes, 
such as writing and imaging. This can be of large interest in many applications. 
Using a non-multifunctional probe often holds the risk of cross contamination while 
altering between writing and imaging process execution. Working with multifunc
tional arrays of monofunctional probes allows simultaneous imaging and writing pro
cesses without cross contamination or incommodious and time consuming exchange 
of the probe. Wang et al. [195] developed a multifunctional array of probes including 
DPN, scanning probe contact printing (SPCP) and additional AFM probe, which 
allows sequential or simultaneous patterning and imaging. Experiments of DPN 
and SPCP patterning combined with imaging using the same probe array have not 
revealed any evidence of cross contamination. Furthermore, spatial coordination 
of multiple tips becomes feasible as the tip-to-tip distance between the probes is 
predetermined in design and ensured in micromachining processes.



Scanning Probe Arrays for Nanoscale Imaging 113

The fabrication of Si multiprobes with independent lateral actuators was demon
strated by Ahn et al. [2]. They developed a four-probe-array with integrated electro
static actuators as shown in Fig. 41. Multi-folded hinge structures have been used 
for individual comb drive actuation. Topographic imaging of carbon nano tubes 
(CNT) was successfully carried out in tapping mode using the multi-probe array. 
Moreover, I-V characterisation of CNT by two-probe measurements was possible 
using two individual probes of the array.

5. Conclusion

Scanning Probe Methods have changed the way we look at surfaces, and the way we 
think about manipulating matter down to the molecular level. For many practical 
applications, however, it is essential to arrive at meaningful results and statistics, 
or achieving adequate throughput, in a meaningful timeframe. Using standard SPM 
instrumentation is often too time-consuming. One possible solution to the problem 
is to operate SPMs at high speeds, all the way to video rates. Some limitations in 
image quality, in the control of interaction forces, and associated sample damage 
can often be accepted. Another strategy to achieve faster SPM throughput is to 
work with many probes in parallel, while keeping the optimum imaging parameters 
such as interaction force and imaging speed, for each individual probe.

(c) (d)
Figure 41. SEM images of four probe configuration (a) cantilever with actuator, (b) comb drive, 
(с) 1 x 4 probe array, (d) magnified view of the tip [2j.
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The key challenge when developing probe array devices is to design read-out 
systems that are sufficiently sensitive for the application at hand, resistant to the 
working environment, and compatible with the operation of a large number of probes 
in parallel. To avoid major difficulties stemming from the necessary alignment of 
read-out system and probe array, self-sensing schemes have been developed, which 
in turn have their limitations in detection sensitivity. Often, passivation layers are 
necessary to enable operation of the probe arrays e.g. in buffer solutions, and add 
to the design challenges.

Microfabrication methods have been developed that allow production of arrays 
made from thousands, and more, of probes uniform enough to allow their simul
taneous operation. In many cases, a method to allow self-sensing of the cantilever 
deflection is built-in, often in the form of piezoresistive layers and the corresponding 
electrical contacts. In other cases, external sensing schemes are being adapted from 
single probe to probe array operation, such as (interferometric) optical methods. 
When it comes to applications, disposable probe arrays may become a must and 
their price important.

In some specialized applications, the substrate properties and other environ
mental conditions can be controlled to the extent that some particular interaction 
between probe and surface can be used to sense their proximity with sufficient pre
cision. The Millipede developed for data storage application is such an example, 
and the change in heat transfer between probe-tip and substrate-surface allows to 
detect small variations in surface topography, such as individual bits written into 
a polymer film. However, as a general strategy this concept suffers from too much 
ambiguity when the sample properties are not precisely controlled.

Other applications include the imaging of surfaces for large scale characteri
zation, the deposition of small amounts of liquids for prototyping and microarray 
preparation, and the measurement of molecular interaction forces where increased 
statistics is necessary. For such different domains and objectives, different technolog
ical solutions appear appropriate. The ongoing developments are encouraging, and 
first probe array devices have been brought to the market recently. It is likely that 
with their wider availability, probe arrays will strongly contribute to the information 
gained from Scanning Probe Methods.

References

1. Force vs. Distance Curves, http://m echm at.caltech.edu/~kaushik/park/l-6-2.htm
2. Y . Ahn, T . Ono and M. Esashi, Si multiprobes integrated with lateral actuators for 

independent scanning probe applications, J. Micromech. Microeng. 15 (6 ), 1224-1229  
(2005).

3. S. Akamine, R. C. Barrett and C. F. Quate, Improved Atomic Force Microscope 
Images Using Microcantilevers with Sharp Tips, Appl. Phys. Lett. 5 7 (3 ), 316-318  
(1990).

4. S. Akamine and C. F. Quate, Low-Temperature Thermal-Oxidation Sharpening of 
Microcast Tips, J. Vac. Sci. Technol. В 10(5), 2307-2310 (1992).

http://mechmat.caltech.edu/~kaushik/park/l-6-2.htm


Scanning Probe Arrays for Nanoscale Imaging 115

5. T. Akiyama, M. R. Gullo, N. F. De Rooij, A. Tonin, H. R. Hidber, P. Frederix, A. 
Engel and U. Staufer, Development of insulated conductive probes with platinum 
silicide tips for atomic force microscopy in cell biology, Japanese J. Appl. Phys. Part 
1-Regular Papers Short Notes & Review Papers 43(6B ), 3865-3867 (2004).

6 . T . Akiyama, U. Staufer, N. F. De Rooij, L. Howald and L. Scandella, Lithographi
cally defined polymer tips for quartz tuning fork based scanning force microscopes, 
Microelectron. Eng. 5 7 -8 , 769-773 (2001).

7. T. Akiyama, U. Staufer, N. F. De Rooij, D. Lange, C. Hagleitner, 0 .  Brand, H. 
Baltes, A. Tonin and H. R. Hidber, Integrated atomic force microscopy array probe 
with metal-oxide-semiconductor field effect transistor stress sensor, thermal bimorph 
actuator, and on-chip complementary metal-oxide-semiconductor electronics, J. Vac. 
Sci. Technol. В 18(6), 2669-2675 (2000).

8 . T . Akiyama, A. Tonin, H. R. Hidber, J . Brugger, P. Vettiger, U. Staufer and N. F. 
De Rooij, Characterization of an integrated force sensor based on a MOS transistor 
for applications in scanning force microscopy, Sensor. Actuator A-Physical 64(1), 
1-6 (1998).

9. T. R. Albrecht, S. Akamine, Т. E. Carver and C. F. Quate, Microfabrica
tion of cantilever styli for the atomic force microscope, J. Vac. Sci. Technol. 
A (Vacuum, Surfaces, and Films) 8 (4), 3386-3396 (1990).

10. T. R. Albrecht and C. F . Quate, Atomic resolution with the atomic force microscope 
on conductors and nonconductors, J. Vac. Sci. Technol. A: Vacuum, Surfaces, and 
Films 6 (2), 271-274 (1988).

11 . P. C. Allen, Silicon field emitter arrays: fabrication and operation, Vacuum Micro
electronics 1989. Proceedings of the Second International Conference, 17-20 (1989).

12. M. Alvarez and J. Tamayo, Optical sequential readout of microcantilever arrays for 
biological detection, Sensor Actuat. B-Chem. 106(2), 687-690 (2005).

13. D. Anselmetti, C. Gerber, B. Michel, H. J . Guntherodt and H. Rohrer, Compact, 
Combined Scanning Tunneling Force Microscope, Rev. Sci. Instrum. 63 (5 ), 3003- 
3006 (1992).

14. M. Area, A. J. Bard. B. R. Horrocks, Т. C. Richards and D. A. TYeichel, Advances 
in Scanning Electrochemical Microscopy - Plenary Lecture, Analyst 119(5), 719-726  
(1994).

15. A. J. Bard, F. R. F. Fan, J. Kwak and O. Lev, Scanning Electrochemical Microscopy
- Introduction and Principles, Anal. Chem. 61(2), 132-138 (1989).

16. A. J. Bard, X. Li and W. Zhan, Chemically imaging living cells by scanning electro
chemical microscopy, Electrochem. Commun. a rtic le  in press (2006).

17. A. L. Barker, P. R. Unwin, J . W. Gardner and H. Rieley, A multi-electrode probe 
for parallel imaging in scanning electrochemical microscopy, Electrochem. Commun. 
6(1), 91-97 (2004).

18. P. Belaubre, M. Guirardel, G. Garcia, J. B. Pourciel, V. Leberre, A. Dagkessaman- 
skaia, E. Trevisiol, J . M. Francois and C. Bergaud, Fabrication of biological microar
rays using microcantilevers, Appl. Phys. Lett. 82(18), 3122-3124 (2003).

19. R. Berger, M. Helm and F. Saurenbach, Read-out of inhomogeneously coated 
micromechanical cantilever sensors, 119  (2006). Copenhagen, Denmark, DTU, Tech
nical University of Denmark, DK-2800 Kongens Lyngby, Denmark. Proceedings of 
the International Workshop on Nanomechanical Sensors.

20. M. Berliocchi, S. Orlanducci, A. Reale, P. Regoliosi, A. Di Carlo, P. Lugli, M. L. 
Terranova, F . Brunetti, G. Bruni and M. Cirillo, Single wall carbon nanotube based 
aggregates and their electrical characterization, Synthetic Met. 14 5 (2 -3 ), 171-176 
(2004).



116 С. Santschi et al.

2 1 . E. Betzig, J. K. Trautman, R. Wolfe, E. M. Gyorgy, P. L. Finn, М. H. Kryder and C.
H. Chang, Near-Field Magnetooptics and High-Density Data-Storage, Appl. Phys.

' Lett. 61 (2 ), 142-144 (1992).
22. G. Binnig, C. F . Quate and C. Gerber, Atomic Force Microscope, Phys. Rev. Lett. 

56(9 ), 930-933 (1986).
23. G. Binnig and H. Rohrer, Scanning Tunneling Microscopy, Helv. Phys. Acta 55(6), 

726-735 (1982).
24. G. Boero, I. Utke, T. Bret, N. Quack, M. Todorova, S. Mouaziz, P. Kejik, J . Brugger, 

R. S. Popovic and P. Hoffmann, Submicrometer Hall devices fabricated by focused 
electron-beam-induced deposition, Appl. Phys. Lett. 8 6 (4 ) (2005).

25. M. Bolks, F. Hanssen, L. Abelmann, P. Havinga, P. Hartel, P. Jansen, C. Lodder 
and G. Smit, Micro Scanning Probe Array Memory, University of Twente, P.O. 
Box 217, 7500 AE Enschede, The Netherlandswww.ub.utwente.nl/webdocs/ctit/ 
l/0000006d.pdf

26. M. Briman, K. Bradley and G. Gruner, Source of 1/ f  noise in carbon nanotube 
devices, J. Appl. Phys. 100(1 ) (2006).

27. A. J . Brook, S. J. Bending, J. Pinto, A. Oral, D. Ritchie, H. Beere, M. Henini and 
A. Springthorpe, Integrated piezoresistive sensors for atomic force-guided scanning 
Hall probe microscopy, Appl. Phys. Lett. 82 (20), 3538-3540 (2003).

28. A. J . Brook, S. J. Bending, J. Pinto, A. Oral, D. Ritchie, H. Beere, A. Springthorpe 
and M. Henini, Micromachined III-V cantilevers for AFM-tracking scanning hall 
probe microscopy, J. Micromech. Microeng. 13(1), 124-128 (2003).

29. J . Brugger, Microfabricated Tools for the Scanning Force Microscope, (1995). Uni
versity of Neuchatel, Institute of Microtechnology.

30. J . Brugger, G. Beljakovic, M. Despont, N. F. deRooij and P. Vettiger, Silicon 
micro/nanomechanical device fabrication based on focused ion beam surface modi
fication and KOH etching, Microelectron. Eng. 3 5 (1 -4 ), 401-404 (1997).

31. J . Brugger, N. Blanc, P. Renaud and N. F . deRooij, Microlever with Combined 
Integrated Sensor Actuator Functions for Scanning Force Microscopy, Sensor Actuat. 
A-Phys. 4 3 (1 -3 ), 339-345 (1994).

32. J . Brugger, R. A. Buser and N. F. De Rooij, Silicon cantilevers and tips for scanning 
force microscopy, Sensor Actuat. A: Phys. 34 (3 ), 193-200 (1992).

33. H. B. Callen and T. A. Welton, Irreversibility and Generalized Noise, Phys. Rev. 
83 (1 ), 34-40 (1951).

34. L. R. Carley, J . A. Bain, G. K. Fedder, D. W. Greve, D. F . Guillou, M. S. C. Lu, 
T. Mukherjee, S. Santhanam, L. Abelmann and S. Min, Single-chip computers with 
microelectromechanical systems-based magnetic memory (invited), J. Appl. Phys. 
8 7 (9 ), 6680-6685 (2000).

35. M. Carrion-Vazquez, A. F. Oberhauser, Т. E. Fisher, P. E. Marszalek, H. B. Li and  
J . M. Fernandez, Mechanical design of proteins-studied by single-molecule force spec
troscopy and protein engineering, Prog. Biophys. Mol. Bio. 7 4 (1 -2 ), 63-91 (2000).

36. C. L. Cheung, J . H. Hafner, T. W . Odom, K. Kim and С. M. Lieber, Growth and 
fabrication with single-walled carbon nanotube probe microscopy tips, Appl. Phys. 
Lett. 76 (21), 3136-3138 (2000).

37. Y . S. Chi and I. S. Choi, Dip-pen nanolithography using the amide-coupling reaction  
with interchain carboxylic anhydride-terminated self-assembled monolayers, Adv. 
Fund. Mater. 16(8), 1031-1036 (2006).

38. H. Chiriac, M. Pletea and E. Hristoforou, Magnetoelastic characterization of thin  
films dedicated to magnetomechanical microsensor applications, Sensor Actuat. A- 
Phys. 6 8 (1 -3 ), 414-418 (1998).

http://www.ub.utwente.nl/webdocs/ctit/


Scanning Probe Arrays for Nanoscale Imaging 117

39. A. N. Cleland and M. L. Roukes, Noise processes in nanomechanical resonators, J. 
Appl. Phys. 92 (5 ), 2758-2769 (2002).

40. R. Dandliker, Y . Salvade and E. Zimmermann, Distance measurement by multiple- 
wavelength interferometry, J. Opt. 29(3), 105-114 (1998).

41. W . A. Daoud, J. H. Xin and Y . S. Szeto, Polyethylenedioxythiophene coatings for 
humidity, temperature and strain sensing polyamide fibers, Sensor Actuat. B-Chem. 
109(2 ), 329-333 (2005).

42. M. Despont, U. Drechsler, R. Yu, H. B. Pogge and P. Vettiger, Wafer-scale microde
vice transfer/interconnect: Its application in an AFM-based data-storage system, J. 
Microelectromech. S. 13(6), 895-901 (2004).

43. P. Dharap, Z. L. Li, S. Nagarajaiah and E. V. Barrera, Nanotube film based on single
wall carbon nanotubes for strain sensing, Nanotechnology 15(3), 379-382 (2004).

44. S. Dohn, 0 .  Hansen, and A. Boisen, Cantilever based mass sensor with hard contact 
readout, Appl. Phys. Lett. 88(26) (2006).

45. S. Dohn, J. Kjelstrup-Hansen, D. N. Madsen, K. Molhave and P. Boggild, Multi
walled carbon nanotubes integrated in microcantilevers for application of tensile 
strain, Ultramicroscopy 10 5 (1 -4 ), 209-214 (2005).

46. D. M. Eigler and E. K. Schweizer, Positioning Single Atoms with a Scanning Tun
neling Microscope, Nature 344(6266), 524-526 (1990).

47. K. L. Ekinci and M. L. Roukes, Nanoelectromechanical systems, Rev. Sci. Instrum. 
76(6) (2005).

48. Eleftheriou. E, T. Antonakopoulos, G. K. Binnig, G. Cherubini, M. Despont, 
A. Dholakia, U. Diirig, M. A. Lantz, H. Pozidis, H. E. Rothuizen and P. Vettiger, 
Millipede- a MEMS-based Scanning-Probe Data-Storage System, IEEE Transactions 
on Magnetics P re p rin t (Special Issue), 1-8  (2002).

49. R. Erlandsson, G. M. McClelland, С. M. Mate and S. Chiang, Atomic Force 
Microscopy Using Optical Interferometry, J. Vac. Sci. Technol. A 6 (2), 266-270  
(1988).

50. R. J . Fasching, Y . Tao and F. B. Prinz, Cantilever tip probe arrays for simultaneous 
SECM and AFM analysis, Sensor Actuat. B-Chem. 1 0 8 (1 -2 ), 964-972 (2005).

51. E. L. Florin, V. T. Moy and H. E. Gaub, Adhesion Forces Between Individual Ligand- 
Receptor Pairs, Science 264(5157), 415-417 (1994).

52. A. Folch, M. S. Wrighton and M. A. Schmidt, Microfabrication of oxidation- 
sharpened silicon tips on silicon nitride cantilevers for atomic force microscopy, 
J. Microelectromech. S. 6(4), 303-306 (1997).

53. T. Fukuma, K. Kimura, K. Kobayashi, K. Matsushige and H. Yamada, Frequency- 
modulation atomic force microscopy at high cantilever resonance frequencies using 
the heterodyne optical beam deflection method, Rev. Sci. Instrum. 76(12) (2005).

54. T. Fukuma, M. Kimura, K. Kobayashi, K. Matsushige and H. Yamada, Development 
of low noise cantilever deflection sensor for multienvironment frequency-modulation 
atomic force microscopy, Rev. Sci. Instrum. 76(5) (2005).

5 5 . С. E. Gardner, P. R. Unwin and J. V. Macpherson, Correlation of membrane struc
ture and transport activity using combined scanning electrochemical-atomic force 
microscopy, Electrochem. Commun. 7(6), 612-618 (2005).

56. G. Genolet, J. Brugger, M. Despont, U. Drechsler, P. Vettiger, N. F. De Rooij and 
D. Anselmetti, Soft, entirely photoplastic probes for scanning force microscopy, Rev. 
Sci. Instrum. 70(5), 2398-2401 (1999).

57. G. Genolet, M. Despont, P. Vettiger, D. Anselmetti and N. F. De Rooij, All
photoplastic, soft cantilever cassette probe for scanning force microscopy, J. Vac. 
Sci. Technol. В 18(2), 617-620 (2000).



118 С. Santschi et al.

58. G. Gerlach and R. Werthschiitsky, 50 Jahre Entdeckung des piezoresistiven Effekts
— Geschicht und Entwicklungsstand piezoresistiver Sensoren, Technisches Messen 
72 (2 ), 53-76 (2005).

59. F. J . Giessibl, Advances in atomic force microscopy, Rev. Mod. Phys. 7 5 (3 ), 949-983
(2003).

60. F. J. Giessibl, S. Hembacher, H. Bielefeldt and J. M annhart, Subatomic features 
on the silicon ( l l l ) - (7  x 7) surface observed by atomic force microscopy, Science 
289(5478), 422-425 (2000).

61. F . J . Giessibl, S. Hembacher, M. Herz, C. Schiller and J . Mannhart, Stability consid
erations and implementation of cantilevers allowing dynamic force microscopy with 
optimal resolution: the qPlus sensor, Nanotechnology 15 (2 ), S79 -S 86  (2004).

62. E. Gmelin, R. Fischer and R. Stitzinger, Sub-micrometer thermal physics- An 
overview on SThM techniques, Thermochimi. Acta 3 1 0 (1 -2 ) , 1-17 (1998).

63. T. Goddenhenrich, H. Lemke, U. Hartmann and C. Heiden, Force Microscope with 
Capacitive Displacement Detection, J. Vac. Sci. Tech. A 8 ( 1), 383-387 (1990).

64. J. G. Graeme, Photodiode Amplifiers, Op Amp Solutions, 252 (1996). Boston, 
McGraw-Hill.

65. R. D. Grober, J . Acimovic, J. Schuck, D. Hessman, P. J . Kindlemann, J . Hespanha,
A. S. Morse, K. Karrai, I. Tiemann and S. Manus, Fundamental limits to force 
detection using quartz tuning forks, Rev. Sci. Instrum. 7 1 (7 ) , 2776-2780 (2 0 0 0 ).

6 6 . R. J . Grow, S. C. Minne, S. R. Manalis and C. F . Quate, Silicon nitride can
tilevers with oxidation-sharpened silicon tips for atomic force microscopy, J . Micro- 
electromech. S. 11(4), 317-321 (2002).

67. P. Guthner, J . Glatzreichenbach and K. Dransfeld, Investigation of Local Piezoelec
tric Properties of Thin Copolymer Films, J. Appl. Phys. 6 9 (1 1 ), 7895-7897 (1991).

6 8 . J . H. Hafner, C. L. Cheung, Т. H. Oosterkamp and С. M. Lieber, High-yield assembly 
of individual single-walled carbon nanotube tips for scanning probe microscopies, J- 
Phys. Chem. В  105(4 ), 743-746 (2001).

69. Hamamatsu, http://jp.ham am atsu.com /
70. T. Hantschel, S. Slesazeck, P. Niedennann, P. Eyben and W . Vandervorst, Inte

grating diamond pyramids into metal cantilevers and using them as electrical AFM  
probes, Microelectron. Eng. 5 7 -8 , 749-754 (2001).

71. J . A. Harley and T. W. Kenny, High-sensitivity piezoresistive cantilevers under 1000 
angstrom thick, Appl. Phys. Lett. 7 5 (2 ), 289-291 (1999).

72. M. Helm, J. J . Servant, F. Saurenbach and R. Berger, Read-out of micromechanical 
cantilever sensors by phase shifting interferometry, Appl. Phys. Lett. 8 7 (6 ) (2005).

73. C. S. Hodges, Measuring forces with the AFM: polymeric surfaces in liquids, Adv. 
Colloid Interfac. 99 (1 ), 13-75 (2002 ).

74. M. Hoffmann, H. Bezzaoui and E. Voges, Micromechanical Cantilever Resonators 
with Integrated Optical Interrogation, Sensor Actuat. A-Phys. 4 4 ( 1), 71 -75  (1994).

75. S. H. Hong and C. A. Mirkin, A nanoplotter with both parallel and serial writing 
capabilities, Science 288(5472), 1808-1811 (2000 ).

76. B. Hubner, H. W. P. Koops, H. Pagnia, N. Sotnik, J. Urban and M. Weber, Tips 
for scanning tunneling microscopy produced by electron-beam-induced deposition, 
Ultramicroscopy 4 2 -4 4 (P a r t  2 ), 1519-1525 (1992).

77. A. D. L. Humphris, M. J . Miles and J. K. Hobbs, A mechanical microscope: High
speed atomic force microscopy, Appl. Phys. Lett. 86(3) (2005).

78. M. Ishigami, J . H. Chen, E. D. Williams, D. Tobias, Y . F. Chen and M. S. Fuhrer, 
Hooge s constant for carbon nanotube field effect transistors, Appl. Phys. Lett. 
8 8 (20 ) (2006).

http://jp.hamamatsu.com/


Scanning Probe Arrays for Nanoscale Imaging 119

79. T. Ishitani, T. Ohnishi and Y . Kawanami, Micromachining and Device Trans
plantation Using Focused Ion-Beam, Jpn. J. Appl. Phys. 1 29(10), 2283-2287 
(1990).

80. T. Itoh, T. Ohashi and T. Suga, Piezoelectric cantilever array for multiprobe scan
ning force microscopy, 451-455 (1996). Proceedings: IE E E  Micro Electro Mechanical 
Systems Workshop.

81. T. Itoh and T. Suga, Piezoelectric Force Sensor for Scanning Force Microscopy, 
Sensor Actuat. A-Phys. 4 3 (1 -3 ), 305-310 (1994).

82. T. Itoh and T. Suga, Scanning Force Microscope Using a Piezoelectric Microcan
tilever, J. Vac. Sci. Techol. В  12(3), 1581-1585 (1994).

83. T . Itoh and T. Suga, Minimum Detectable Force Gradients of Piezoelectric Micro
cantilever, J. Micromech. Microeng. 5(3), 231-236 (1995).

84. T . Ivanov, T. Gotszalk, T. Sulzbach and Rangelow.I.W., Quantum size aspects 
of piezoresistive effect in ultra thin piezoresitors, Ultramicroscopy 97 , 377-384
(2003).

85. A. Janshoff, M. Neitzert, Y . Oberdorfer and H. Fuchs, Force spectroscopy of molec
ular systems— Single molecule spectroscopy of polymers and biomolecules, Ange- 
wandte Chemie-International Edition 39(18), 3213-3237 (2000).

8 6 . D. C. Jiles, Theory of the Magnetomechanical Effect, J. Phys. D-Appl. Phys. 28(8), 
1537-1546 (1995).

87. R. Jumpertz, A. der Hart, O. Ohlsson, F. Saurenbach and J. Schelten, Piezoresistive 
sensors on AFM cantilevers with atomic resolution, Microelectron. Eng. 42 , 441-444  
(1998).

8 8 . M. Kageshima, H. Jensenius, M. Dienwiebel, Y . Nakayama, H. Tokumoto, S. P. 
Jarvis and Т. H. Oosterkamp, Noncontact atomic force microscopy in liquid environ
ment with quartz tuning fork and carbon nanotube probe, Appl. Surf. Sci. 1 8 8 (3 -4 ), 
440-444 (2002).

89. M. Kageshima, H. Ogiso, S. Nakano, M. A. Lantz and H. Tokumoto, Atomic force 
microscopy cantilevers for sensitive lateral force detection, Jpn. J. Appl. Phys. 1 
38(6B ), 3958-3961 (1999).

90. D. Karabacak, T. Kouh, С. C. Huang and K. L. Ekinci, Optical knife-edge technique 
for nanomechanical displacement detection, Appl. Phys. Lett. 88(19) (2006).

91. R. Kassies, K. O. van der Werf, M. L. Bennink and C. Otto, Removing interference 
and optical feedback artifacts in atomic force microscopy measurements by applica
tion of high frequency laser current modulation, Rev. Sci. Instrum. 75(3), 689-693
(2004).

92. H. Kawakatsu, S. Kawai, D. Saya, M. Nagashio, D. Kobayashi, H. Toshiyoshi and H. 
Fujita, Towards atomic force microscopy up to 100 MHz, Rev. Sci. Instrum. 73(6), 
2317-2320 (2002).

93. H. Kawakatsu, D. Saya, A. Kato, K. Fukushima, H. Toshiyoshi and H. Fujita, Mil
lions of cantilevers for atomic force microscopy, Rev. Sci. Instrum. 73(3), 1188-1192 
(2002).

94. S. Keller, S. Mouaziz, G. Boero and J. Brugger, Microscopic four-point probe based 
on SU-8  cantilevers, Rev. Sci. Instrum. 76(12) (2005).

95. H. Kikuta, K. Nasu, N. Kato and K. Iwata, Atomic-Force Microscope Using Optical 
Heterodyne-Detection Incorporated in an Optical Microscope, Rev. Sci. Instrum. 
6 6(1 ), 87-90 (1995).

96. G. M. Kim, B. J . Kim, E. S. Ten Have, F. Segerink, N. F. Van Hulst and J. Brugger, 
Photoplastic near-field optical probe with sub-100 nm aperture made by replication 
from a nanomould, J. Microsc.-Oxford 209 , 267-271 (2003).



97. G. M. Kim, A. Kovalgin, J. Holleman and J. Brugger, Replication molds having 
nanometer-scale shape control fabricated by means of oxidation and etching, J. 
Nanosci. Nanotechno. 2 ( 1), 55-59 (2002 ).

98. К. H. Kim, N. Moldovan and H. D. Espinosa, A nanofountain probe with sub-100 
nm molecular writing resolution, Small 1 (6 ), 632-635 (2005).

99. S. Y . Kim, H. J. Nam, S. S. Jang, C. S. Lee, W . H. Jin, I. J . Cho, J . U. Bu, S. I. Chang  
and E. Yoon, Wafer-Level Transfer of Thermo-Piezoelectric Si3N4 Cantilever Array  
on a CMOS Circuit for High Density Probe-Based Data Storage, 922-925 (2006). 
22-1-2006.

100. Y . S. Kim, C. S. Lee, W. H. Jin, S. Jang, H. J . Nam and J . U. Bu, 100 x 100 thermo
piezoelectric cantilever array for SPM nano-data-storage application, Sensor Mater. 
17(2), 57-63 (2005).

101. W . P. King, T. W. Kenny, К. E. Goodson, G. L. W . Cross, M. Despont, U. T. Durig,
H. Rothuizen, G. Binnig and P. Vettiger, Design of atomic force microscope can
tilevers for combined thermomechanical writing and thermal reading in array oper
ation, J. Microelectromech. S. 11(6), 765-774 (2002).

102 . I. Kiyat, C. Kocabas and A. Aydinli, Integrated micro ring resonator displacement 
sensor for scanning probe microscopies, J. Micromech. Microeng. 14 (3 ), 374-381
(2004).

103. E. Klokholm, Measurement of Magnetostriction in Ferromagnetic Thin-Films, IE E E  
Transactions on Magnetics 12(6), 819-821 (1976).

104. C. Kocabas and A. Aydinli, Design and analysis of an integrated optical sensor for 
scanning force microscopies, IEEE Sensors Journal 5 (3), 411-418 (2005).

105. L. S. Kong, L. Zhuang and S. Y . Chou, Writing and reading 7.5 G bits/in(2) longi
tudinal quantized magnetic disk using magnetic force microscope tips, IE E E  Trans
actions on Magnetics 33 (5 ), 3019-3021 (1997).

106. C. Kranz, G. Friedbacher and B. Mizaikoff, Integrating an ultramicroelectrode in 
an AFM  cantilever: Combined technology for enhanced information, Anal. Chem. 
73(11), 2491 (2001).

107. S. Krishnamoorthy, R. Pugin, J. Brugger, H. Heinzelmann and C. Hinderling, 
Tuning the dimensions and periodicities of nanostructures starting from the same 
polystyrene-block-poly(2-vinylpyridine) diblock copolymer, Adv. Funct. Mater. 
16(11), 1469-1475 (2006).

108. S. Krishnamoorthy, R. Pugin, J . Brugger, H. Heinzelmann, A. C. Hoogerwerf and C. 
Hinderling, Block copolymer micelles as switchable templates for nanofabrication, 
Langmuir 22 (8 ), 3450-3452 (2006).

109. A. Kueng, C. Kranz and B. Mizaikoff, Scanning probe microscopy with integrated 
biosensors, Sens. Lett. 1 (1), 2-15 (2003).

110. С. K. Lee, T. Itoh, T. Ohashi, R. Maeda and T. Suga, Development of a piezo
electric self-excitation and self-detection mechanism in PZT microcantilevers for 
dynamic scanning force microscopy in liquid, J. Vac. Sci. Techol. В  15 (4 ), 1559-1563
(1997).

111. G. U. Lee, D. A. Kid well and R. J . Colton, Sensing Discrete Streptavidin Biotin 
Interactions with Atomic-Force Microscopy, Langmuir 10(2), 354-357 (1994).

112. K. L. Lee, D. W. Abraham, F . Secord and L. Landstein, Submicron Si Trench Pro
filing with an Electron-Beam Fabricated Atomic Force Microscope Tip, J. Vac. Sci. 
Technol. В  9 (6 ), 3562-3568 (1991).

113. S. W . Lee, В. K. Oh, R. G. Sanedrin, K. Salaita, T. Fujigaya and C. A. Mirkin, Bio
logically active protein nanoarrays generated using parallel dip-pen nanolithography, 
Adv. Mater. 18 (9 ), 1133—I- (2006).

120 С. Santschi et al.



Scanning Probe Arrays for Nanoscale Imaging 121

114. A. Lewis, M. Isaacson, A. Muray and A. Harootunian, Scanning Optical Spectral 
Microscopy with 500A Spatial-Resolution, Biophys. J. 41(2), A405 (1983).

115. C. Y . Li and T. W. Chou, Atomistic modeling of carbon nanotube-based mechanical 
sensors, J. Intel. Mat. Syst. Str. 17(3), 247-254 (2006).

116. М. H. Li and Y . B. Gianchandani, Applications of a low contact force polyimide 
shank bolometer probe for chemical and biological diagnostics, Sensor Actuat. A- 
Phys. 104(3), 236-245 (2003).

117. M. Lohndorf, T. Duenas, M. Tewes, E. Quandt, M. Ruhrig and J. Wecker, Highly 
sensitive strain sensors based on magnetic tunneling junctions, Appl. Phys. Lett. 
81(2 ), 313-315 (2002).

118. A. Lugstein, E. Bertagnolli, C. Kranz, A. Kueng and B. Mizaikoff, Integrating micro- 
and nanoelectrodes into atomic force microscopy cantilevers using focused ion beam 
techniques, Appl. Phys. Lett. 81 (2 ), 349-351 (2002).

119. A. Lugstein, E. Bertagnolli, C. Kranz and B. Mizaikoff, Fabrication of a ring nano
electrode in an AFM tip: novel approach towards simultaneous electrochemical and 
topographical imaging, Sur. Interface Anal. 33(2), 146-150 (2002).

120. K. Luo, Z. Shi, J . Lai and A. Majumdar, Nanofabrication of sensors on cantilever 
probe tips for scanning multiprobe microscopy, Appl. Phys. Lett. 68(3), 325-327  
(1996).

121. M. Lutwyche, C. Andreoli, G. Binnig, J . Brugger, U. Drechsler, W. Iiaberle, H. 
Rohrer, H. Rothuizen, P. Vettiger, G. Yaralioglu and C. Quate, 5X5 2D AFM can
tilever arrays a first step towards a Terabit storage device, Sensor Actuat. A-Phys. 
7 3 (1 -2 ), 89-94 (1999).

122. М. I. Lutwyche, M. Despont, U. Drechsler, U. Durig, W. Haberle, H. Rothuizen, R. 
Stutz, R. Widmer, G. K. Binnig and P. Vettiger, Highly parallel data storage system 
based on scanning probe arrays, Appl. Phys. Lett. 77(20), 3299-3301 (2000).

123. Л. V. Macpherson and P. R. Unwin, Combined scanning electrochemical-atomic force 
microscopy, Anal. Chem. 72(2), 276-285 (2000).

124. H. J . Mamin, H. Birk, P. Wimmer and D. Rugar, High-Speed Scanning-Tunneling- 
Microscopy -  Principles and Applications, J. Appl. Phys. 75(1), 161-168 (1994).

125. H. J. Mamin, B. A. Gurney, D. R. Wilhoit and V. S. Speriosu, High sensitivity 
spin-valve strain sensor, Appl. Phys. Lett. 72(24), 3220-3222 (1998).

126. S. R. Manalis, S. C. Minne, C. F. Quate, G. G. Yaralioglu and A. Atalar, Two- 
dimensional micromechanical bimorph arrays for detection of thermal radiation, 
Appl. Phys. Lett. 70(24), 3311-3313 (1997).

127. R. B. Marcus, T. S. Ravi, T. Gmitter, K. Chin, D. Liu, W. J . Orvis, D. R. Ciarlo, 
С. E. Hunt and J. Trujillo, Formation of silicon tips with < ln m  radius, Appl. Phys. 
Lett. 56 (3 ), 236-238 (1990).

128. Y . Martin, С. C. Williams and H. K. Wickramasinghe, Atomic Force Microscope 
Force Mapping and Profiling on a Sub 100-a Scale, J. Appl. Phys. 61(10), 4723- 
4729 (1987).

129. S. McNamara, A. S. Basu, J. Lee and Y. B. Gianchandani, Ultracompliant thermal 
probe array fol scanning non-planar surfaces without force feedback, J. Micromech. 
Microeng. 15(1), 237-243 (2005).

130. A. Meister, Nanoscale Dispensing of Single Ultrasmall Droplets, Philosophisch- 
Natur-wissenschaftliche Fakultat der Universitat Bassel, Thesis ppl56 (2004).

131. A. Meister, personal communication, (2006).
132. A. Meister, S. Jeney, M. Liley, T. Akiyama, U. Staufer, N. F. De Rooij and H. 

Heinzelmann, Nanoscale dispensing of liquids through cantilevered probes, Micro
electron. Eng. 6 7 -8 ,  644-650 (2003).



122 С. Santscki et al.

133. A. Meister, S. Krishnamoorthy, C. Hinderling, R. Pugin and H. Heinzelmann, Local 
modification of micellar layers using nanoscale dispensing, Microelectron. Eng. 8 3 (4 -  
9), 1509-1512 (2006).

134. A. Meister, M. Liley, J . Brugger, R. Pugin and H. Heinzelmann, Nanodispenser 
for attoliter volume deposition using atomic force microscopy probes modified by 
focused-ion-beam milling, Appl. Phys. Lett. 85 (25), 6260-6262 (2004).

135. A. Meister, P. Niedermann, E. Dujardin, R. Pugin and H. Heinzelmann, Hollow 
Atomic Force Microscopy Cantilevered Probes for Nanoscale Dispensing of Liquids, 
International Workshop on Nanomechanical Sensors, Copenhagen, Demark, 1 -2  (7- 
10-2006).

136. C. Menozzi, G. C. Gazzadi, A. Alessandrini and P. Facci, Focused ion beam- 
nanomachined probes for improved electric force microscopy, Ultramicroscopy 
1 0 4 (3 -4 ), 220-225 (2005).

137. G. Meyer and N. M. Amer, Novel Optical Approach to Atomic Force Microscopy, 
Appl. Phys. Lett. 53(12), 1045-1047 (1988).

138. S. C. Minne, J . D. Adams, G. Yaralioglu, S. R. Manalis, A. Atalar and C. F . Quate, 
Centimeter scale atomic force microscope imaging and lithography, Appl. Phys. Lett. 
73(12), 1742-1744 (1998).

139. S. C. Minne, G. Yaralioglu, S. R. Manalis, J . D. Adams, J . Zesch, A. Atalar and C. 
F . Quate, Automated parallel high-speed atomic force microscopy, Appl. Phys. Lett. 
72(18), 2340-2342 (1998).

140. N. Moldovan, К. H. Kim and H. D. Espinosa, Design and fabrication of a novel 
microfluidic nanoprobe, J. Microelectromech. S. 15 (1 ), 204-213 (2006).

141. S. Naberhuis, Probe-based recording technology, J. Magn. Magn. Mater. 2 4 9 (3 ) , 
447-451 (2002).

142. H. J . Nam, Y . S. Kim, C. S. Lee, W . H. Jin, S. S. Jang, L. J . Cho and J . U. Bu, 
Integrated nitride cantilever array with Si heaters and piezoelectric detectors for 
nano-data-storage application, 247-250 (2005). Proceedings: IE E E  Micro Electro  
Mechanical Systems Workshop.

143. G. Neubauer, S. R. Cohen, G. M. McClelland, D. Horne and С. M. Mate, Force 
Microscopy with A Bidirectional Capacitance Sensor, Rev. Sci. Instrum. 6 1 (9 ) , 2 2 9 6 -  
2308 (1990).

144. P. Niedermann, W . Hanni, D. Morel, A. Perret, N. Skinner, P. F . Indermuhle, N. F. 
De Rooij and P. A. Buffat, CVD diamond probes for nanotechnology, Appl. Phys. 
A-Mater. 6 6 , S31-S34 (1998).

145. P. Niedermann, W . Hanni, S. Thurre, M. Gjoni, A. Perret, N. Skinner, 
P. F . Indermuhle, U. Staufer and N. F . De Rooij, Mounting of micromachined dia
mond tips and cantilevers, Sur. Inter. Anal. 2 7 (5 -6 ), 296-298 (1999).

146. G. P. Nordin, S. Kim, J . Noh and Q. Y ., In-plane photonic transduction for micro
cantilever arrays, 119 (2006). Copenhagen, Denmark, DTU, Technical University 
of Denmark, DK-2800 Kongens Lyngby, Denmark. Proceedings of the International 
Workshop on Nanomechanical Sensors.

147. D. Nyamjav and A. Ivanisevic, Templates for DNA-templated F e304  nanoparticles, 
Biomatei'ials 26 (15), 2749-2757 (2005).

148. H. Nyquist, Thermal agitation of electric charge in conductors, Phys. Rev. 3 2 (1 ) ,  
110-113 (1928).

149. A. G. Onaran, M. Balantekin, W . Lee, W . L. Hughes, B. A. Buchine, R. O. Guldiken, 
Z. Parlak, C. F . Quate and F . L. Degertekin, A new atomic force microscope probe 
with force sensing integrated readout and active tip, Rev. Sci. Instrum. 7 7 (2 ) (2006).



Scanning Probe Arrays for Nanoscale Imaging 123

150. G. N. Phillips, M. Siekman, L. Abelmann and J. C. Lodder, High resolution magnetic 
force microscopy using focused ion beam modified tips, Appl. Phys. Lett. 81(5), 865- 
867 (2002).

151. R. D. Piner, J . Zhu, F. Xu, S. H. Hong, and C. A. Mirkin, “Dip-pen” nanolithography, 
Science 283(5402), 661-663 (1999).

152. D. W. Pohl, W. Denk and M. Lanz, Optical Stethoscopy— Image Recording with 
Resolution Lambda/20, Appl. Phys. Lett. 44 (7 ), 651-653 (1984).

153. J . Polesel-Maris, L. Aeschimann, A. Meister, R. Ischer, E. Bernard, 
T. Akiyama, M. Giazzon, P. Niedermann, U. Staufer, R. Pugin, N. F. De Rooij, 
P. Vettiger and H. Heinzelmann, Piezoresistive Cantilever Arrays for Life Science 
Applications, J. Phys.: Conf. Series 61 , 955-959 (2007).

154. H. M. Pollock and A. Hammiche, Micro-thermal analysis: techniques and applica
tions, J. Phys. D-Appl. Phys. 34(9), R23-R53 (2001).

155. S. Porthun, L. Abelmann and C. Lodder, Magnetic force microscopy of thin film 
media for high density magnetic recording, J. Magn. Magn. Mater. 18 2 (1 -2 ), 238- 
273 (1998).

156. C. A. J . Putman, B. G. Degrooth, N. F. Vanhulst and J. Greve, A Detailed Analysis 
of the Optical Beam Deflection Technique for Use in Atomic Force Microscopy, J. 
Appl. Phys. 72(1), 6 -1 2  (1992).

157. C. A. J . Putman, B. G. Degrooth, N. F . Vanhulst and J. Greve, A Theoretical 
Comparison between Interferometric and Optical Beam Deflection Technique for the 
Measurement of Cantilever Displacement in AFM, Ultramicroscopy 42 , 1509-1513
(1992).

158. В. M. Quinn, I. Prieto, S. K. Haram and A. J . Bard, Electrochemical observation of 
a metal/insulator transition by scanning electrochemical microscopy, J. Phys. Chem. 
В 105(31), 7474-7476 (2001).

159. I. W. Ranglow, Piezoresistive Scanning Proximity Probes for Nanoscience, Technis- 
ches Messen 72 (2 ), 103-110 (2005).

160. J . P. Rasmussen and P. T. Tank, Fabrication of All-Metal Atomic Force Micro
scope Probe, (1997). International Conference on Solid-State Sensors and Actuators 
(TRANSDUCERS 97), Chicago.

161. S. Rast, C. Wattinger, U. Gysin and E. Meyer, The noise of cantilevers, Nanotech
nology 11(3), 169-172 (2000).

162. B. Rogers, T. Sulchek, K. Murray, D. York, M. Jones, L. Manning, S. Malekos,
B. Beneschott, J. D. Adams, H. Cavazos and S. C. Minne, High speed tapping mode 
atomic force microscopy in liquid using an insulated piezoelectric cantilever, Rev. 
Sci. Instrum. 74(11), 4683-4686 (2003).

163. Y . Rosenwaks, D. Dalian, M. Molotskii and G. Rosenman, Ferroelectric domain engi
neering using atomic force microscopy tip arrays in the domain breakdown regime, 
Appl. Phys. Lett. 8 6 ( 1) (2005).

164. D. Rugar, H. J . Mamin and P. Guethner, Improved Fiber-Optic Interferometer for 
Atomic Force Microscopy, Appl. Phys. Lett. 55(25), 2588-2590 (1989).

165. M. Ruhrig, S. Porthun, J . C. Lodder, S. McVitie, L. J. Heyderman, 
A. B. Johnston and J. N. Chapman, Electron beam fabrication and characterization 
of high-resolution magnetic force microscopy tips, J. Appl. Phys. 79(6), 2913-2919  
(1996).

166. K. Salaita, S. W. Lee, X . F. Wang, L. Huang, Т. M. Dellinger, C. Liu and
C. A. Mirkin, Sub-100 nm, centimeter-scale, parallel dip-pen nanolithography, Small 
1(10), 940-945 (2005).



167. D. Sarid, Scanning Force Microscopy, 263 (1994). New York, Oxford University Press, 
Inc. Oxford series in optical and imaging sciences.

168. D. Sarid, D. A. lams, J. T. Ingle, V. Weissenberger and J . Ploetz, Performance of 
a Scanning Force Microscope Using a Laser Diode, J. Vac. Sci. Technol. A 8 (1 ), 
378-382 (1990).

169. D. Sarid, V. Weissenberger, D. A. lams and J. T. Ingle, Theory of the Laser Diode 
Interaction in Scanning Force Microscopy, IEEE Journal of Quantum Electronics 
25(8 ), 1968-1972 (1989).

170. F . Saurenbach and B. D. Terris, Imaging of Ferroelectric Domain-Walls by Force 
Microscopy, Appl. Phys. Lett. 56 (17), 1703-1705 (1990).

171. D. Saya, P. Belaubre, F . Mathieu, D. Lagrange, J. B. Pourciel and
C. Bergaud, Si-piezoresistive microcantilevers for highly integrated parallel force 
detection applications, Sensor Actuat. A-Phys. 1 2 3 -2 4 , 23-29 (2005).

172. Т . E. Schaffer, M. Richter and М. B. Viani, Array detector for the atomic force 
microscope, Appl. Phys. Lett. 76 (24), 3644-3646 (2000).

173. I. Serebrennikova, S. Lee and H. S. White, Visualization and characterization of 
electroactive defects in the native oxide film on aluminium, Faraday Discussions
121 , 199-210 (2002).

174. G. Shekhawat, S. H. Tark and V. P. Dravid, MOSFET-embedded microcantilevers for 
measuring deflection in biomolecular sensors, Science 311(5767), 1592-1595 (2006).

175. N. C. Shie, T. L. Chen and K. Y . Cheng, Use of fibre interferometer for A FM  
cantilever probe displacement control, (295-296), 77-82 (2005). Key Engineering 
Materials.

176. I. Shiraki, Y . Miyatake, T. Nagamura and K. Miki, Demonstration of low- 
temperature atomic force microscope with atomic resolution using piezoresistive 
cantilevers, Rev. Sci. Instrum. 77(2) (2006).

177. C. S. Smith, Piezoresistance Effect in Germanium and Silicon, Phys. Rev. 9 4 (1 ) ,  
42-49  (1954).

178. К. B. Song, E. K. Kim, S. Q. Lee and К. H. Park, Fabrication of a high-throughput 
cantilever-style aperture tip by the use of the bird’s-beak effect, Jpn. J. Appl. Phys. 
1 42 (7A ), 4353-4356 (2003).

179. C. Stampfer, A. Jungen and C. Hierold, Fabrication of discrete nanoscaled force 
sensors based on single-walled carbon nanotubes, IEEE Sensors Journal 6 (3 ), 6 1 3 -  
617 (2006).

180. C. Stampfer, A. Jungen, R. Linderman, D. Obergfell, S. Roth and C. Hierold, Nano- 
electromechanical displacement sensing based on single-walled carbon nanotubes, 
Nano Lett. 6 (7 ), 1449-1453 (2006).

181. J . A. J . Steen, J . Hayakawa, T . Harada, K. Lee, F . Calame, G. Boero, A. J . Kulik 
and J . Brugger, Electrically conducting probes with full tungsten cantilever and tip  
for scanning probe applications, Nanotechnology 17 (5 ), 1464-1469 (2006).

182. T . Sulchek, R. J . Grow, G. G. Yaralioglu, S. C. Minne, C. F . Quate, S. R. Manalis, 
A. Kiraz, A. Aydine and A. Atalar, Parallel atomic force microscopy with optical 
interferometric detection, Appl. Phys. Lett. 78(12), 1787-1789 (2001).

183. T . Takezaki, D. Yagisawa and K. Sueoka, Magnetic field measurement using scanning 
magneto resistance microscope with spin-valve sensor, Jpn. J. Appl. Phys. 1 4 5 (3 B ),  
2251-2254 (2006).

184. J . Tansock and С. C. Williams, Force Measurement with a Piezoelectric Cantilever 
in a Scanning Force Microscope, Ultramicroscopy 4 2 , 1464-1469 (1992).

185. Y . Tao, R. J. Fasching, and F. B. Prinz, Ultra^sharp High-aspect-ratio Probe A rray  
for SECM and AFM Analysis, Proceedings of SPIE 5 3 8 9 , 431-442 (2004).

124 С. Santschi et al.



Scanning Probe Arrays for Nanoscale Imaging 125

186. N. Tas, J . Wissink, L. Sander, T . Lammerink and M. Elwenspoek, Modeling, design 
and testing of the electrostatic shuffle motor, Sensor Actuat. A-Phys. 7 0 (1 -2 ), 171- 
178 (1998).

187. M. Tortonese, R. C. Barrett and C. F . Quate, Atomic Resolution with An Atomic 
Force Microscope Using Piezoresistive Detection, Appl. Phys. Lett. 62(8), 834-836
(1993).

188. M. Tortonese, H. Yamada, R. C. Barrett and C. Quate, Atomic Force Microscopy 
Using a Piezoresistive Cantilever, IEEE , 448-451 (1991).

189. A. A. Tseng, A. Notargiacomo and T. P. Chen, Nanofabrication by scanning probe 
microscope lithography: A review, J. Vac. Sci. Technol. В 23(3), 877-894 (2005).

190. I. Utke, P. Hoffmann, R. Berger and L. Scandella, High-resolution magnetic Co super
tips grown by a focused electron beam, Appl. Phys. Lett. 80(25), 4792-4794 (2002).

191. A. Vanderziel, Flicker Noise in Highly Doped Semiconductors, Appl. Phys. Lett. 
34(6), 400-401 (1979).

192. S. G. Vengasandra, M. Lynch, J . T. Xu and E. Henderson, Microfluidic ultrami
croscale deposition and patterning of quantum dots, Nanotechnology 16(10), 2052- 
2055 (2005).

193. P. Vettiger, J . Brugger, M. Despont, U. Drechsler, U. Durig, W. Haberle, M. 
Lutwyche, H. Rothuizen, R. Stutz, R. Widmer and G. Binnig, Ultrahigh density, 
high-data-rate NEMS-based AFM data storage system, Microelectron. Eng. 4 6 (1 -  
4), 11-17 (1999).

194. P. Vettiger, M. Despont, U. Drechsler, U. Durig, W. Haberle, М. I. Lutwyche,
H. E. Rothuizen, R. Stutz, R. Widmer and G. K. Binnig, The “Millipede” -  More 
than one thousand tips for future AFM data storage, Ibm Journal of Research and 
Development 44 (3 ), 323-340 (2000).

195. X . F. Wang and C. Liu, Multifunctional probe array for nano patterning and imag
ing, Nano Lett. 5(10), 1867-1872 (2005).

196. Z. Z. Wang, J. Suski and D. Collard, Piezoresistive Simulation in Mosfets, Sensor 
Actuat. A-Phys. 3 7 -8 , 357-364 (1993).

197. S. Watanabe and T. Fujii, Micro-fabricated piezoelectric cantilever for atomic force 
microscopy, Rev. Sci. Instrum. 67(11), 3898-3903 (1996).

198. О. H. Willemsen, М. М. E. Snel, A. Cambi, J . Greve, B. G. De Grooth and C. G. 
Figdor, Biomolecular interactions measured by atomic force microscopy, Biophys. J. 
79(6), 3267-3281 (2000).

199. С. C. Williams and H. K. Wickramasinghe, Scanning Thermal Profiler, Appl. Phys. 
Lett. 49(23), 1587-1589 (1986).

200. G. Wittstock and W. Schuhmann, Formation and imaging of microscopic enzymat
ically active spots on an alkanethiolate-covered gold electrode by scanning electro
chemical microscopy, Anal. Chem. 69(24), 5059-5066 (1997).

201. O. Wolter, T. Bayer and J. Greschner, Micromachined silicon sensors for scanning 
force microscopy, J. Vac. Sci. Tech. В  9 (2, Part 2), 1353-1357 (1991).

202. J . T. Xu, M. Lynch, J . L. Huff, C. Mosher, S. Vengasandra, G. F. Ding and E. 
Henderson, Microfabricated quill-type surface patterning tools for the creation of 
biological micro/nano arrays, Biomed. Microdevice. 6 (2), 117-123 (2004).

203. Z. X. Yang, Y . Yu, X . X . Li and H. F. Bao, Nano-mechanical electro-thermal 
probe array used for high-density storage based on NEMS technology, Microelec
tron. Reliab. 4 6 (5 -6 ), 805-810 (2006).

204. G. G. Yaralioglu, A. Atalar, S. R. Manalis and C. F . Quate, Analysis and design of 
an interdigital cantilever as a displacement sensor, J. Appl. Phys. 83(12), 7405-7415
(1998).



205. T. D. Yuzvinsky, A. M. Fennimore, A. Kis and A. Zettl, Controlled placement of 
highly aligned carbon nanotubes for the manufacture of arrays of nanoscale torsional 
actuators, (17), 434 (2006).

206. R. K. Zhu, S. M. Macfie and Z. F . Ding, Cadmium-induced plant stress investigated 
by scanning electrochemical microscopy, J. Exp. Bot. 56 (421), 2831-2838 (2005).

207. K. Zinoviev, C. Dominguez, J . A. Plaza, V. J . C. Busto and L. M. Lechuga, A novel 
optical waveguide microcantilever sensor for the detection of nanomechanical forces, 
J. Lightwave Technol. 24 (5 ), 2132-2138 (2006).

208. K. Zinoviev, C. Dominguez, J. A. Plaza, V. Cadarso and L. M. Lechuga, Light 
coupling into an optical microcantilever by an embedded diffraction grating, Appl. 
Optics 45 (2 ), 229-234 (2006).

209. J . Zlatanova, S. M. Lindsay and S. H. Leuba, Single molecule force spectroscopy in 
biology using the atomic force microscope, Prog. Biophys. Mol. Bio. 7 4 (1 -2 ) , 37-61  
(2000).

210. J . Zou, X . F. Wang, D. Bullen, K. Ryu, C. Liu and C. A. Mirkin, A mould-and- 
transfer technology for fabricating scanning probe microscopy probes, J. Micromech. 
Microeng. 14 (2 ), 204-211 (2004).

126 С. Sanlschi et al.

i



CHAPTER 4
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Nature offers an astonishing array of complex structures and functional devices. 
The most sophisticated examples of functional systems with multiple interconnected 
nano-scale components can be found in biology. Biology uses a limited number of 
building blocks to create complexity and to extend the size and the functional range 
of basic nano-scale structures to new domains. Three main groups of molecular 
tools used by biology include oligonucleotides (linear chains of nucleotides), proteins 
(folded chains of amino acids), and polysaccharides (chains of sugar molecules). 
Nature uses these tools to store information, to create structures, and to build nano
scale machines.

Recent advances in understanding the structure and function of these building 
blocks has enabled a number of novel uses for them outside the biological domain. Of 
particular interest to us is the use of these building blocks to self-assemble nano-scale 
electronic, photonics, or nanomechanical systems. In this chapter we will look at two 
groups of building blocks (oligonucleotides and proteins) and review how they have 
been used to self-assemble engineered structures and build functional devices in the 
nano-scale.

We will begin by a review of the basic structure and properties (both physical 
and chemical) of oligonucleotides and proteins. This section is meant to be used as a 
self-contained reference for the readers from the engineering community that may be 
less familial' with the symbols and jargon of biochemistry. The most salient properties 
of the biomolecules are emphasized and listed here to facilitate future research in 
the area. We continue by a review of recent advances in designing artificial nano
scale DNA structures that can be constructed entirely via engineered self-assembly. 
Rapid advances in the design and construction of self-assembled DNA structures 
has resulted in an impressive level of understanding and control over this type of 
nano-scale manufacturing. Polypeptides and proteins are decidedly less understood 
and their use in engineered self-assembly has been relatively limited. Nevertheless,
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as we discuss in the concluding sections of the chapter, both genetically engineered 
polypeptides and proteins can be used to guide self-assembly processes in nano
scale and help in interfacing nano-scale objects with micron-scale components and 
templates.

Keyw ords: DNA; genetic code; hydrogen bond; replication; proteins; primary structure; 
secondary structure; super secondary structure; tertiary structure; quaternary structure; 
hydrophobic; electrostatic; van der Waals; oligonucleotide synthesis; polymerase chain 
reaction; solid-phase peptide synthesis; artificial synthesis; self-assembly; nanofabrication; 
quantum dots; gold binding polypeptides; holliday junction; origami; transcription; trans
lation; phosphodiester bond; peptide bond; adenine; guanine; cytosine; thymine; double 
helix; codons; amino acids.

C O N T E N T S

An Introduction to Deoxyribonucleic Acid (DNA) 129
1.1. Structure of DNA 129
1.2. The importance of the hydrogen bond in DNA 130
1.3. The genetic code 132
1.4. DNA replication 134
1.5. RN A-transcription 134
1.6. Translation 135
Protiens 135
2 .1. Primary Structure 136
2 .2 . Secondary Structure 138
2.3. Super-Secondary Structure 139
2.4. Tertiary Structure 140
2.5. Quaternary Structure 140
2.6. Complex protein structures 140
2.7. Forces controlling the protein structure 140

2.7.1. Hydrogen bonding 140
2.7.2. Hydrophobic forces 141
2.7.3. Electrostatic forces 141
2.7.4. van der Waals forces 142

2.8. Protein folding 142
Artifical Synthesis of DNA and Polypeptides 143
3.1. DNA/RNA oligonucleotide synthesis 143
3.2. Polymerase chain reaction (PCR) 144

3.3. Solid-phase peptide synthesis (SPPS) 144

DNA and Proteins in Nanofabrication 145

4.1. DNA Self-Assembly 145

4.2. Proteins for nanofabrication 149
4.2.1. Polypeptide directed assembly of quantum dots on 

microfabricated templates 150



Using Biomolecules for Self-Assembly 129

4.2.2. Biomolecular self-assembly of nano-transistors 153
154
155

5. Conclusions 
References

1. An Introduction to Deoxyribonucleic Acid (DNA)

Instructions providing all of the information necessary for a living organism to 
grow and live reside in the nucleus of every cell. The instructions come in the form 
of a large molecule called DNA, which encodes a detailed set of plans, similar to a 
blueprint, for building different parts of the cell. DNA is organized to compartments 
called chromosomes. Each chromosome contains a number of genes. Each gene pro
vides the recipe for building a specific protein. The proteins are used in most vital 
tasks of life from building structures to conversion of energy and molecular signaling.

The structure of DNA was elucidated over 50 years ago by James Watson and 
Francis Crick in 1953 [1]. Every cell in an organism contains the genetic informa
tion and the DNA is therefore duplicated before a cell divides (replication). When 
proteins are needed, the corresponding genes are transcribed into Ribonucleic Acid 
(RNA) (transcription). The RNA is first processed so that non-coding parts are 
removed (processing) and is then transported out of the nucleus (transport). Outside 
the nucleus, the proteins are built based upon the code in the RNA (translation). 
This view of information flow from DNA to protein is often referred to as the central 
dogma of biology [2]. It is important to note that DNA and its close associate RNA 
not only store and transport information but constitute parts of the machinery that 
is responsible for the execution of a number of functions mentioned above.

A genome is the total content of DNA in a virus or in a cell. The genome of 
viruses and bacteria contains one molecule of DNA. In eukaryotes (cells with nuclei), 
the genome is one cell’s collection of chromosomes, each chromosome presumably 
consisting of one molecule of DNA. The overall genome size for various organisms 
varies widely (Table 1). For example, the total DNA from a single human cell is 
more than one meter long. Packaging, manipulation, and replication of this DNA 
constitute one of the most impressive demonstrations of what is possible to achieve 
in the nano-scale.

1 .1 . Structure o f DNA

A molecule of DNA consists of two chains, strands composed of a large number 
of chemical compounds, called nucleotides, linked together to form a chain. These 
chains are arranged like a ladder that has been twisted into the shape of a wind
ing staircase, called a double helix. Each nucleotide consists of three units: a sugar

replication
transcription

mRNA [
translation

protein
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Table 1. Comparative genome sizes of various species.

O rganism E stim a te d  size C h ro m o so m e
num ber

Fritillary assyrica (Plant) 130000 million bases —

Homo sapiens (human) [3] 2900 million bases 46
Mus muscuius (mouse) (4] 2500 million bases 40
Drosophila melanogaster (fruit fly) [5] 180 million bases 8
Arabidopsis thaliana (plant) [6] 125 million bases 10
Saccharomyces cerevisiae (yeast) [7] 12 million bases 32
Escherichia coli (bacteria) [8] 4.7 million bases 1

Genome size does not correlate with evolutionary status, nor is the number of genes 
proportionate with genome size.

molecule (Fig. 1 [a]) called deoxyribose, a phosphate group, and one of four different 
nitrogen-containing compounds called bases. The four bases are adenine (A), gua
nine (G), thymine (T), and cytosine (C), shown in Fig. l[b].

The deoxyribose molecule occupies the center position in the nucleotide, flanked 
by a phosphate group on one side and a base on the other. The DNA backbone is 
a polymer with an alternating sugar-phosphate sequence (Fig. 1 [c]). The deoxyri
bose sugars are joined at both the З'-hydroxyl and 5 '-hydroxyl groups to phos
phate groups in ester links, also known as “phosphodiester” bonds. These linked 
deoxyribose-phosphate subunits form the parallel side rails of the ladder. The bases 
face inward toward each other, forming the rungs of the ladder (Fig. 1 [d]).

Each strand of DNA has polarity, such that the 5'-hydroxyl (or 5 '-phospho) 
group of the first nucleotide begins the strand and the З'-hydroxyl group of the 
final nucleotide ends the strand; thus, this strand runs 5' to 3' ( “Five prime to three 
prime”). Also, the two strands of DNA forming the ladder run antiparallel such that 
one strand runs 5' —» 3' while the other one runs 3' —> 5'. At each nucleotide residue 
along the double-stranded DNA molecule, the nucleotides are complementary. That 
is, A forms two hydrogen-bonds with T  represented as (T =  A); С forms three 
hydrogen bonds with G represented as (C =  G) (Fig. 2[a]). The bases can selectively 
recognize and bind to each other. The two-stranded, antiparallel, complementary 
DNA molecule folds to form a helical structure which resembles a spiral staircase. 
This is the reason why DNA has been referred to as the “Double Helix” (Fig. 2[b]). 
The diameter of the helix is 20 A.

1.2. The im portance o f the hydrogen bond in DNA

Hydrogen bonding is essential for forming the three-dimensional structure of DNA. 
Hydrogen bonds are relatively weak and the orientation of the bases must be just 
right for the interactions to take place. The A-T and C-G hydrogen bonds with 
bond lengths of 1.80 A and 1.86 A [9], respectively, and bond energy of about
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Figure 1. (a) The sugar molecule, (b) The four bases adenine (A), guanine (G), thymine (T), 
and cytosine (C). (c) The polynucleotide chain, (d) Schematic of the bonding of one DNA strand 
to another.

71kJ/mole [10] are very weak when compared to the H- 0  covalent bond (0.96 A 
bond length and 366kJ/mole bond energy) [11] and the N-H covalent bond (1.0 A 
bond length and 391kJ/mole bond energy) [11]. The large number of hydrogen 
bonds present in a double helix of DNA leads to a cumulative effect of stability. 
Hydrogen bonding is most important for the specificity of the chains. Since the 
hydrogen bonds rely on strict patterns of hydrogen bond donors and acceptors, and 
because these structures must be in just the right spots, hydrogen bonding allows
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Figure 2. (a) Recognition and pairing of the complementary bases, (b) Structure of two hybridized 
complementary DNA strands.

for only complementary strands to come together programmed by the A-T and C-G 
sequences.

1.3. The genetic code

The information stored by DNA and the encoding scheme has been deciphered 
to a large extent. The genetic code consists of 64 triplets of nucleotides. These 
triplets are called codons. Each codon encodes for one of the 20 amino acids used 
in the synthesis of proteins. The scheme produces some redundancy in the code: 
most of the amino acids being encoded by more than one codon. One codon, A U G
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Table 2. The Genetic Code.

Second position of codon

T С A G

A  ATT lie [I] ACT Thr [T] AAT Asn [N] AGT Ser [S] T
АТС lie [I] ACC Thr [T] AAC Asn [N] AGC Ser [S] С
ATA lie [I] АСА Thr [T] AAA Lys [K] AGA Arg [R] A
ATG Met [M] ACG Thr [Tj AAG Lys [K] AGG Arg [R] G

F irs t С  CTT Leu [L] CCT Pro [P] CAT His [H] CGT Arg [R] T  T h ird
P osition  CTC Leu [L] CCC Pro [P] CAC His [H] CGC Arg [R] С Position

СТА Leu [L] CCA Pro [P] CAA Gin [Q] CGA Arg [R] A
CTG Leu (L] CCG Pro [P] CAG Gin [Q] CGG Arg [R] G

G GTT Val [V] GCT Ala [A] GAT Asp [D] GGT Gly [G] T
GTC Val [V] GCC Ala [A] GAC Asp [D] GGC Gly [G] С
GTA Val [V] GCA Ala [A] GAA Glu [E] GGA Gly [G] A
GTG Val [V] GCG Ala [A] GAG Glu [E] GGG Gly [G] G

T  T T T  Phe [F] TCT Ser [S] TAT Tyr [Y] TGT Cys [C] T
TTC  Phe [F] TCC Ser [S] TAC Tyr [Y] TGC Cys [C] С
TTA Leu [L] TCA Ser [S] TAA Ter [end] TGA Ter [end] A
TTG Leu [L] TCG Ser [S] TAG Ter [end] TGGTrp [W] G

serves two related functions: it signals the start of translation and also codes for the 
incorporation of the amino acid methionine (Met) into the growing protein chain 
(Table 2) [12].

One strand of DNA holds the information that codes for various genes; this 
strand is often called the template strand or antisense strand (containing anti
codons). The other complementary strand is called the coding strand or sense 
strand (containing codons). Since RNA is made from the template strand, it has 
the same information as the coding strand. The table mentioned above refers to 
triplet nucleotide codons along the sequence of the coding or sense strand of DNA 
as it runs 5' —► 3'; the code for the RNA would be identical but for the fact that 
RNA contains U (uridine) rather than T.

Here is an example of two complementary strands of DNA would be:

(5' -> 3') A T G G A A T T C T C G C T C  (Coding, sense strand)
(3' <— 5') TA C C TTA A G A G C G A G  (Template, antisense strand)

This is the associated RNA structure:

(5' —► 3') A U G G A A U U C U C G C U C  (RNA made from Template strand)

Since amino acid residues of proteins are specified as triplet codons, the pro
tein sequence made from the above example would be Met-Glu-Phe-Ser-Leu... 
(M EFSL ...). The Genetic Code in the table [13] mentioned above has also been 
called “The Universal Genetic Code”, owing to the fact that it is used by all known
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organisms as a code for DNA and RNA. The universality of the genetic code encom
passes animals (including humans), plants, fungi, archaea, bacteria and viruses.

1.4. DN A replication

In most cellular organisms, replication of a DNA molecule takes place in the cell 
nucleus and occurs just before the cell divides. Replication begins with the separa
tion of the two polynucleotide chains, each of which then acts as a template for the 
assembly of a new complementary chain. As the old chains separate, each nucleotide 
in the two chains attracts a complementary nucleotide that has been formed ear
lier by the cell. The nucleotides are joined to one another by hydrogen bonds to 
form the rungs of a new DNA molecule. As the complementary nucleotides are 
fitted into place, an enzyme called DNA polymerase links them together by bond
ing the phosphate group of one nucleotide to the sugar molecule of the adjacent 
nucleotide, forming the side rail of the new DNA molecule. This process continues 
until a new polynucleotide chain has been formed alongside the old one, forming a 
new double-helix molecule. Thus, each of the daughter DNA double helices is com
posed of one original (conserved) strand and one newly synthesized strand. This 
is called semiconservative replication and results in the original strands remaining 
intact throughout many cell generations. The replication of DNA is relatively fast 
(3000 nucleotides/min in human and 30,000 nucleotides/min in E. coli) and precise 
(the sequence of bases in a DNA molecule is copied with less than one mistake 
per 109 nucleotides added [13]) process. However, mutation or change in a DNA 
molecule can take place due to errors in the replication process or the environmental 
effects.

1.5. R N A -transcription

In almost all eukaryotic cells, DNA never leaves the nucleus; instead the genetic 
code (the genes) is copied into RNA which then in turn is decoded (translated) 
into proteins in the cytoplasm. The cytoplasm is a dangerous environment for the 
DNA and the daily transcription of genes to proteins would be very harmful to the 
DNA, which has to stay intact in order to maintain the original life code. Therefore, 
RNA works as an intermediate, transferring the information coded in the DNA to 
a new area for use in protein production. Unlike DNA, the RNA molecule is single 
stranded, folded in various shapes, has uracil instead of thymine, and ribose sugar 
instead of deoxyribose.

The biosynthesis of RNA, called transcription, proceeds in much the same 
fashion as the replication of DNA and also follows the base pairing principle. Again, 
a section of DNA double helix is uncoiled and only one of the DNA strands serves 
as a template for RNA polymerase enzyme to guide the synthesis of RNA. RNA 
polymerase synthesizes the RNA at a speed near 20-80 nucleotides/second for a
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bacterial RNA polymerase [14]. After the synthesis is complete, the RNA separates 
from the DNA and the DNA recoils into its helix.

1 .6 . Translation

Translation, the final step on the path from DNA to protein, is the synthesis of 
proteins directed by an RNA template. The protein-making machinery, called the 
ribosome, reads the RNA sequence (as codons) and translates it into the amino 
acid sequence of the protein. The ribosome starts at the sequence AUG, then reads 
three nucleotides at a time. Each three-nucleotide codon specifies a particular amino 
acid. The “stop” codons (UAA, UAG, and UGA) tell the ribosome that the protein 
synthesis is complete. The complete synthesis of an average-size protein of 400 amino 
acids in a bacterium is accomplished in about 20 seconds [13]. After translation 
the protein usually undergoes some further modifications before it becomes fully 
active.

DNA is a truly nano-scale object with three exceedingly interesting proper
ties: (i) it can recognize and bind to a strand with a complementary sequence of 
bases allowing for creation of programmable bonds, (ii) it can store information 
with an extremely high density (the spacing between two neighboring bases on a 
chain is about 0.3 nm), and (iii) it can be replicated allowing for mass production. 
These properties and the established expertise to artificially construct a strand 
with an arbitrary sequence of bases via chemical synthesis make DNA an attractive 
candidate as a building block and a programming mechanism for construction of 
nano-scale structures by design.

2 . Protiens

We now turn our attention to the second class of biomolecules widely used in cel
lular machinery. Many proteins act as enzymes, and catalyze very specific chemical 
reactions. Other proteins have roles in the transport of substances, self-defense and 
structure. All these proteins are made from the same 20 amino acids, and all are 
made in the same way. The amino acids have a general formula as shown in Fig. 3(a). 
The twenty amino acids found in biological systems are shown in Fig. 3(b). To form 
protein, the amino acids are linked by dehydration synthesis to form peptide bonds 
(Fig. 3(c)). The chain of amino acids is also known as a polypeptide.

Some proteins contain only one polypeptide chain while others, such as 
hemoglobin, contain several polypeptide chains all twisted together. The sequence of 
amino acids in each polypeptide or protein is unique to that protein, so each protein 
has its own, unique three-dimensional (3-D) shape or native conformation. If even 
one amino acid in the sequence is changed, that can potentially change the protein’s 
ability to function. The structural features of proteins are usually described at four 
levels of complexity.
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Primary structure is the linear arrangement of amino acids in a protein and the 
location of covalent linkages such as disulfide bonds between amino acids (Fig. 4(a)). 
The convention for the designation of the order of amino acids is that the N-terminal 
end (i.e. the end bearing the residue with the free a-amino group) is to the left (and 
the number 1 amino acid) and the С-terminal end (i.e. the end with the residue 
containing a free a-carboxyl group) is to the right.

2.1. Primary Structure
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Figure 3. (a) The general formula for all amino acids, (b) The twenty amino acids found in 
biological systems, (c) Schematic showing how a peptide bond connects two amino acids. Here, a 
molecule of water is removed from two glycine amino acids to form a peptide bond.

Proteins are remarkably versatile with respect to the type of structures they can 
form. One example is the family of collagen molecules found in the extracellular 
space. Collagen is a triple helix of about 1.5 nm, formed by three extended protein 
chains that wrap around one another. Many rod-like collagen molecules are cross- 
linked together to form unextendable collagen fibrils that have a tensile strength 
rivaling that of steel (~1 x 108 N/m2). Another example is the extracellular protein 
elastin, in which the polypeptide chains are covalently cross-linked to form rubber
like elastic fibers. Each elastin molecule uncoils into a more extended conformation 
when the fiber is stretched and will recoil spontaneously as soon as the stretching 
force is relaxed (Modulus of elasticity «  0.6 x 106 N/m2).
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Figure 4. (a) An example of the primary structure of a protein (Ribonuclease A), (b) Secondary 
structure of proteins, (c) An example of the tertiary structure of a protein (Bovine pancreatic 
ribonuclease A). The helices are shown as red arrows and /^-sheets are shown as blue arrows. 
The disulphide bonds are shown in green, (d) An example of the quaternary structure of a protein 
(human hemoglobin). Different polyproteins are colored differently and the heme groups are colored 
in red.

2 .2 . Secondary Structure

Secondary structure is the ordered array of amino acids in a protein that confers 
regular conformational forms upon that protein. In general, proteins fold into two 
broad classes of structure termed globular proteins and fibrous proteins. Globular 
proteins are compactly folded and coiled, whereas, fibrous proteins are more fila
mentous or elongated. It is the partial double-bond character of the peptide bond 
that defines the conformations a polypeptide chain may assume. Within a single 
protein, different regions of the polypeptide chain may assume different conforma
tions determined by the primary sequence of the amino acids; examples include 
а -helices and / -̂pleated sheets, which are stabilized by hydrogen bonding. Some 
of the /2-sheets are parallel and some are anti-parallel. Other parts of the protein 
structure are not highly stable.
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The a-helix is a common secondary structure encountered in proteins of the 
globular class. The formation of the a-helix is spontaneous and is stabilized by 
hydrogen bonding between amide nitrogens and carbonyl carbons of peptide bonds 
spaced four residues apart. This orientation of H-bonding produces a helical coiling 
of the peptide backbone such that the R-groups lie on the exterior of the helix and 
perpendicular to its axis (Fig. 4(b)). The a-helices are generally between 5 and 20 
residues in length, but some proteins and coiled-coil structures can be consider
ably longer. They generally have a pitch of about 3.5 residues per turn, but there 
are forms of helices with tighter (3 residues per turn) and longer (4 residues per 
turn) [15].

Not all amino acids favor the formation of the a-helix due to steric constraints 
of the R-groups. Amino acids such as A, D, E, I, L and M favor the formation of 
a-helices, whereas, G and P favor disruption of the helix. This is particularly true 
for P  since it is a pyrrolidine-based imino acid (HN =) whose structure significantly 
restricts movement about the peptide bond in which it is present, thereby, interfering 
with extension of the helix. The disruption of the helix is important as it introduces 
additional folding of the polypeptide backbone to allow the formation of globular 
proteins.

Whereas an a-helix is composed of a single Unear array of helically disposed 
amino acids, /З-sheets are composed of 2 or more different regions of stretches of at 
least 5-10 amino acids. The folding and alignment of stretches of the polypeptide 
backbone aside one another to form /З-sheets is stabilized by H-bonding between 
amide nitrogens and carbonyl carbons. However, the H-bonding residues are present 
in adjacently opposed stretches of the polypetide backbone as opposed to a linearly 
contiguous region of the backbone in the a-helix (Fig. 4(b)). /0-Sheets are said 
to be pleated. This is due to positioning of the a-carbons of the peptide bond 
which alternates above and below the plane of the sheet. /З-Sheets are either par
allel or antiparallel [16]. In parallel sheets, adjacent peptide chains proceed in the 
same direction (i.e. the direction of N-terminal to C-terminal ends is the same), 
whereas, in antiparallel sheets, adjacent chains are aligned in opposite directions. 
Anti-parallel beta stands are often linked by short loops containing 3-5 residues in 
highly characteristic conformations. Longer loops are occasionally found where the 
loop plays an important role in substrate binding or an active site. The antigen- 
combining site of the immunoglobulins is an important example of this.

2.3. Super-Secondary Structure

Some proteins contain an ordered organization of secondary structures that form 
distinct functional domains or structural motifs. Examples include the helix-turn- 
helix domain of bacterial proteins that regulate transcription and the leucine zipper, 
helix-loop-helix and zinc finger domains of eukaryotic transcriptional regulators. 
These domains are termed super-secondary structures.
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2.4. Tertiary Structure

Tertiary structure is the final three-dimensional structure of a protein, which results 
from a large number of non-covalent interactions between amino acids. It is the 
way random coils, a-helixes and / -̂pleated sheets fold with respect to each other 
(Fig. 4(c)) [17]. Tertiary structure refers to the complete three-dimensional struc
ture of the polypeptide units of a given protein. Included in this description is 
the spatial relationship of different secondary structures to one another within a 
polypeptide chain and how these secondary structures themselves fold into the 
three-dimensional form of the protein. Secondary structures of proteins often consti
tute distinct domains. Therefore, tertiary structure also describes the relationship 
of different domains to one another within a protein. The interactions of different 
domains are governed by several non-covalent forces: hydrogen bonding, hydropho
bic interactions, electrostatic interactions and van der Waals forces.

2.5. Quaternary Structure

Quaternary structure is the arrangement of polypeptide subunits within complex 
proteins made up of two or more subunits, sometimes associated with non proteic 
groups. Various non-covalent interactions, similar to those that stabilize the tertiary 
structure of proteins, bind multiple polypeptides into a single, larger protein. For 
example Hemoglobin has quaternary structure due to association of two a globin 
and two P globin polyproteins and contains four heme groups (Fig. 4(d)) [18].

2.6. Complex protein structures

Some proteins also are found to be covalently conjugated with carbohydrates. These 
modifications occur following the synthesis (translation) of proteins and are, there
fore, termed post-translational modifications. These forms of modification impart 
specialized functions upon the resultant proteins. Proteins covalently associated 
with carbohydrates are termed glycoproteins. There are extremely important glyco
proteins found on the surface of erythrocytes. It is the variability in the composition 
of the carbohydrate portions of many glycoproteins and glycolipids of erythrocytes 
that determines blood group specificities. Structural complexes involving protein 
associated with lipid via non-covalent interactions are termed lipoproteins. Their 
major function in the body is to aid in the storage and transport of lipid and 
cholesterol.

2 .7 . Forces controlling the protein structure

2.7.1. Hydrogen bonding

Polypeptides contain numerous proton donors and acceptors both in their backbone 
and in the R-groups of the amino acids. The environment in which proteins are
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found also contains the ample H-bond donors and acceptors of the water molecules. 
H-bonding, therefore, occurs not only within and between polypeptide chains but 
with the surrounding aqueous medium. Hydrogen bonds can vary in strength from 
very weak (l-2 k Jm o l_1) to so strong (40 k j mol-1 ) so as to be indistinguishable 
from a covalent bond. Typical H-bond values are [10]:

О—H " : N (7 kcal/mol)
О—H " : О (5 kcal/mol)
N—H - : N (3 kcal/mol)
N—H " : О (2 kcal/mol)

The length of hydrogen bonds depends on bond strength, temperature and pressure. 
The typical length of a hydrogen bond in water is 1.97 A.

2.7.2. Hydrophobic forces

Proteins are composed of amino acids that contain either hydrophilic or hydrophobic 
R-groups. It is the nature of the interaction of the different R-groups with the 
aqueous environment that plays the major role in shaping protein structure. The 
spontaneous folded state of globular proteins is a reflection of a balance between the 
opposing energetics of H-bonding between hydrophilic R-groups and the aqueous 
environment and the repulsion from the aqueous environment by the hydrophobic 
R-groups. The hydrophobicity of certain amino acid R-groups tends to drive them 
away from the exterior of proteins and into the interior. This driving force restricts 
the available conformations into which a protein may fold. The hydrophobic force 
is one of the largest determinants of protein structure.

2.7.3. Electrostatic forces

Electrostatic forces observed in the protein folding context are from: charge-charge, 
charge-dipole and dipole-dipole interactions. Typical charge-charge interactions that 
favor protein folding are those between oppositely charged R-groups such as К or 
R and D or E. A substantial component of the energy involved in protein folding 
is charge-dipole interactions. This refers to the interaction of ionized R-groups of 
amino acids with the dipole of the water molecule. The slight dipole moment that 
exists in the polar R-groups of amino acid also influences their interaction with 
water. It is, therefore, understandable that the majority of the amino acids found 
on the exterior surfaces of globular proteins contain charged or polar R-groups. It is 
strongest in a vacuum and 80 fold weaker in water and weaker still at elevated salt 
solutions. Water and ions can shield electrostatic interactions reducing both their 
strength and distance over which they operate [19].
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There are both attractive and repulsive van der Waals forces that control protein 
folding. Attractive van der Waals forces involve the interactions among induced 
dipoles that arise from fluctuations in the charge densities that occur between adja
cent uncharged non-bonded atoms. Repulsive van der Waals forces involve the inter
actions that occur when uncharged non-bonded atoms come very close together but 
do not induce dipoles. The repulsion is the result of the electron-electron repulsion 
that occurs as two clouds of electrons begin to overlap. Van der Waals interac
tions occur at distances between 3 and 4 A [19]. They are very weak beyond 5 A 
and electron repulsion prevents atoms from getting much closer than 3 A. Van der 
Waals interactions are non-directional and very weak. However, significant energy 
of stabilization can be obtained in the central hydrophobic core of proteins by the 
additive effect of many such interactions.

2 .8 . Protein folding

A typical protein would contain a few salt-bridges, several hundred hydrogen bonds 
and several thousand van der Waals interactions. In spite of all these interactions, 
proteins are only marginally stable. Typical AG values for folding of proteins are 
in the range of —5 to — 15kcal/mol i.e. not much greater than the energy of 2 or 
3 hydrogen bonds. This is because of several effects which cancel each other out 
(The Gibbs free energy change is AG = AH -  T.AS). The enthalpy change of 
protein folding (AH) is dominated by hydrogen bonds. In the unfolded state, the 
polar groups of the protein will H-bond to solvent molecules and in the folded state 
these polar groups will H-bond with each other. Hence, the overall enthalpy change 
on folding is small [15]. The hydrophobic effect is thought to make the largest 
contribution to AG. The hydrophobic effect attributes the poor solubility of non
polar groups in water to the ordering of the surrounding water molecules causing 
them to form an ice-like cluster (as seen in following Fig. 5).

The decrease in entropy (i.e. negative AS) of the solvent means that dissolving 
the non-polar molecule in water is thermodynamically unfavorable (i.e. positive 
AG). Hence the driving force of protein folding is thought to be the hydrophobic 
effect i.e. the hydrophobic side chains aggregate excluding water molecules as the 
protein folds. The resulting increase in entropy of these water molecules gives rise to 
a large positive AS causing the AG of folding to be negative i.e. thermodynamically 
favorable. Note that the entropy of the polypeptide itself decreases on folding which 
will counteract the increase in AS due to the waters.

As we discuss below, similar to DNA, it is possible to artificially synthe
size short chains of amino acids. Although in general, proteins are less under
stood/characterized than DNA and are more sensitive to the environment of the 
experiment (the protein machine functions only when in the proper conformation), 
they provide a vital bridge between the organic world of biology and the inorganic 
world of materials that are useful for device construction. As noted in the application

2 .7 .4 . van der Waals forces
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Figure 5. The ordering of water molecules surrounding a hydrophobic molecule. Pink ellipsoides 
indicate hydrogen bonds.

sections below, polypeptides can be used to direct the self-assembly and material 
deposition of nano-scale components and inorganic materials.

3. Artifical Synthesis of DNA and Polypeptides

The ability to mass produce DNA and polypeptides with an arbitrary sequence of 
units is crucial for the developent of nanofabrication processes that rely on these 
building blocks for construction of structures and devices. Thanks to recent advances 
in chemical synthesis, both these tasks are feasible today albeit with a number of 
limitations. A number of commercial sources are available offering custom polypep
tide and oligonucleotide production.

3 .1 . D N A/RN A oligonucleotide synthesis

DNA/RNA oligonucleotide synthesis is a remarkably simple, fully automated pro
cess. Custom oligonucleotides are generally synthesized using Commerical Nucleic 
Acid Synthesizers and are typically 15-25 bases in length.
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The solid support, onto which the oligonucleotide is synthesized, is loaded into 
the reaction column. In each step, all the solutions required for carrying out the 
oligonucleotide synthesis are pumped through the column. The reaction column 
is attached to the reagent delivery lines and the nucleic acid synthesizer. Each 
DNA/RNA base is added via computer control of the reagent delivery. After all 
bases have been added, the oligonucletide is cleaved from the solid support and 
deprotected before it can be effectively used. This step is done by incubating the 
chain in concentrated ammonia at a high temperature for an extended amount of 
time. After the DNA segment is produced, it can be used as a template for further 
replication.

3.2. Polymerase chain reaction (PCR)

Polymerase chain reaction (PCR) is a molecular biology technique for enzymatically 
replicating DNA without using a living organism, such as E. coli or yeast. Like 
amplification using living organisms, the technique allows a small amount of the 
DNA molecule to be replicated exponentially. However, because it is an in vitro 
technique, it can be performed without restrictions on the form of DNA and it can 
be extensively modified to perform a wide array of genetic manipulations. Unlike 
living organisms, the PCR process can copy only short DNA fragments, usually up 
to 10 kb. Certain methods can copy fragments up to 47 kb in size, which is still 
much shorter than the chromosomal DNA of a eukaryotic cell.

The PCR process is also fully automated and is carried out in a thermal cycler. 
This is a machine that heats and cools the reaction tubes to the precise temperature 
required for each step of the reaction. To prevent evaporation of the reaction mixture 
(typically volumes between 15—100|xl per tube), a heated lid is placed on top of 
the reaction tubes or a layer of oil is put on the surface of the reaction mixture. 
The DNA fragment to be amplified is determined by selecting primers. Primers are 
short, artificial DNA strands — usually only 18 to 25 base pairs long —  that are 
complementary to the beginning or the end of the DNA fragment to be amplified. 
They anneal by adhering to the DNA template at these starting and ending points, 
where the DNA polymerase binds and begins the synthesis of the new DNA strand.

3.3. Solid-phase peptide synthesis (SPPS)

Solid-phase peptide synthesis (SPPS) is the widely used method for creating pep
tides and proteins in the lab in a synthetic manner. This allows the synthesis of 
natural peptides which are difficult to express in bacteria, incorporation of unnat
ural amino acids, peptide/protein backbone modification, and the synthesis of D- 
proteins, which consist of D-amino acids.

SPPS was pioneered by Bruce Merrifield [20] allows for one-by-one addition of 
amino acids into a peptide chain. In this method, the most important consideration 
is to generate an extremely high yield in each step. For example, if each step were
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to have 99% yield, a 26-amino acid peptide would be synthesized in 77% final yield, 
if each step were 95%, it would be synthesized in 25% yield. Thus, each amino acid 
is added in major excess (2 ~  lOx) and coupling, amino acids together is highly 
optimized by a series of well-characterized agents.

There are two widely used forms of SPPS — FMOC [(F)luorenyl-(M)eth(0)xy- 
(C)arbonyl] and t-BOC [(tert)-(B)utyl (O)xy (C)arbonyl]. Unlike ribosome protein 
synthesis, solid-phase peptide synthesis proceeds in a С-terminal to N-terminal fash
ion. The N-termini of amino acid monomers is protected by these two groups and 
added onto a deprotected amino acid chain.

Automated synthesizers are available for both techniques, though many research 
groups continue to perform SPPS manually. SPPS is limited by yields, and typically 
peptides and proteins in the range of 70 ~  100 amino acids are pushing the limits 
of synthetic accessibility. Synthetic difficulty also is sequence dependent; typically 
amyloid peptides and proteins are difficult to make. Longer lengths can be accessed 
by using native chemical ligation to couple two peptides together with quantitative 
yields.

4. DNA and Proteins in Nanofabrication

4.1. DNA Self-Assembly

Unique properties of DNA such as specific base-pair recognition have made DNA an 
attractive candidate as a programmable building block for nanofabrication [21,22]. 
As DNA synthesis techniques and tools become more readily available, access to 
the building blocks has become more cost-effective and expedient. One can now 
readily engineer DNA molecules with specific base pair sequences such that they 
hybridize in a pre-defined orientation and immediately mass produce them. Rely
ing on hybridization of complementary strands of DNA to create one-dimensional 
double-stranded DNA (dsDNA) structures has limited applicability in the construc
tion of shapes that can be used as platforms for fabrication of nano-scale devices 
and eventually systems. It is important to be able to combine linear strands of 
DNA to create two and three-dimensional structures. The capability of DNA to 
form two-dimensional junctions was discovered by Robin Holliday in 1964 [23]. The 
Holliday junction is a crossover point between two dsDNA molecules where a sin
gle strand from one of the molecules hybridizes with a single strand of the other, 
forming a junction with four arms. This branched DNA structure occurs naturally 
dining homologous recombination; however, because the sequences of DNA involved 
in homologous recombination are similar, the junction position is not fixed and is 
capable of sliding along the DNA strands in a process known as branch migration. 
As shown in Fig. 6, properly engineered oligonucleotides can form a stable Holli
day junction wherein any deviation of the branch point from its specified location 
results in base pair mismatching. These stable branched DNA structures are the 
foundation of almost all DNA-based self-assembly techniques.
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Figure 6. Holliday junctions occur naturally during homologous recombination where the branch 
point can shift freely (a) or they can be engineered using oligonucleotides to create a stable branch 
point (b). Notice the energetically unfavorable pairing that occurs when the branch point shifts 
in (b).

It is important to consider the physical characteristics of branched DNA struc
tures in order to understand the capabilities of DNA nanofabrication. Nucleic 
acid junctions are flexible with rigid arms. Experiments performed using three- 
arm nucleic acid junctions with arm lengths of 10 bases show that junction angles 
easily deviate by 60° from their naturally-occurring orientation [24]. Other reseach 
using scanning-probe tips and laser-trapped beads to manipulate individual DNA 
molecules has shown the persistence length of DNA, the length at which worm- 
like chain molecules can be considered stiff (half the Kuhn length in a freely jointed 
chain model), is 450-1000 A [25]. This is an important consideration when designing 
DNA-based structures, as designs exceeding 500 A tend to lack structural stability. 
However, the flexibility of DNA junctions means that they are not limited to lying 
in a two-dimensional plane and can fold to form the corner of a three-dimensional 
shape.
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DNA junctions bridge the gap separating linear strands of DNA and non-linear 
shapes, but multiple junctions must be connected together to create a useful struc
ture. Assembly of branched DNA junctions is possible using sticky-ended liga
tion [26]. Sticky-ended ligation is a process in which two dsDNA molecules with 
short complimentary single-stranded DNA molecules at their endpoints hybridize 
via the natural hydrogen bonding of complementary DNA bases to form a single 
dsDNA molecule. Hybridization does not repair the phosphate backbone of the DNA 
molecule, so DNA ligase, an enzyme which repairs the broken phosphate bonds, is 
added following hybridization. It is also possible to assemble relatively stable struc
tures without the final ligation step [27]; however, ligation helps prevent disassembly 
and makes DNA structures more stable at increased temperatures.

DNA junctions, and the ability to combine them arbitrarily with sticky-ended 
ligation, make possible a wide variety of structures using DNA self-assembly. One 
of the most important designs is the DNA tile, which is a combination of four junc
tions that form the corners of a square of DNA with a hollow cavity [28]. The size 
of these tiles is tunable based on the length of DNA junction arms used. Because 
these tiles are composed of four four-arm junctions, the eight unused arms of the 
tile can be designed with sticky-ends such that they assemble into two-dimensional 
arrays (Fig. 7). DNA arrays have the potential to act as nano-scale molecular tem
plates which assemble and interconnect functional electronic, photonic, and mag
netic structures. This potential has driven many researchers to attempt to create 
DNA arrays with long-range order and low defect rates. One of the primary set
backs to research in this area, is the flexibility of DNA junctions. Large arrays are 
flexible and tend to curl due to parasitic interactions between DNA base pairing 
and nearby phosphate backbones.

One solution to the problem of flexible DNA structures is the use of double 
crossover (DX) molecules. Unlike the standard Holliday junction which has a single 
flexible crossover point, the DX molecule combines two dsDNA molecules with two 
crossovers, resulting in a much more rigid junction [30]. There have been multi
ple variations of the DX molecule including triple crossover (TX) molecules and 
crossover molecules with an additional DNA domain which extends perpendicular

Figure 7. Two-dimensional array of three-arm DNA stars forming hexagonal patterns. Insets 
show the Fourier transform of each image. Courtesy of Dr С. Mao of Purdue University.



148 R. Mehta, J. Lund, and B. A. Parviz

to the crossover point [31]. This perpendicular DNA can be engineered with a 
specifically-encoded sticky end, offering addressable locations within a DNA array.

DNA-based arrays are relatively simple periodic structures, requiring a limited 
number of constituent DNA sequences. DNA tiles can be assembled separately, 
purified, and then combined to form an array. When working with complex 2D and 
3D structures, however, assembly becomes a much more complicated task. DNA 
systems requiring multiple strands of DNA which all must assemble in a precise 
orientation cannot be efficiently constructed stochastically by simply combining the 
sequences in solution. Instead, difficulties maintaining proper stoichiometry lead to 
extremely low yields. To combat this problem, many assembled 3D structures use a 
number of restriction, ligation, and purification steps to precisely control each stage 
of assembly. Moreover, these assemblies often involve the use of a support on which 
the structure is grown. Even with such strict control of assemblies, the overall yield 
of these experiments is typically 1% [32].

Recently, a new approach to DNA self-assembled structures has been developed, 
which permits the construction of complex shapes while avoiding the stoichiometry 
problems associated with traditional assemblies. This technique uses one long strand 
of ssDNA and folds this strand on itself in a raster pattern using short sequences 
of DNA which hybridize with two specific locations on the long DNA. By stitch- 
ing together a complete double helix, the resulting structure takes the shape of 
the predefined folding pattern. This technique has produced dramatic results with 
significantly improved yields and low error rates (Fig. 8) [33].

Another important tool for DNA nanofabrication is a form of DNA replication 
called rolling-circle amplification (RCA) [34]. RCA uses plasmids, short circular 
strands of DNA, to produce a long strand of DNA with repeated occurrences of the 
sequence of DNA contained in the plasmid. When DNA polymerase makes a copy 
of a normal strand of DNA, it begins transcription at a primer sequence and ends at 
a terminator or the end of the strand of DNA. In the case of RCA, a circular loop of 
DNA with no terminator is used so replication continues without end. This technique 
can be used to create an arbitrarily long strand of DNA with known periodicity. 
This periodicity is of particular importance to DNA-based nanofabrication where 
periodic structures are a necessity.

The ability to create precise nano-scale structures with DNA is only one step 
towards practical DNA nanofabrication. For DNA self-assembly to be a viable fab
rication technique, methods to assemble functional components on DNA templates 
must be devised. For a semiconductor nano-electronic researcher, the materials of 
interest for further assembly are: conductors, semiconductors, and insulators. With 
this goal in mind, a number of groups have begun to assemble different materi
als, primarily metals, on DNA templates. Metals such as silver [35] and palladium 
[36] can be electrolessly deposited on DNA by adding a reducing agent to a solu
tion of dissolved metal ions. Arbitrarily thick metal layers can be formed using 
multiple deposition steps (Fig. 9) [37]. When metals which tend to form small
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Figure 8. “DN A origami.” These structures are formed by folding a long strand of DNA with 
32-mer oligonucleotides that compliment the long strand in specific folded regions. The scale bar 
in the AFM  image is 100 nm. Courtesy of Dr P. W . K. Rothemund of California Institute of 
Technology.

grains are used, metallization on single strands of dsDNA can result in nanoscale 
discontinuities which can significantly impact conductivity. Another approach to 
metallizing DNA is to use a tightly-packed array as the metallization template. 
Using this approach, electroless deposition proceeds uniformly on the array, result
ing in high conductivities [38]. Researchers have also used DNA templates made 
of DX tiles with a protruding linker strand of ssDNA for the selective attachment 
of gold nanoparticles [39]. Different sizes of gold nanoparticles functionalized with 
different oligonucleotides hybridize to specific regions of the array. This approach 
has produced arrays with bands of alternating 5 and 10 nm gold particles.

4.2. Proteins fo r  nanofabrication

Many folded proteins in their proper conformation act as complete nano-scale 
machines in biology. Currently, artificial nanofabrication cannot produce structures, 
let alone devices or machines, with complexities that can approach that of biolog
ical ones. Nevertheless, understanding proteins and their functions offer a number 
of lessons and tools to a designer of a nano-scale manufacturing technology. Per
haps most importantly, the proteins offer examples of functional machine design in 
the nano-scale. The concept of building the core of a machine from a single chain
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Figure 9. Atomic Force Microscope image of a D N A molecule stretched on a surface and metal
lized with a layer of palladium.

of a limited number of building blocks (amino acids) and then allowing the chain 
to fold into the proper 3D shape (self-packaging) and perform a function points 
toward an intriguing approach for designing the nano-scale machines of future. Of 
moie immediate interest is taking advantage of molecular binding specificity and 
control afforded by proteins and polypeptides for guiding self-assembly processes in 
the nano-scale.

4.2.1. Polypeptide directed assembly of quantum dots on 
micro fabricated templates

Most naturally occurring proteins and peptides do not have a special affinity to inor
ganic surfaces and materials. Inorganic materials such as metals and semiconductors 
are crucial for construction of nano-scale electronic and photonics devices. Efforts 
are underway to genetically engineer polypeptides that can selectively bind to mate
rials of interest in electronics such as metals and silicon dioxide. These polypep
tides can be used as molecular erectors to guide/program the self-assembly of other 
nano-scale objects (such as quantum dots) onto microfabricated templates for con
struction of heterogeneous structures [40]. This approach can potentially enable 
room-temperature self-assembly of Nanoelectromechanical Systems (NEMS) and 
Microelectromechanical Systems (MEMS) from aqueous solutions using proteins as
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the basic building blocks or the mediators. Development of such polypeptide-based 
nanofabrication method involves two important steps:

(i) Genetic engineering and identification of polypeptides that bind specifically to 
selected inorganic materials.

(ii) Development of self-assembly procedures for placing nanoscale (or microscale) 
objects on micro-scale templates mediated by polypeptides.

Here, we use a gold binding polypeptide (GBP) as an example to explain the 
method. Following a similar procedure, polypeptides binding to other inorganic 
materials such as Pt and SiC>2 could also be identified and used to direct self- 
assembly [40].

(i) Polypeptide Identification
The selection of a polypeptide that specifically binds to an inorganic material can 
be performed in vivo by combinatorial biology protocols via different display meth
ods, either phage display (PD) [41,42] or cell surface display (CSD) [43,44]]. In 
our example, the selection of GBP was performed by cell surface display. Fig. 10 
shows the schematics of the selection of the polypeptide binding to specific mate
rials by the CSD system of the bacteria, the E. coli. The displayed protein was 
fused with the major flagella protein FliC of the E. coli. To identify the polypeptide 
with the desired binding capability, first a specific segment of a DNA sequence was 
randomized and encoded in the bacterial plasmid. As the result, different polypep
tide sequences were displayed within a flagella protein of the cell. By comparing 
the binding strengths of the polypeptides to the target inorganic surface, a better

oc&> -
^placing the region CeMe dlaDi,v,na \

Surface
^ / l o o p  \

Replacing 
of maltoporlne gene 
coding the aurface 
loop with random 
DNA aequencee

Celia dlaplaylng 
random peptidee 
on the outer 
membrane

Random
aequence

Outer
membrane

Porln protein

д
hvvtp DPGi »;r 

LIC-K DPGiGOT 
HCRTYWDP61

Figure 10. Combinatorial selection of gold binding polypeptide by Cell Surface Display. After 
cells that adhere well to the gold substrate are identified, their genome is sequenced to determine 
the order of amino acids in the peptide displayed on their surface. Courtesy of Dr M. Sarikaya of 
University of Washington, Seattle.
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binding cell was selected. The DNA sequence of cells with a strong binding affin
ity was extracted, and the polypeptide sequence was determined. The PD method 
resembles this technique in many aspects. Instead of using the bacteria, the phage 
M13 can be used, and the displayed protein can be fused to the P8 minor coat
ing protein at the tip. Using CSD, the amino acid sequence MHGKTQATSGTIQS 
has been identified as a polypeptide that selectively and specifically binds to gold 
[45,46].

(ii) Polypeptide Immobilization and Self-Assembly
The polypeptide identified with the above method can be used to direct the self- 
assembly of nano-scale objects onto microfabricated templates containing gold 
regions. Figure 11 shows the schematic flow of the polypeptide immobilization 
and self-assembly processes. First, a silicon dioxide coated substrate was prepared 
with microfabricated gold and platinum patterns. To immobilize the GBP, the sub
strate was incubated in the GBP solution. To demonstrate the method, synthesized 
biotinylated three-repeated GBP (42 amino acids) was used for the self-assembly 
experiment. After the GBP immobilization, streptavidin conjugated quantum dots 
(QDs) were added to the solution. As the result, the QDs could be self-assembled on 
the GBP immobilized on the Au patterns on the substrate. As the red QDs bind to 
the bio-GBP, red patterns in the florescent image indicate the existence of the bio- 
GBP and the directed self-assembly of the QDs. It has also been demonstrated that 
the binding of the polypeptide to the gold patterns can be modulated by applying 
a voltage to the metallic structures during the incubation period. This level of con
trol presents the ability to electronically program an array of microelectrodes with 
different polypeptides by sequentially exposing the pads to the peptide solutions 
and applying the proper bias. The combination of the identification of polypeptides 
that selectively bind to a noble metal such as gold and the electronic control over 
the binding process presents a powerful new tool for fabrication of nano-scale array 
structures and hybrid organic/solid-state devices.

Figure 1 1 . (a) Details of the hierarchical self-assembly scheme, (b) optical microscope image of 
microfabricated gold and platinum squares on a silicon dioxide covered substrate, and (c) fluo
rescent image of self-assembled QDs selectively attaching only to the gold pads. The squares are 
100 x 100 jxm2. The inserted images at the upper right corner are zoomed images of a pair of Au  
and Pt pads.
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4.2.2. Biomolecular self-assembly of nano-transistors

Carbon nanotubes, which have remarkable electronic properties and are only about 
one nanometre in diameter, have been regarded as a highly promising material to 
help drive further miniaturization of nanoelectronics. Forming interconnects to nan
otubes and building functional circuitry from an interconnected collection of them 
however, has proven to be a very challenging task. A recent work shows how self- 
assembly on a DNA strand mediated by proteins can be used to position a nanotube 
and form the electrical contacts to it without photolithography or other top-down 
patterning techniques [47]. The process began by coating a central part of a long 
DNA molecule with proteins from an E. coli bacterium (Fig. 12). Next, nanotubes 
coated with antibodies were added, which bound onto the protein. After this, a 
solution of silver ions was added. The ions coordinated to the phosphate backbone
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Figure 12. Assembly of a DNA-templated field effect transistor and contact wires. Steps 
are as follows: (a) RecA monomers polymerize on a ssDNA molecule to form a nucleo- 
protein filament, (b) Homologous recombination reaction leads to binding of the nucleo- 
protein filament at the desired address on an aldehyde-derivatized scaffold dsDNA molecule, (c) 
The DNA-bound RecA is used to localize a streptavidin-functionalized SW N T , utilizing a primary 
antibody to RecA and a biotin-conjugated secondary antibody, (d) Incubation in an A gN O j solu
tion leads to the formation of silver clusters on the segments that are unprotected by RecA. (e) 
Electroless gold deposition, using the silver clusters as nucleation centers, results in the formation 
of two DNA-templated gold wires contacting the SW N T  bound at the gap. Courtesy of Dr E. 
Braun of Technion-Israel Institute of Technology.
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of the DNA, but only where no protein had attached. Aldehyde was then used to 
reduce the ions to silver metal, forming the foundation of a conducting wire. To com
plete the device, gold was electrolessly deposited using the silver atoms as the seed 
layer. The end result is a carbon nanotube device connected at each end by a gold 
wire (Fig. 13). The device operates as a field effect transistor with the two gold termi
nals as source and drain and the substrate on which the device is positioned as gate.

5. Conclusions

In the previous sections, we have cataloged and reviewed some of the important 
properties of two classes of biomolecules: oligonucleotides and proteins. The crucial 
roles played by these molecules in biological systems has guided an extremely large 
effort by a number of groups to understand the molecules, to develop the relevant 
science to describe their interactions, and even to develop artificial synthetic meth
ods to construct the molecules by design. The sizable knowledge and collection of 
techniques available in the area can be employed in the nanofabrication of elec
tronic, photonic, and nanomechanical devices. In most demonstrations to this date, 
the specific/programmable binding properties of these molecules have been used to 
guide self-assembly processes in the nano-scale and to make structures. A brief look 
at the complexity of functional systems in biology and what in principle is possible, 
reinforces the opinion that we are at the beginning of a rapid development path in
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Figure 13. A  DNA-templated carbon nanotube FE T  and metallic wires contacting it. SEM  images 
of S W N T s contacted by self-assembled DNA-templated gold wires, (a) An individual S W N T . (b) 
A  rope of S W N Ts. The scale bars are 100 nm. Courtesy of Dr E. Braun of Technion-Israel Institute 
of Technology.
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taking advantage of biomolecules to build sophisticated nano-scale structures and 
devices. Two areas are especially worthy of attention in the coming period. First, 
is the use of biomolecules to help in programming and guiding the synthesis and 
formation of inorganic structures. Unlike biomolecules, most engineered devices are 
made of inorganic materials such as metals and crystalline semiconductors. Pio
neering efforts in genetically engineering polypeptides that can specifically recog
nize and bind to inorganics point towards a very promising development path for 
nanofabrication using self-assembly and bottom-up synthesis. The second promis
ing area is machine design inspired by protein function. Proteins are functional 
nano-scale machines that self-package to reach their final conformation. A num
ber of design, fabrication, and packaging ideas may be borrowed from the protein 
domains and adopted for nanofabrication of engineered devices and machines. The 
synergy between molecular biology and nanofabrication offers a number or excit
ing and intriguing opportunities for development of hybrid nanofabrication/nano- 
manufacturing of future.
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A newly emerging route for non-lithographic nano-fabrication based on a powerful 
combination of self-assembly, top-down and bottom-up nano-fabrication paradigms 
is presented and applied for a controlled engineering of arrayed nanostructures. The 
approach relies on the use of self-assembled anodized alumina templates as masks for 
direct and inverse pattern transfer facilitated by metal deposition and dry-etching 
processing. The low material specificity inherent in this approach uniquely allows 
engineering of a vast variety of nano-materials ranging from metal dot arrays to 
compositionally complex three-dimensional arrays of semiconductor quantum dots. 
The ability to achieve dense packing, excellent uniformity, and ordering across large 
length scales provided with the electrochemical processing of aluminum, combined 
with recent advances in dry-etching techniques, enables a new platform to synthesize 
advanced nano-materials whose primary electronic, magnetic and optical properties 
can be tailored precisely as a function of their size, morphology and spatial arrange
ment of individual nanostructures. This new platform enabled by the technique holds 
particular promise for a broad range of advanced nano-electronic device applications 
and future nano-materials processing.
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1 . Introduction

A continuous evolution of semiconductor device technologies towards smaller dimen
sions has proven to be a fascinating venture. The physical properties of materials 
can be altered dramatically when their size approaches deep submicron dimen
sions, which opens new horizons in realizing low (per unit) cost engineering of 
devices with novel and dramatically improved performance. Practically speaking, 
the behavior of the system is expected to change only when its size becomes compa
rable or less than one of the characteristic lengths, among which are the mean free 
path, de Broigle wavelength and exciton Bohr radius. Engineering of materials with 
nanoscale dimension and precision by using photo-lithography represents an insur
mountable challenge that the research community has yet to address satisfactorily. 
Meanwhile, a number of novel fabrication techniques have been recently introduced 
and developed to push beyond the limits of conventional photolithography, among 
which are copolymer block lithography, vapor-based deposition methods, Molecular 
Beam Epitaxy (MBE), colloidal methods, sol-gel, and second order self-assembly 
techniques employing anodized aluminum oxide (AAO) templates.

Even with today’s advances in techniques to synthesize highly crystalline nanos
tructures such as MBE, Chemical Vapor Deposition (CVD) and colloidal methods,



Nanofabrication Based on Self-assembled Alumina Templates 161

controlling the organization of matter on larger than atomic scales remains highly 
difficult due to the lack of long-range interaction between individual nanostructures. 
This not only affects the extrinsic parameters of the system, but also its intrinsic 
properties as a result of strong electronic coupling between individual nanostruc
tures with dense arrangement. The effect of electronic coupling is induced by a 
leak of an electronic wave function into the potential barrier of finite height and 
small width. The development and introduction of AAO-based techniques provides 
a cost-effective solution to the current problems of uncontrolled nanofabrication 
and, compared with other techniques, offers such advantages as low cost, low mate
rial selectivity, the possibility of fast and parallel processing, as well as precise size 
tailoring of nanostructures. In parallel, a use of the templates in MBE, CVD and 
dry etching has recently emerged as an important non-lithographic route to the 
fabrication of a variety of nanostructures, which are a part of this review as well.

The concept relies on the implementation of the alumina templates as a mask 
for secondary processing of materials into nanoscale building blocks ranging from 
planar ultra-densely packed superlattices of nanodots, nanopillars, nanowires to 
the arrays of vertically aligned and periodic multi-walled carbon nanotubes and 
three-dimensionally arranged stoichiometrically complex semiconductor quantum 
dots. In many cases, the resultant structures are inherent in the order and size 
of the templates used. Even though the templates can be applied only once, this 
fabrication pathway shows a high degree of repeatability and reproducibility that 
is of particular importance for emerging nano-device technologies.

The review presented in the next four paragraphs is organized as follows. First, 
we discuss the process of the fabrication and key properties of resultant free stand
ing alumina templates. Synthesis of nanostructures by electrochemical and sol-gel 
deposition in the pores of alumina templates is presented in Section 4. Next, we 
look at the details of the fabrication of highly ordered arrays of nanostructures in 
metals, semiconductors and oxides. The review concludes with the growth of highly 
ordered arrays in both straight and Y-junction nanotubes enabled through the use 
of the templates.

2. Anodization of Aluminum

Anodization of aluminum is generally referred to as the process of self-driven for
mation of cylindrical nanoscale diameter pores when aluminum is chemically etched 
in an acidic bath by applying an electrical current. The process has been known for 
decades and has already found application for surface decoration with inorganic and 
organic materials. In 1995, Masuda et al. [1] offered a way to dramatically improve 
the order and diametric distribution of the pores by performing a two-step anodiza
tion process. This finding has broadened the range of uses of self-ordered alumina 
structures towards new areas of applications such as magnetic storage [2], solar 
cells [3], carbon nanotubes [4], catalysts [5], and metal nanowires [6-7]. Deposition
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of a variety of materials inside the nanopores of the anodized aluminum oxide 
(AAO) layers enabled a large scale synthesis of quality metallic and semiconducting 
nanowires, nanorods and nanodots with novel and improved electronic characteris
tics. More recently, the AAO templates have been successfully used in the combina
tion with other additive and subtractive fabrication routes, which has opened new 
horizons in the controlled synthesis of a variety of nanostructure materials with a 
large yield and on a large scale as discussed further.

Engineering of morphologically different nanostructures can be accomplished 
by using well-defined, self-ordered non-lithographic porous alumina with different 
pore diameter and interpore distance, ranging from tens to hundreds of nanome
ters [8]. Anodization of aluminum, which can be considered as technologically unde
manding and low cost technique for fabrication of nanostructures, is an excellent 
non-lithographic alternative to other conventional approaches such as imprint and 
e-beam lithography [9,10] currently used in nanopatterning applications. Among 
other advantages of using AAO templates for nanoscale processing is the possibility 
to apply them in a controlled and large-scale synthesis of an almost arbitrary class 
of materials with a fast throughput. In many cases, the properties of these fabri
cated nanomaterials have been found to show varying characteristics with respect 
to the type of deposition/processing implemented, while in certain cases they are 
also found to directly depend on the structural characteristics of the templates used. 
The size and interpore distance that change with anodization conditions are among 
the key parameters that control the electronic properties of nanomaterials through 
quantum confinement, dielectric confinement and electronic coupling effects. In 
addition, apart from quantum confinement, the primarily influence comes from the 
structural characteristics of the materials themselves, such as those related to the 
grain size, phase, orientation of crystallites and interface, to be discussed further.

2.1. Two-step fabrication

The electrochemistry of porous AAO template formation has been a subject of 
intensive studies for many decades. These studies suggest that the growth of porous 
anodic alumina happens spontaneously and is a result of two counter-processes that 
yield a time-continuous formation of a porous oxide film on top of an aluminum base. 
One of the processes involves the development of an oxide film, while the other 
one accounts for its inhomogeneous dissolution in the aqueous acid solution. The 
chemistry of the overall anodization process is described with the following equation:

2A1 +  3H20  — A120 3 +  3H2, [AG =  -8.65 x 105J]

where AG stands for a free Gibbs energy change.
The anodic alumina has been able to attain its successful position in nanoscale 

engineering due to its widely accepted role as a template for the production of 
high density arrays in a variety of semiconducting, ceramic, magnetic and metallic
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nanomaterials. The set of parameters used to fabricate these nanomaterials is 
optimized based on the morphology, composition and electrical properties of the 
nanopores of the alumina templates, which are discussed next.

A typical two step anodization process is schematically presented in Fig. 1. To 
prepare the films, first an ultra-pure 99.99% aluminum foil is degreased and electro- 
chemically polished in electrolyte, containing perchloric acid, ethanol, butyl cellu- 
solve and de-ionized water. Next, the foil is anodized in sulfuric/oxalic/phosphoric 
acid using DC current or voltage mode for at least 12 hours. During this step, 
a porous alumina layer with the thickness of several microns is generated. Strip
ping the film in a phosphoric acid creates the scallop-like top surface of Al. The 
anodization can be then repeated under the same conditions. During the second 
anodization, the pores tend to nucleate according to the scallop pattern. To achieve 
the desired pore depth and aspect ratio, exact control is required on the second 
anodization time. Increasing in the number of anodization steps to three or four 
can further improve uniformity and ordering of the film.

2.2. Pore growth mechanism

The time evolution studies on the current density for anodization performed at 
constant voltage normally reveal a presence of minimum in the current vs. time 
characteristics. As mentioned earlier, such behavior is attributed to the presence
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Figure 2. Shows schematically the mechanism of the nanopore formation.

of two types of electrical currents due to: (i) oxide growth and (ii) its dissolution, 
which balance each other only at the steady-state.

The formation of pores proceeds only in the direction normal to the top surface 
of the substrate, while the growth area is directly controlled by the size of the 
anodization cell. The growth of AI2O3 takes place only at the thin surface layer due 
to its low conductivity, which forces the current to drop rapidly as the thickness of 
the oxide film increases. More specifically, the alumina forms at the bottom of the 
layer [11] with the height of the sidewalls being equal to the thickness of the barrier 
layer. As the sidewalls are thin enough for the anions, including ОН- , O2 and 
C2O2 4, to penetrate into the AI-AI2O3 interface, these ions can interact with the 
Al3+ ions, yielding a growth of alumina at the sidewall regions [12]. In general, the 
process of oxide formation will continue as long as the barrier remains electrically 
transparent to the anions, as shown in Fig. 2.

The position of the minimum in the anodization curve usually depends on exter
nal parameters such as temperature, annealing temperature, anodization voltage, 
pH of the solution, and surface morphology. At the bottom, the sidewalls are found 
to be wider than at the top for a short anodization time, in which case the nanopore 
cross section shows a more V-like shape. This implies that the growth mecha
nism in the unsteady state is different from that of the steady state. However, 
for a larger anodization time, the V-shape nanopores become normally U-shaped 
and the template growth switches to steady state. In general, both the sidewall 
height and barrier layer thickness are proportional to the anodization time, ini
tially resulting in the rapid current density drop. As the anodization time increases 
further, the alumina layer at the bottom of the V-shape nanopores will be dis
solved, and the V-shape nanopores will gradually transform into U-shape ones.
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The disappearance of the alumina part facilitates the penetration of the ions into 
the A l- AI2O3 interface. On the other hand, higher sidewalls will substantially 
limit the current; therefore the barrier layer thickness cannot increase any fur
ther. The increase in current density before the steady state is reached is therefore 
mainly induced by the dissolution of the alumina layer. At the stable state, the 
nanopores develop a regular U-shape. The important aspect of the presented anal
ysis is that one can easily fabricate morphologically different nanoporous templates 
and therefore nanostructures as being of V-shape or U-shape by controlling the 
anodization time.

The chemical reaction leading to the oxide formation involves migration of 
oxygen containing ions (0 2_ /0H ~ ) from the electrolyte through the oxide layer 
at the pore bottom, while Al3+ ions simultaneously drift through the oxide layer 
and are ejected into the solution at the oxide/electrolyte interface [13]. Al3+ ions 
reaching the oxide/electrolyte interface form AI2O3 [14-15]. Some of the Al3+ ions 
are lost to the electrolyte and the phenomenon is a requisite for porous oxide growth. 
The density of Al3+in alumina is twice as low as in the metallic aluminum. It is 
the entire pore bottom where the oxidation takes place simultaneously and hence 
the growth expansion of the material can only take place in the vertical direction, 
pushing the existing pore walls upwards. The mobile Al3+ ions in the oxide can 
move under the electric field so that part of the oxidized aluminum does not con
tribute to oxide formation and hence the expansion of aluminum is less than twice 
the original volume.

Currently, there are many reports on the mechanism of self-assembled growth 
of nanopores. Recent theories rely on the framework of a repulsive interpore inter
action that may arise due to mechanical stress induced by the oxide formation at 
the metal/oxide interface to explain this phenomenon, although this question still 
remains open to further explorations.

3. Properties of AAO Templates —  Parameters Controlling Pore 
Growth and Diameter

3.1. Acid type

The physical properties of the AAO templates depend on the process conditions 
like applied voltage, temperature and type and concentration of the electrolyte. As 
discussed before, the anodization of Al plates leads to hexagonally arranged close- 
packed arrays of cylindrical pores. The type of acid used determines the diameter of 
pores of the AAO templates. Sulfuric acid generally gives the smallest pore diame
ter of ~10nm, therefore yielding the largest pore density. For oxalic and phosphoric 
acids, the pore diameters are ~50 nm and ~-90 nm, respectively. The standard devi
ation in the pore diameters normally falls within 10% of their mean values (Table 1). 
Since hexagon-shaped arrays demonstrate the largest packing densities, electronic 
systems with device packing densities approaching ~ 1012 per cm2 can potentially be
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Table 1. Lists the array of geometrical parameters as a function of the anodization 
conditions.

Electrolyte Interpore Distance, 
Dint

Inner Wall Thickness,
Dinner

Pore Diameter, 
D P

Porosity

H2SO4 
25 V  0.3 M

66.3 nm 7.2 nm 24 nm 12%

(C O O H )2 
40 V  0.3 M

105 nm 9.1 nm 31 nm 8%

H3P O 4 
195 V  0.1 M

501 nm 54 nm 458.4 nm 9%

fabricated using AAO templates, which can account for a very high density, closely 
packed array of nanomaterials to be fabricated within the pores of the templates.

3.2. Pore widening and shrinkage (diameter tuning)

The tailoring of materials at a nanoscale to a desired property or specific device 
function provides an efficient way to build electronic devices with novel function
alities. Diameter tuning of the pore by changing the anodization conditions (such 
as the type of acid, as discussed above) gives a route to precise tuning of the lat
eral dimensionality of nanostructures, i.e., their diameter and hence their electronic 
parameters. The use of different acid types can affect the overall pore density and 
ordering. Enlargement/narrowing of pores using chemical wet-etching or gold plat
ing techniques is therefore viewed as a more systematic way to modify the lateral 
size characteristics of the nanostructures which in turn provides a path of diameter- 
tailoring of the nanowires that can be fabricated inside the pores by using various 
deposition techniques.

3.3. Ordering

The pore ordering has a direct impact on the diameter uniformity, the latter being 
critical for any application of the templates for nanoscale processing. Highly ordered 
AAO films can be made by lithographically (stamp imprinting and focused-ion- 
beam lithography) patterning of the aluminum top surface prior to the anodization 
process. In general, to assess the ordering, we can define one side (Lx) of the unit 
cell of the lattice (Fig. 3) while fixing the other (Ly) at L. The ratio L x/Ly  =  \/3 has 
to be kept to maintain the hep lattice symmetry. The “lattice mismatch” defined 
as /  =  (Lx — L\/3)/L\/3 can be minimized to 0% for AAO films by pre-patterning 
of Al, (Fig. 3) [16].

To improve the aspects of grain size and therefore the ordering, pre-annealing 
of aluminum can be carried out. The annealing is normally performed at 500° С 
for a few hours at 10-3 Pa vacuum in the presence of nitrogen or argon gases. This 
is known to enhance the grain size in the melt and help to obtain homogeneous
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Figure 3. Diagram of an unit cell of the lattice followed by AFM  images of the barrier with lattice 
mismatch =  (a) 0% , (b) 2% , (c) 6%, (d) —2%, (e) —8%  and (f) a self organized structure with 
insets showing the 2D power spectra of the corresponding regions of the 10 micron A A O  films. 
White arrows in (b) and (d) indicate point defects in the lattice. [Reproduced with permission 
from APL 84, No 14 (2004) Pg 2510.]

conditions for pore growth over larger areas. An alternative solution to ordering 
is to use a mold to press against an aluminum film to create any desired surface 
pattern. For integration of the nanostructures fabricated by using AAO templates, 
Al films can be grown by e-beam evaporation on conductive (highly doped) Si wafers 
with a pre-deposited Ti layer to promote adhesion. Ordering of the nanotemplates 
will enhance the ordering of the nanomaterials to be grown and hence play an 
important role behind the performance of future nanodevices.

3.4. Mechanical characteristics o f A A O

The mechanical properties of AAOs have considerable importance for nanodevice 
fabrication. Due its amorphous composition, the hardness and the AAO templates 
have a lower Young’s modulus by a factor of 3.1 ~  3.7 compared with that of the 
crystalline bulk AI2O3 [17]. The hardness of barrier-type, amorphous alumina deter
mined by nano-indentation measurements is approximately 7.0 GPa. The Yoimg’s 
modulus of anodic alumina is approximately 122 GPa. Studies of the effect of anneal
ing on the mechanical characteristics of the templates using XRD have shown grad
ual crystallization of AAO with increasing the annealing temperature, leading to 
improvement in their mechanical characteristics.

3.5. Formation o f free standing alumina masks

After anodization, the alumina membranes can be further processed into free stand
ing nanoporous masks that can be used in non-lithographic based nano-processing 
of bulk materials. For this, the membrane is first separated from the Al substrate
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Figure 4. A  digital optical image of a free standing ~ 1 0  |xm thick A A O  template (gold plated for 
better viewing contrast); inset shows its top-view SEM image, scale bar is 200 nm.

by dissolving the latter with HgCb solution. The free standing mask is next allowed 
to air-dry for several hours. A picture of a free standing alumina template is shown 
in Fig. 4.

4. Fabrication Methods of Nano Materials Using AAO Templates

4.1. Overview

A recent advance in the area of controlled fabrication of nanomaterials provides 
an efficient platform for manipulating and exploiting the properties of otherwise 
conventional materials that can later lead to engineering of novel multifunctional 
electronic, mechanical and sensing nanodevices. Mesoscopic materials change their 
key properties depending on their size parameters, especially when approaching 
nano and atomic scale ranges. In parallel, many interesting new phenomena and 
effects are expected when the surface to volume ratio becomes large. These proper
ties have recently sparked substantial interest of scientists and engineers worldwide. 
In particular, thermal, mechanical, optical, magnetic and ferroelectric properties 
of nanomaterials are within the focus of the investigations conducted as they can 
facilitate the development of novel device technologies. In the area of functional 
nanoceramics, the effects of reduced dimensionality involve lowering of sintering 
temperatures, increased hardness, stability, diffusion transport and ductility. Like
wise, ferroelectric properties of some of the ferroelectric oxide films have been shown 
to undergo orders of magnitude enhancement as compared with their bulk coun
terparts [18,19]. Magnetic-related effects are further known to benefit significantly 
from size reduction. In fact, giant magneto-resistance, high Curie temperatures and
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large eoercivities are among the factors that were observed to improve when sys
tem dimension approaches nanoscale [20]. Gas sensing characteristics and optical 
response have all been shown to exhibit many fold enhancements in nano-crystaline 
materials [21]. In many cases, however, the selected nano-fabrication route plays a 
critical role behind the improvement in the properties observed. Mesoscopic mate
rials produced with the use of self-assembled nanometric alumina templates feature 
highly uniform diameters, lengths and arrangement. The low material specificity 
inherent in this approach uniquely allows for synthesizing a vast variety of nano
materials and their heterojunctions in the form of nanodot, nanowire and nanotube 
lateral superlattices as well as compositionally complex three-dimensional arrays of 
semiconductor quantum dots.

4.2. Electrochemical deposition

Nanostructures can easily be fabricated electrochemically, i.e., by depositing mate
rials, mostly metals and semiconductors, into the pores of templates. This pro
cess yields a formation of high areal density arrays of metallic and semiconducting 
nanorods and nanowires. The quality of the materials and the structural properties 
depend on the deposition and processing conditions as well as the properties of the 
materials such as nature of defects and their energetics. Post deposition processing 
such as oxidation, for example, of metallic nanostructures can further be used to 
create nano-oxides. The synthesis of CdS, ZnSe, ZnS and other type semiconducting 
nanowires and nanodots has been successfully accomplished earlier, and an in-depth 
review of their properties can be found in reference [22].

4.3. Sol-gel synthesis of nanowires and nanotubes

In the area of nanoceramic materials, the use of AAO templates has provided an 
economical solution to the fabrication of different types of oxide ceramics, mostly 
in the form of highly ordered arrays of nanowires and nanotubes by the so-called 
sol-gel methods.

Hydrolysis of a solution of a precursor material to obtain a suspension of colloidal 
particles (sol) and hence later obtain a gel of the aggregated sol particles is known 
as the sol-gel process. Thermal treatment of the gels gives the desired material. The 
advantages of this process are low-temperature, and homogeneous and high quality 
synthesis of multicomponent systems by mixing different precursor solutions. This 
process has become one of the ubiquitously used techniques for the preparation of 
inorganic materials recently since the fabrication of multicomponent oxides by other 
routes is known to be a highly difficult task.

In the conventional sol-gel template process, the templates are usually dipped 
directly in the relevant sols for a certain period of time, where a capillary action is 
employed to fill the pores gradually. The pH and temperature are among the most 
critical parameters controlling the growth. In general, the sol-gel method is used for
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the fabrication of either a nano-tubule or a nano-fibril, which are formed after the 
heat treatment [23]. The immersion time determines whether the structure will be 
nano-tubule or nano-fibril, with a longer time yielding fibrils. At the same time, if 
the pore size is relatively small, then the tubule structure cannot be obtained.

There are certain limitations to this process. Filling up the pores with the sol 
becomes one of the primary constraints, especially when solutions of higher concen
trations are used. As such, lower concentrations are generally preferred as it is easier 
to fill up the pores. At the same time, this effectively reduces the amount of material 
that can be deposited, leading to the development of serious cracks and shrinkage 
after thermal treatment, yielding growth of highly defective nanostructures. Like
wise, use of the templates with a small pore diameter for sol-gel deposition is known 
to be highly difficult.

Several techniques have been developed to eradicate the problems associated 
with the difficulty of filling up the pores with sol. A general working principle of 
the alternative approaches employ the idea of allowing the sol formation to take 
place inside the pores once the solution fills up the pores. In this case, the sol is 
formed not only inside the pores but in the solution as well. The approach has been 
successfully used to fabricate УгОз:Би nanotubes [24].

4.4. Sol-gel electrophoretic deposition

Electrophoretic deposition is an assembly process by which small particles move in 
applied electric fields and attach to an electrode [25]. The technique is essentially 
a sol-gel process in which an electric field is used in addition to capillary force 
to facilitate the deposition. Along with excellent stoichiometry and reduced cost 
provided with a sol-gel method, this approach offers high throughput and extends 
the range of processing parameters. The electric force plays an important role in 
cases when increased concentrations of sol are used, making pore filling an extremely 
difficult task. One interesting aspect of the electrophoretic deposition is that as no 
electrode reaction takes place, the deposited layer preserves its charge and therefore 
it can be easily stripped off by alternating the bias polarity. A concurrent deposition 
of a different species is possible with this technique only if their charge is of the 
same sign in the solution.

The deposition is sensitive to the surroundings and the solvent used. Water 
and organic solvents have found their application in electrophoretic deposition. The 
drawback of aqueous solvents is formation of gas as a result of water hydrolysis, 
especially when large electric fields, i.e., bias voltages, are applied. For deposition 
to occur, the particles have to be stably suspended and have to carry an electrical 
charge. In addition, a binder has to be added to the solution to improve stick
ing between the particles and to promote uniform deposition. The deposition rate 
shows a functional dependence on the applied electric field, the suspension concen
tration, and the mobility of particles in solution. Higher electric fields promote faster
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deposition. The produced films can next be sintered at very high temperatures to 
form a uniform coating.

ZnO nanowires have been grown by the electrophoretic based assembly of 
nanoparticles in the pores of AAO templates [26]. This process however is very com
plex and requires special equipments while not all types of oxides can be obtained 
by this process either.

4.5. Sol-gel electro-chemical deposition

Another variation of Sol-gel deposition is the electrochemically induced sol gel syn
thesis. In this case, a hydroxyl ion is generated due to cathodic reduction, while a 
further increase in the concentration of OH- ions raises the local pH at the electrode 
surface, resulting in gel formation within the pores. A diagram of the gel formation 
inside the AAO pore from the sol particles is explained by the schematics of Fig. 5. 
The limitation of the electrophoretic sol-gel technique in case of the synthesis of 
nanoceramic nanowires lies in its failure to produce nanowires with diameter gener
ally less than ~50 nm. The problem is associated with the fact that the transport of 
clusters is highly restricted in the nanopores. The electrochemically induced sol-gel 
method overcomes these limitations and can be used to prepare single-crystalline 
alumina embedded nanowires featuring very small diameters [27].

5. Nano-Patterning Using AAO for Controlled Fabrication of 
Nanostructures

5.1. Overview

A number of techniques for controlled processing of semiconductors have been 
deployed to suffice the needs of the evolving nano-device technologies. Non- 
lithographic patterning that relies on the use of AAO templates as a mask has 
recently emerged as a novel route to large-scale fabrication of nanomaterials.

О

TIME 1

• Sol GelО Ti02+
Figure 5. Schematically shows an electrochemically induced sol-gel process (Reproduced with 
permission of Nano Letters 2 (2002) 787).



172 S. Sen and N. A. Kouklin

This technique takes advantage of excellent thermal and mechanical stability 
of alumina for the fabrication of highly uniform nanopatterns in conventional 
semiconductor materials. The technique sometimes becomes the only alternative, 
especially when the integration of the resultant nanostructures with existing device 
platforms becomes economically or technologically not feasible. As shown further, 
the nanopatterning techniques also can be combined with bottom-up paradigms 
of Vapor-Liquid-Solid (VLS) growth [28] for controlled synthesis of single crystal 
nanowires in high performance semiconductors and oxides.

Though direct electro deposition of metals and semiconductors into the pores 
of AAO templates was initially considered as a only use of the templates for the 
fabrication of diameter and length uniform nanowires and nanodots, more recently 
the templates have found their application as nanomasks in dry etching and e-beam 
deposition, which has opened new horizon in non-lithographic based engineering 
of nano-semiconductors, metals and oxides. The process flow diagram presented 
in Fig. 6 schematically shows different possibilities for implementation of AAO 
templates for creating (a) semiconductor nanopore arrays by reactive ion etching 
(RIE) (b) metal nanodot array with e-beam deposition (c) nanowire arrays by Vapor 
Liquid Solid (VLS) growth and (d) nanopillar array by RIE.

5.2. M etal nanodot arrays by e-beam evaporation

Planar superlattices of metal nanodots have a potential application in many future 
device technologies ranging from sensor arrays (Surface Plasmon Resonance effect)

Figure 6. A process flow diagram illustrating the fabrication of lateral superlattices of nanostruc
tures by using A A O  templates as discussed in the text.
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to high density magnetic storage systems, such as ultra-dense random-access- 
memory (RAM). Template assisted fabrication offers a possibility for parallel 
processing of more than 1012 single devices in a single fabrication cycle using an 
electrochemical cell with anodization area of only ~  1cm2. Direct patterning of 
semiconductor surfaces provides the advantage of easy integration of the produced 
structures into electronic devices.

Hexagonal arrays of Ni-dots on GaN have been created by electronic beam evap
oration of Ni in a vacuum of ~10-6  Torr, where a typical metal deposition rate of 
~5 x 10“ 3 nm/s is used. Figure 7 shows a top-view SEM image of the resultant 
array formed by this technique on the top surface of the GaN substrate. An Atomic 
Force Microscope (AFM) analysis revealed the height and diameter of the dots as 
being of 20 nm and 55 nm for membrane with a pore diameter of ~60nm. Apart 
from Ni, other metals such as Au, Co and Fe have all been successfully deposited on 
top of cm-size semiconductor wafers using this approach. A general requirement for 
using this technique is that deposited metal atoms/ions have to have a very narrow 
angular distribution of velocities, so that the deposits do not clog the pores as a 
result of a competitive fast growth of thin film on their sidewalls. This requirement 
can easily be fulfilled using e-beam and pulsed laser deposition techniques, while 
reducing the aspect ratio of the pores further mitigates this drawback.

5.3. Synthesis o f planar arrays o f oxide nanoparticles

A straightforward approach to the fabrication of oxide nanoparticle arrays with 
uniform diameter and highly ordered arrangement as mentioned earlier can be real
ized by performing a thermal oxidation of an e-beam deposited metal nanoparticle 
array. At the same time, alternatively oxide materials can be directly deposited by 
laser ablation techniques. In particular, the growth of ZnO nanodots on top of the 
Si substrate has recently been demonstrated by this route. A ZnO target has been

Figure 7. Top view SEM image of Ni mask produced by e-beam deposition using A AO  templates 
as shadow mask, the average diameter of the dots is ~ 5 5  nm.

r
J
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Figure 8. Тор-view SEM images of ZnO nanodot arrays grown by PLD at oxygen pressure of 
10~ 3 Torr at (a) 400°C  and (b) 600°C , respectively, (c) and (d) show SEM images obtained on 
different spots of samples grown under oxygen pressure of 10- 3  Torr at 6 0 0 °C. The inset of figure 
1(c) shows a close-view image of the ZnO nanodot arrays. Reproduced with permission of Journal 
of Nanotechnology.

ablated with a focused Nd:YAG laser operating at UV range, while the growth has 
been performed at different temperature ranges and O2 partial pressures, Fig. 8 .

Magnetron sputtering has been additionally employed for a controlled synthesis 
of highly regular hexagonal crystalline nanowires and nanotemplates using AAO 
templates. Nanostructures of materials that can terminate into two oppositely 
charged surfaces along a fast growth direction can be generally fabricated.

In hexagonal ZnO, the crystal planes are composed of tetrahedrally coordinated 
Zn2+ and O2- ions that are stacked alternately along the с axis, Fig. 9 (a) and 
therefore nanostructures in this materials system can be easily produced via mag
netron sputtering. In this process, initially, the surface of AAOs that carry a partial 
negative charge, Fig. 9 (b) will tend to attract Zn2+ ions, the process by which the 
top surface will become positively charged. A subsequent attraction of O2- ions will 
result in the nucleation and growth of ZnO crystal normal to the AAO top surface, 
Fig. 9 (c) yielding porous multilayer nanotemplates of ZnO Fig. 9 (d) originating 
from the top surface of AAOs.

5.4. Site-selective reactive ion etching of GaN

Several uses of ordered nanoporous alumina templates for nanopatterning of GaN 
have been recently explored. Wang et al. studied a possibility of direct anodization 
of an aluminum layer deposited on the top surface of GaN [29]. The formed AAO 
template has then been used as a mask for site-selective plasma etching of GaN to 
engineer GaN nanoporous arrays.

Another alternative employs free standing alumina masks instead, thus avoiding 
a direct deposition of metal on the top surface of the semiconductor and also allowing
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Figure 9. Schematic diagrams of magnetron sputtering growth of the ordered ZnO nanopore 
arrays by the aid of A A O  template.

for a negative pattern transfer. The alumina mask can be separated easily from the 
semiconductor after the Reactive ion etching (RIE) of GaN by soaking the sample 
in an aqueous solution with the help of ultra-sound agitation. Figure 10, left shows 
a typical SEM image obtained on a GaN nanopore array. For a negative pattern 
transfer, first a planar array of Ni nanodisks was deposited on a GaN substrate by 
the e-beam evaporation of Ni through the pores of the AAO template as discussed 
earlier. The template was next lifted-off in ultrasonic bath. As a final sequence, the 
unmasked parts of GaN were selectively removed with RIE. Figure 11 shows an 
SEM image of the resultant GaN nanopillar arrays.

5.5. Ultra-dense spatially arranged arrays o f In G a A sN /G a A s  
quantum dots and their photoluminescence properties

Highly uniform and ultra-dense arrays of 3D quantum dots in stoichiometricaily 
complex semiconductor materials, such as InGaAsN can be fabricated by using
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Figure 10. Top view SEM image of resultant GaN nanopore array.

Figure 11. Top view SEM images of resultant GaN nanopillar array, the scale bar is 1.5 jxm.

AAO nanotemplates. InGaAsN is a ternary semiconductor that has been proposed 
recently by Kondow [30] and that has attracted strong attention for its potential 
for applications in long wavelength communication lasers, optical switches and light 
detection systems. InGaAsN can be grown lattice matched with GaAs by adjusting
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the N with the dislocation density. Significant improvement in the optical properties 
has been achieved by growing InGaAsN:Sb/GaAs quantum wells by MBE with the 
addition of Sb as a surfactant [31]. While the first realizations of QW LDs have 
been successful [32-33], better device performances, in particular, improved tem
perature stability and low current threshold, could be achieved by using quantum 
dots instead. Inter-sub-band transitions are another subject of interest in these 
systems [34]. In general, lattice-matched growth of InGaAsN QDs by the Stranski- 
Krastanov technique would not be possible, while in the case of lattice-mismatched 
formation it would be challenging and difficult to produce the level of uniformity, 
dense packing, and control in the stoichiometry required in achieving optimum opti
cal characteristics. To overcome the aforementioned difficulties a new approach has 
been developed, based on the use of ceramic AAO templates. The idea is based on 
the processing of MBE grown high quality multiple-quantum well wafers into highly 
periodic 3D arrays of QDs.

For the proof of concept demonstration, a self-organized array of nanopore tem
plates with through pore openings of 55 nm diameters was used to deposit a metal 
nanodot array on top of an MBE grown Ino.3Gao.7 Aso.992 No.oos-Sb/GaAs multiple 
quantum well wafer, after which the nanopore template was ultrasonically removed 
in alcohol solution. Next, RIE was employed to selectively etch away the unmasked 
region of the GaAs wafer, as schematically shown in the flow diagram, Fig. 12. 
The etching of InGaAsN:Sb/GaAs quantum wells were done with BCI3 gas under 
the following conditions: pressure of 15mTorr, 100 W power and a gas flow rate of 
20 seem. The experimentally found etching rate was ~8  nm/min in this case.

The resultant structure is a hexagonal, periodic array of ~55 nm diameter, 
6.7 nm thick InGaAsN:Sb quantum dots sandwiched between GaAs layers, as shown 
in the SEM top view image of the surface on Fig. 12. The diameter uniformity of

Patterning of Alumina membrane + RIE

Figure 12. Schematic view of M BE grown InGaAsN:Sb/GaAs quantum wells before and after 
RIE processing by using anodic membrane template (left), and top surface SEM image of RIE 
etched InGaAsN.Sb/GaAs quantum dot pillar heterostructures. The inset shows an SEM image 
taken on tilted array. The scale bar is 100 nm. The length of the pillars is about ~250  nm, diameter 
55 nm. (N Kouklin, H Chik, J Liang, M Tzolov, J M Xu, J В Heroux and W .I.W ang, J. Phys. D: 
Appl. Phys. 36 (2003) 2634-2638)
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the pillars, and thus the quantum dots, lies within 10% of its mean value, therefore 
offering precise control over the dot diameter, periodicity, and density.

The photoluminescence spectra obtained on the InGaAsN:Sb/GaAs dots and 
unprocessed quantum wells show emission peaks centered at 0.96 eV and 1.01 eV 
respectively, Fig. 13. A minimum PL peak broadening demonstrates high size uni
formity of the dots. An observed small 50meV red shift in the peak position as 
opposed to an expected blue shift due to quantum confinement effects in QD sys
tems is explained by the slightly increased concentration of the defects leading to a 
formation near band-edge defect states; the effect can be viewed similar to that of 
a temperature increase.

It is interesting to note that the emission from QDs scales up super-linearly with 
the laser intensity, yielding a slope between 1 and 2 on the log-log plot, implying an 
increased role of non-radiative recombination induced by increased defect concen
trations in as-processed samples. At the same time, stronger hole localization (in 
the x-y plane) in the dots and PL polarization dependence have been attributed 
previously to observed good light emission efficiencies of the samples. Due to pref
erential absorption and emission of light polarized parallel to the pillars of small 
width/height ratio and big dielectric constant mismatch, stronger PL intensities 
can be obtained by exciting samples by performing excitation and detection normal 
to the pillars. This raises the strength of the emission/absorption matrix element, 
which is proportional to a local electric field and of the highest absolute value when 
the field is oriented along the pillar axis. This property can enable application of

0.90 0.95 1.00 1.05

Energy, eV

Figure 13. Base-line corrected PL-Raman spectra of Quatum Dots (3) and Quantum W ells 
(1) The Q D  peak position is ~ 5 0  meV red shifted compared to Q W  one. QD PL taken and excited 
normally to pillar axis (4) shows further increase in the integrated PL intensity. All spectra were 
excited with 1064 nm laser of 25 m W  power, the collection spot was of 1 0 /im diameter.
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the fabricated arrays in a polarization sensitive detection in the long-wavelength 
part of spectrum.

5.6. Catalyst-assisted VLS growth of highly crystalline ordered arrays 
o f ZnO nanorods

The relentless drive of down-scaling of traditional electronics towards a new class of 
devices that operate faster, consume less power and cost less catalyzed development 
of new fabrication approaches to push beyond the limits of conventional lithogra
phy. The VLS mechanism, schematically presented in Fig. 14, has recently emerged 
as a primary route to a large-scale fabrication of highly crystalline nanowires in 
semiconductors and oxides. Compared with other approaches, the technique offers 
several important technological advantages, including fast growth rates, the possi
bility of direct diameter and length control, and lower cost. As shown, the growth 
undergoes the following stages: deposition of the catalyst such as Au, formation of 
binary alloy, the saturation of which results in self-driven growth of oxide crystals 
in the presence of oxygen.

Controlling the size and position of catalyst islands becomes critical to produce 
nanowires with reproducible electronic, optical, chemical and mechanical charac
teristics as the diameter of the nanowire is the same as the size of the solid-liquid 
interface. To overcome the problems with uncontrolled growth of nanowires and 
nanorods using VLS, it has been previously proposed to reduce the growth tem
perature and perform non-lithographic nano-patterning of the catalyst. In non- 
lithographic nano-patterning combined with VLS growth, an anodized aluminum

Au

Figure 14. A catalyst-assisted VLS mechanism of ZnO nanorod growth, as shown from left to 
right: deposition of Au nanoparticle; formation of Au-Zn alloy at T  >  eutectic point; alloy oversat
urated with Zn initiates growth of ZnO nanorod at solid-liquid interface.
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Figure 15. Top view SEM  image of uncontrolled (left) and controlled (right) catalyst-assisted 
VLS growth of ZnO nanorods by combining top-down and bottom-up paradigms. The inset shows 
the hexagonal shape of the nanorods. The nanorods are ~ 2  um long.

oxide nanopore membrane is used as an evaporation mask for deposition of the Au 
catalytic nano-particle array. Figure 15 shows a SEM image of the resultant ZnO 
array produced by this approach. The detailed XRD, SEM, PL and ТЕМ analysis 
have confirmed that ultra-dense arrays of single crystal, single diameter and length, 
uniformly positioned ZnO nanorods can be controllably and reproducibly fabricated 
on semiconductor substrates such as Sapphire or GaN.

The presence of a secondary broader PL band (Fig. 16) centered at 470 nm for 
ZnO nanowires grown on top of crystalline (001) Si substrate is attributed to the 
recombination of photo generated holes with the singly and doubly ionized oxygen

wavelength, nm

Figure 16. PL spectrum of ZnO nanorods grown on Si(100) showing a very narrow excitonic and  
broad defect induced visible peak; the inset shows PL spectrum of ZnO nanorods grown on G aN  
with only excitonic peak present.
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vacancies in the ZnO crystal structure [33]. The absence of green emission from 
nanowires grown on a GaN substrate implies an improved crystal quality of ZnO 
provided with lattice matching growth conditions.

5.7. Straight and Y-junction carbon nanotube arrays

Since the pioneering work of Ijima in 1991, the carbon nanotubes (CNTs) have 
become a focus of many research efforts because of their unique electronic properties 
and ability to conduct electric current. These novel materials can potentially replace 
silicon electronics in the future, although low control in electronic characteristics 
along with unresolved architectural, interconnect and addressing issues still remain 
the main obstacles toward mass production of useful nanotube electronic devices in 
the near term. Here, we review the use of template-assisted method to grow arrayed 
CNTs as one of the solutions to those limitations, with their biggest impact antici
pated on computer memory and logic device sectors. Based on the second order self- 
assembly technique, both Y-junction and straight cylindrically shaped CNTs can be 
synthesized predictably as easily accessible highly periodic two-dimensional arrays.

The synthesis of straight CNTs embedded in AAO templates can be accom
plished by two different routes: by using a metal catalyst such Ni, Fe or Co or with
out it, the former has been found to yield nanotubes with fewer structural defects. 
Catalyst assisted growth is simply accomplished by electrodepositing metal at the 
bottom of the pores. The growth of the nanotubes is next accomplished by loading 
the templates into a high temperature Chemical Vapor Deposition (CVD) furnace 
where pyrolisis of CH4 gas takes place. The process is schematically presented in 
Fig. 17.

The fabrication of Y-junction nanotube arrays is analogous to that of straight 
CNTS in AAO templates with the only difference being the use of templates with 
Y-shaped pores. The formation of Y-shaped channels is triggered by switching the 
voltage during the anodization of alumina. Because the pore cell diameter is propor
tional to the anodization voltage, reducing the voltage by a factor of l /\/2  results 
in twice as many pores appearing in order to maintain the original total area of 
the template, and nearly all pores branch into two smaller-diameter pores. An SEM 
image of free standing CNT extracted from the template is presented in Fig. 18, 
confirming its Y-shape morphology and polycrystalline multi-walled structure.

The approach for growing Y-shape nanotubes is not only conceptually novel 
and interesting from the point of view of fabricating of novel nanomorphologies but 
also presents a platform for nanoelectronics device engineering. In contrast with the 
VLS based approaches to produce both n- and p-types of semiconductor nanowires 
by conventional doping, the diameter modulation of the nanotubes is the key to 
achieve the intrinsic diode functionalities with a number of advantages.

In particular, the arrays of Y-shaped CNTs that comprise different diameter 
tubes embedded into alumina feature the same level of periodicity, uniformity and
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Al anodization

Figure 17. Schematics of catalyst-assisted C N T  growth in A A O  templates. Below, left a top view 
SEM image of C N T  array is presented. Reprinted with the permission of [C. Papadopoulos, A. 
Rakitin, J. Li, A . S. Vedeneev, and J. M. X u , Phys. Rev. Lett. 85, 3476-3479 (2000)].

Figure 18. From left to right are shown SEM image of Y -C N T  extracted from alumina, its low 
resolution image and high resolution ТЕ М  images. Reproduced with permission of Nature 402, 
253-254 (1999).

packing density (by order of magnitude) as that of straight CNTs. Recent transport 
studies confirmed that single Y-CNTS after being removed from the surrounding 
alumina or in an array in the alumina matrix can exhibit intrinsic rectification 
(Fig. 19) similar to conventional diodes at room temperature, which is a highly 
desirable feature in nanoscale devices [35].

The planar array of Y-CNTs embedded in alumina template represents a 2D 
array of well-defined, spatially localized and self-insulated diodes with single element
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Figure 19. I-V  characteristics of Y -C N T s showing rectifying nature (a) for a single isolated Y -  
junction nanotube of stem/branch (s/b) diameter ratio 50/35  nm (b) for a Y -C N T  array of s /b  ratio 
6 0 /40  nm with current increasing with the number of nanotubes involved, (b inset) for a straight 
tube array showing nearly linear characteristics. Reprinted with the permission of [C. Papadopou- 
los, A . Rakitin, J. Li, A. S. Vedeneev, and J. M . Xu, Phys. Rev. Lett. 85, 3476-3479 (2000)].

Figure 20. Shows a Y-junction diode array and an example of its use for computation, based on 
an diode array architecture for molecular electronics (HP-Labs).

access without any architectural complexity. Depending on the contact configura
tions AND /  OR logic gates can be realized, while advancement from a single-device 
level to a circuit level can be adopted according to the schematics presented in 
Fig. 20.

6 . Conclusion

A general discussion has been presented on the fabrication and use of self-assembled 
nanometric anodized alumina templates in a large scale and facile engineering of 
arrays of nano-electronic materials with precisely tailored sizes and arrangement. 
Combining the use of the nanopatterning techniques with other existing fabrica
tion routes such as MBE, CVD, magnetron sputtering and VLS might enable new 
opportunities in synthesizing quality nanodots, nanowires and nanotemplates with 
novel functionalities for a variety of device applications. In general, the AAO based 
non-lithographic route might provide a low cost solution to many problems in the
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emerging fields of Nanoscale Science and Technology as requiring precise and parallel
integration of the resultant nano-structures into larger length scale multi-functional
architectures. In the near term, the presented approaches should accelerate the
conversion of nanotechnological paradigms and the development of new markets
of affordable nano-electronic, nano-photonic, nano-mechanical and nano-sensing 
devices.
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Semiconducting, metallic and insulating nanowires are attractive building blocks in 
nanotechnology due to their small size and anisotropy. Moreover, it is possible to fab
ricate homogeneous or heterogeneous nanowires with high purity and crystallinity 
in a parallel and cost effective manner. Strategies have also emerged to position 
nanowires precisely on substrates to allow integration of nanoelectronic devices. In 
this chapter, we describe the fabrication and assembly of nanowires to form func
tional devices. Several fabrication strategies including vapor-liquid-solid (VLS) and 
electrodeposition in nanoporous templates are discussed. We detail advances made in 
the bottom-up integration of nanowires using patterned growth and directed assem
bly. Finally, some functional devices fabricated using nanowires are reviewed, and 
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1. Introduction

A nanowire is a nanoparticle whose diameter is much smaller than its length. 
Nanowires typically have diameters of 10-100 nm or less and lengths of 100 nm 
to tens of microns. Nanowires can be fabricated out of a wide range of materi
als including both inorganic and organic electrical conductors, semiconductors and 
insulators [1-13]. In contrast to other nanoparticle shapes such as polyhedra, rods 
and spheres, nanowires are long (length > >  diameter); this length facilitates rela
tively easy integration with patterned micro and sub-micron device architectures. 
The high anisotropy in the properties of nanowires can also be an advantage in 
facilitating the propagation of electricity and light in specific spatial directions. 
Nanowires can also be fabricated with multiple heterogeneous segments, spaced 
precisely along the length of the nanowires. Nanowires have been fabricated of sin
gle crystal or amorphous materials, using a variety of methods. Functional devices 
such as diodes have also been fabricated within a single nanowire [14].

While a single nanowire device is itself a useful component, when positioned 
precisely on substrates, or when integrated with other nanowires, can result in 
integrated functional devices. Hence, the nanowire is often treated as a building
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block that will be used to construct nanoelectronic, nanophotonic and nanoflu- 
idic devices. The idea of using building blocks to fabricate and integrate func
tional devices from the bottom-up is motivated by the fact that in recent years, 
the conventional lithographic scaling down of microelectronic, photonic and micro
electromechanical systems (MEMS) to the 50-500 nm length scale has encountered 
severe challenges in the cost-effective, mass production of devices and integrated sys
tems. Hence, there is an increasing need to develop new nano-fabrication technolo
gies to address the challenges of decreasing dimensions, in order to enable the era of 
nanotechnology.

In this chapter, we review methods to integrate nanowires with each other and 
with substrates with the end goal of fabricating functional devices from the bottom- 
up. We will first review non-lithographic methods commonly employed to fabri
cate nanowires in a cost-effective and parallel manner. We will then discuss some 
approaches to assemble nanowires into integrated structures and devices. Finally, 
we will introduce several representative applications of integrated nanowire struc
tures and devices, and some perspectives in the future assembly and integration of 
products and devices based on nanowires.

2. Nanowire (NW) Fabrication

Several non-lithographic methods are available to fabricate nanowires. The methods 
usually involve the spontaneous or templated growth of the nanowire using vapor 
or solution phase chemical reactions. In all cases, growth of the nanowire is directed 
preferentially along its long axis using chemical (e.g. a catalyst or surfactant) or 
physical (e.g. a porous membrane) methods. These methods are described below.

2.1. Vapor-liquid-solid (VLS) method

The vapor-liquid-solid (VLS) method for growing nanowires involves the chemical 
reaction between gaseous reactants and a liquid or molten catalyst to form nanowires 
on a solid substrate. VLS is the most attractive method for growing high purity, sin
gle crystal nanowires. As can be seen in Fig. 1(a), the three stages in the VLS growth 
mechanism are alloying, nucleation and axial growth [15]. The nanowires produced 
generally have alloy droplets on their tips. The example shown in Fig. 1(b) typi
fies the process which includes a solid catalyst that forms an alloy with a gaseous 
reactant at elevated temperatures. The alloy then becomes supersaturated with the 
reactant, which causes nucleation of the nanowire and preferential axial precipita
tion (growth) of the nanowire from the liquid alloy surface. Using this process, single 
crystal nanowires composed of silicon, germanium, ZnO, GaN, and SnO«2 have been 
fabricated [15-22]. Core-shell nanowires can also be fabricated by this method [23]. 
Other similar techniques, such as supercritical fluid-liquid-solid (SFLS) or supercrit
ical fluid-solid-solid (SFSS) [24-26], and solution-liquid-solid (SLS) [27,28] methods 
have also been used to fabricate Si, Germanium, and CdSe nanowires.
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Figure 1. (a) Schematic of vapor-liquid-solid (VLS) germanium (Ge) nanowire growth mechanism 
including three stages (I) alloying, (II) nucleation, and (III) axial growth, (b) In situ Т Е М  images 
recorded during the process of Ge nanowire growth, (i) Au nanoclusters in solid state at 5 0 0 °C; 
(ii) alloying initiates at 800°C , at this stage Au exists in mostly solid state; (iii) liquid A u /G e  
alloy; (iv) the nucleation of Ge nanocrystal on the alloy surface; (v) Ge nanocrystal elongates 
with further Ge condensation and eventually a wire forms (vi). (vii) Several other examples o f Ge 
nanowire nucleation, (viii, ix) ТЕ М  images showing two nucleation events on single alloy droplet. 
Reprinted with permission from [15] by American Chemical Society.

2 .2 . Solution phase synthesis

This process involves the formation of nanowires from a liquid precursor, usually in 
the presence of a catalyst or molecular template [29-33]. One common example is 
the reduction of silver or gold salts in the presence of polymers or surfactants such 
as polyvinylpyrrolidone (PVP) or cetyltrimethylammonium bromide (СТАВ). The 
surfactants adsorb preferentially on specific crystalline faces and enhance or inhibit 
giowth along those faces, thereby resulting in the spontaneous growth of nanowires 
(along the planes in which growth is preferred). In certain cases, solid crystalline 
seeds are also added to the solution, to initiate preferential axial growth along spe
cific ciystal faces. As an example, gold nanorods were prepared by the addition of 
~4nm  gold nanospheres as seeds and the subsequent reduction of metal salt with
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a weak reducing agent (ascorbic acid) in the presence of a surfactant to produce 
nanorods. By adding another component such as ascorbic acid, metal was prefer
entially deposited at the ends of the rods to from Dog-bone like nanowires [34]. In 
solution, a variety of parameters such as temperature, concentrations and surfac
tants can be varied to gain some control over the type of nanowires formed.

2.3. Electrodeposition in nanoporous templates

This method employs physical templates to direct the growth of nanowires within 
nanoporous membranes [35-41]. Nanoporous membranes are fabricated using track 
etching or anodic electrochemical methods; these membranes are also commercially 
available with pore sizes ranging from 15 nm to 500 nm and membrane thickness 
up to 60 fj,m. Briefly the process (Fig. 2[a]) involves sealing one face of the mem
brane with a conductive seed layer. This seed layer is usually deposited onto the 
membrane using thermal or sputter evaporation. Single segment or multisegmented 
nanowires are then deposited in the membrane using an electrolytic solution con
taining the appropriate ions. The seed layer and a counter electrode immersed in the 
solution form the electrolytic cell. The length of the segments within the nanowires 
is restricted by controlling the current density or voltage, and the duration of elec
trodeposition process. Electrodeposition in templates is the most attractive method 
to fabricate nanowires with multiple segments (Fig. 2[b]) and theoretically can be 
used to fabricate nanowires composed of any material that can be electrodeposited.

2.4. Electro spinning

Electrospinning is a simple and efficient way to produce polymeric nanowires, 
also called nanofibers. The basic set-up utilizes a syringe through which polymer

Figure 2. (a) Schematic of nanowire fabrication process using electrodeposition in nanoporous 
templates, (b) several examples of fabricated multisegment nanowires.
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solutions are driven; their surface tension at the tip, under high electric field, can 
be overcome resulting in the ejection of a charged jet. The electrical forces elongate 
the jet thousands or even millions of times and the jet becomes very thin, down 
to nanoscale. After the solvent evaporates, or the melt solidifies, long polymeric 
nanofibers can be collected on an electrically grounded metal sheet. As compared 
to other fabrication methods, electrospinning facilitates the formation of extremely 
long nanowires with well controlled curvature [42-49].

There are other non-lithographic methods that are used to fabricate nanowires 
including laser ablation and directed growth along step edges or crystal planes [50]. 
Nanowires can also be fabricated by stringing together particles using dielec
trophoresis or biomolecules (viruses) [51-54]. In all cases however the anisotropic 
growth of the nanowire occurs as a result of preferential growth of a material along 
one axis.

3. Nanowire (NW) Assembly and Manipulation

Although it is possible to manipulate and position nanowires using nanoscale tools 
such as scanning probe microscopes [55], these processes are serial, slow and expen
sive. Hence, strategies need to be developed either to directly integrate the growth of 
nanowires to form the final device, or to assemble nanowires into functional devices. 
These strategies or processes need to be highly efficient (high speed and low cost), 
in order to enable a manufacturable nanoscale process.

3.1. Controlled or patterned growth

Since a number of processes used to grow nanowires involve a catalyst or a tem
plate, it is conceivable that by patterning the catalyst or template directly on a 
substrate, it will be possible to grow the nanowires at specific spatial locations so 
that they grow out of the substrates in specific directions (see Fig. 3[a—b]) [56-72]. 
This is an attractive strategy that has been explored to form nanoscale vertical or 
horizontal interconnects. In these cases, the growth of the nanowires occurs between 
two patterned microstructures and in doing so, the nanowires electrically connect 
with the substrates (see Fig. 3[c-e]).

3.2. Self-assembly and directed assembly

Recently, the strategy of directed assembly has emerged as a highly parallel, cost- 
effective fabrication methodology that is capable of generating fully 3D structures 
and integrated systems. Directed assembly of engineered structures is inspired by 
biological self-assembly; nature is able to mass produce a wide variety of complex 2D 
and 3D structures with sizes ranging from the sub-nanometer to the millimeter and 
beyond [73-77]. This methodology involves tumbling chemically patterned compo
nents in a fiuidic medium, so that they can interact with each other, and form
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Figure 3. (a) SEM images of vertically aligned Si nanowire arrays grown from Au clusters 
deposited on S i ( l l l )  substrates. Scale bar is 3 0 nm (b) Laterally aligned Si nanowire arrays grown 
on Si pillars bounded by (111) sidewalls fabricated on (110) silicon-on-insulator (SOI) substrates, 
(a) and (b) reprinted with permission from [71] by American Chemical Society, (c) (d) and (e) 
Control of length (c), diameter (d) and density (e) of Si nanowires in microtrenches. Reprinted 
with permission from [64] by Wiley.

stable structures with precise function. The chemical patterning of components is 
engineered using a variety of forces that direct the orientation and binding of the 
components. This manufacturing paradigm has been largely unexplored in human 
engineering since the process is generally perceived to be indeterministic and uncon
trollable. There are several strategies that have been explored in the past decade 
to direct the assembly of nanowires with each other and with substrates. We now 
review some of these strategies.

3.2.1. Molecular/Bio-molecular linkers

It is possible to direct the assembly of nanowires using molecular linkers that form 
chemical bonds with each other. The molecular linkers are first attached to the
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nanowires by exposing the nanowires to them (either in solution or vapor phase). 
Since there are a large variety of molecules that specifically bind to each other such 
as ligands and receptors, it is possible to incorporate a high degree of specificity to 
the assembly process. Several groups have also utilized biological molecules such as 
proteins, DNA, and even viruses to link nanoparticles together in complex archi
tectures [78-86]. The advantage of using biological molecules to direct assembly is 
that they exhibit complex architectures that facilitate lock-key based recognition, 
cooperativity and hierarchy.

3.2.2. Electrical field-assisted assembly (including DEP)

Dielectrophoresis (DEP) is the motion of neutral particles under the influence of 
an external non-uniform electric field [87]. DEP arises when the neutral particles 
get polarized and experience different forces at the ends of the polarized dipole 
as a result of the non-uniform electric field experienced at these ends. The differ
ence tends to force the polarized particles into regions of differing field strength. 
Pohl [87] outlines the case of a cylinder of radius a and length L\ the force experi
enced (assuming the cylinder is initially at right angles to the applied field) can be 
approximated as,

ĉylinder =  тга2! ^ 2 ~  £l] V |£|2 
£2 +  £i

where E  is the magnitude of the field and £2 and e\ are the dielectric constants of the 
cylinder and medium, respectively. DEP requires relatively high field strengths and 
this required field strength depends on the difference in dielectric constant between 
the particle and medium in which DEP is being carried out. In media of low dielec
tric constant (e =  2 — 7) this is of the order 104V/m , whereas in media of high 
dielectric constant (water, e ~  80) lower fields (500 V /m ) are adequate. These fields 
are easily achievable in microscale gaps even at small voltages, due to high field 
strengths and can be used to direct the assembly of nanowires. The nanowires are 
typically suspended in a solvent over contact pads across which a voltage is applied. 
The nanowires then move, experiencing a force that causes them to orient on the 
substrates relative to the contact pads. By changing the solvent, aspect ratio o f the 
nanowires, geometry and spacing between the electrodes, and the frequency and field 
strength it is possible to direct both reversible and irreversible assembly of nanowires 
in a variety of architectures (Fig. 4) [88-98]. The advantages of DEP are that the 
strategy can be scaled to the wafer level, such that the nanowires can be incorpo
rated in parallel into many devices, with control over both placement and alignment.

3.2.3. Magnetic assembly

Magnetic force is another interaction that can be utilized to assemble and inte
grate nanowires. In order to facilitate magnetic assembly, either segments within
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(l>)

Figure 4. (a) Sequential images of nanowires lining up between triangular-shaped electrodes 
(angle: 30°). A C  field of 5 MHz (0.5V/|xm) is applied between electrodes, (i) t =  Os; (ii) t =  0 .5s; 
(iii) t =  1.0 s. Reprinted with permission from [96] by American Chemical Society, (b) Reversible 
silver (Ag) nanowire network formation from a suspension in water, with DEP at 0.2 V  and 100 kHz. 
The frames are labeled with the time (min:s) after the first frame. The first frame is taken just 
before initiation of DEP, and the third frame is taken just before ending DEP. The scale bar 
corresponds to 30 ц т .  Reprinted with permission from [95] by American Institute of Physics.

the nanowire or the entire nanowire itself is constructed from ferromagnetic con
stituents such as nickel, iron, cobalt or alloys. When magnetized, these segments 
act like small magnets and orient themselves in an external magnetic field such that 
the energy is minimized. The nanowires interact with each other and with magnetic 
substrates such that they assemble into bundles and end to end networks [99-106]. 
Magnetic forces can also be used to precisely position nanowires on substrates.

3.2.4. Holographic optical traps

In this approach, nanowires are dispersed in a fluidic medium on the stage of a 
light microscope and manipulated by either single or multiple diffraction-limited- 
optical traps using a holographic optical tweezer. Optical tweezers utilize focused 
laser beams to apply a radiation force on particles, in order to trap and manipulate 
them. Optical traps are attractive for nanowire assembly since they can be used 
to manipulate nanowires in closed chambers with high spatial accuracy (< lnm ); 
they also are applicable to a wide range of materials. While manipulation with a 
single optical beam is a serial process, recently Grier's group has demonstrated 
that holographically projected arrays of optical traps can be used to manipulate 
nanowires in parallel and that semiconductor nanowires can even be rotated, cut and 
fused to assemble complex structures in 3D using holographic optical traps [107,108].
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3.2.5. Langmuir-Blodgett technique

The Langmuir-Blodgett method uses the compression of nanowires (capped with 
suifactants) at a liquid interface, followed by transfer onto solid substrates. 
Nanowires, capped with surfactants are first dispersed in a fluidic medium, the 
surfactants cause the wires to float at the fluid-air interface. Solid barriers sur
rounding the nanowires are made to approach each other in a highly precise and 
well-controlled manner; the barriers compress the nanowires at the interface causing 
them to rotate, align and form closed packed ordered arrays. The main highlight of 
this technique is that it is possible to form ordered arrays of nanowires as large as 
tens of centimeters in a relatively straightforward manner [109-114].

3.2.6. Surface tension (capillary forces) based assembly

Although the aforementioned strategies have been very successful in directing the 
assembly of nanowires into 2D and 3D integrated structures, in many cases, the 
structures formed are not permanently bonded to one another, i.e. the assemblies 
although held together in the fluidic medium in which they are assembled, fall 
apart when taken out of the medium or during mild sonication. Additionally, in 
directed assembly between rigid nanocomponents, the strength and the extent of 
binding is proportional to the overlap area at the binding site between compo
nents. Any local roughness of the components (especially when the size approaches 
100 nm) reduces the effective binding contact area due to asperities, and conse
quently decreases the strength and extent of binding. Hence, assemblies often con
sist of only a few bonded nanocomponents, and large scale integration is extremely 
challenging. It should be noted that in biological self-assembly, most of the com
ponents utilized in the assemblies are soft and deformable which allows the mating 
surfaces to conform to one another resulting in large contact areas for optimum 
binding.

Surface tension based assembly involves (i) modification of the surface energy 
of specific segments of the nanowires using hydrophobic organic molecules that 
attached preferentially to specific segments, (ii) precipitation of a hydrophobic 
or hydrophilic liquid layer on the modified segments, and (iii) agitation of the 
nanowires in a hydrophilic or hydrophobic medium to facilitate favorable interac
tions between nanowires, and direct the assembly process. When nanowires pat
terned with hydrophobic liquid layers collide with one another in a hydrophilic liq
uid, there is a tendency of the liquid layers on different nanowires to fuse with one 
another on contact, in order to minimize their surface free energy. This surface ten
sion force between liquid layers on colliding nanowires is large enough to hold the 
wires together in the liquid [115,116]. Since this kind of assembly involved binding 
between liquid layers (that are soft and deformable) patterned on the nanowires, 
the roughness of the nanowires does not hamper binding and it is possible to accom
plish large scale integration. By patterning different hydrophilic and hydrophobic
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Figure 5. SEM images of (a) and (b) large-scale three-dimensional (3D) Au nanowire bundles 
bonded by polymeric adhesive. SEM images of (c) large-scale 2D Au-nickel (Ni)-Au nanowire 
networks and (d) a triangle structure showing end-to-end nanowire connection, (a) Reprinted with 
permission from [116] by The Minerals, Metals & Materials Society, and (b-d) reprinted with 
permission from [115] by American Chemical Society.

segments on the nanowire, and precipitating a polymerizable adhesive, it is possible 
to direct the assembly of nanowires into permanently bonded bundles or 2D end- 
to-end networks (see Fig. 5).

4. Nanowire (NW) Integration

In order to fabricate a functional device using nanowires, it is often necessary to 
integrate the nanowires with other components such as contact pads and silicon 
substrates. It is important to note that although nanoscale components are attrac
tive because their small size facilitates higher packing densities and enhanced func
tionality, actual devices tend to be on the macroscale (i.e. the scale of the human 
world). It is thus necessary to interface nanoscale components with micro and finally 
macroscale components in a hierarchical manner, so that the devices may be func
tional on the macroscale.

The semiconductor industry has utilized a top-down lithographic approach using 
patterning, etching, thin film deposition and polishing to fabricate devices with 
nanowires [117]. In this chapter we do not review this top-down approach, but will 
mention that there are limitations in terms of the cost-effective, parallel fabrication 
of devices with nanowires.

There are numerous strategies to integrate nanowires with microfabricated con
tact pads from the bottom-up. These involve direct growth, imprinting or directed 
assembly. For electrical devices, after assembly it is often necessary to form a robust 
electrical contact. When gold contacts are used, this can be done by annealing as 
gold diffuses relatively easily. However, for other materials this may not be possible.
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Approach I: Solder on substrate Approach II: Solder on nanowires 
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Cross-section 

Й ~  i  • vT? Ш Ё Л  e
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X  Solder reflow

Substrate
(Le.,Cu) Ш 111

Au-Ni-Au-Solder (d = 200nm)

Solder reflow

Temperature (°C) Au-Ni-Au-Solder (d = 50nm) 
After reflow

Figure 6. Schematic and SEM images showing two approaches to enable nanoscale soldering. 
SEM images are reprinted with permission from [105] by the Institute of Electrical and Electronics 
Engineers, Inc., from [116] by The Minerals, Metals & Materials Society, and from [118] by Wiley.

Our group has focused on investigating and developing the use of solder (low 
melting point metal or metal alloy) on the nanoscale to form electrical contacts. Sol
dering technology is one of the most widely used and dominant methods for micro
electronics and device integration. Basically our strategy involves the fabrication 
of nanowires with solder deposited in regions where a robust electrical contact is 
needed. Figure 6 shows two basic approaches that can be used to solder nanowires 
to substrates and with each other to form electrically interconnected ordered struc
tures or devices. The first approach is to directly put nanoscale solder onto the sub
strate, normally through electrodeposition, and then integrate (solder) functional 
nanowires onto the substrate to form robust electrical contact. Another approach 
is to fabricate nanoscale solder segments directly onto nanowires, and then solder 
them at the desired location. Solder reflow (melting) can be carried out in an inert 
atmosphere to bond nanowires to substrates or to each other, and it may even be

Current 
> 10mA

Functional solder joint °P en circuit

Figure 7. SEM images of contact pads patterned on top of fused nanowires, connected by a solder 
joint, before (left) electrical testing and after (right) applying a current of approximately 10 m A  
across the contact pads. The high current caused a break between the nanowires and resulted in 
an open circuit. Reprinted with permission from [118] by Wiley.



Nanowire Assembly and Integration 199

done in a fluidic medium [105,116,118]. When a high current is applied to a func
tional (electrically-conductive) solder joint, the local heat effect breaks the solder 
joint resulting in an open circuit (electrically non-conductive), thereby acting as a 
nanoscale “fuse” (see Fig. 7). These features of nanoscale soldering can be utilized 
to integrate nanowires into practical devices. As compared to macroscale soldering, 
however, extra care must be taken to minimize corrosion, diffusion and oxidation of 
the solder segments during the process.

5. Nanowire (N W ) Applications

5.1. Diodes and field effect transistors (FET)

Homogeneous semiconducting nanowires have been used as the active semiconduc
tor material and have been integrated within field effect transistor stacks. Since 
semiconducting nanowires are naturally thin (as well as single crystalline), they 
eliminate the need for patterning of the active semiconductor layer in these devices. 
However, considerable lithography is required to integrate these semiconducting 
nanowires within devices. Recently, the fabrication of nanowire heterostructures 
has allowed the inclusion of semiconductors, dielectrics and metals within the same 
nanowire. Park et al have fabricated nanowire diodes by electrodepositing seg
mented nanowires composed of Au-polypyrrole (Ppy)-Cadmium (Cd)-Au [14]. In 
this case, the nanowire contains the semiconductor and metallic constituents within 
the same nanowire. Current voltage (I-V) measurements on devices constructed 
from single Au-Ppy-Cd-Au rods exhibited diode behavior at room temperature (see 
Fig. 8(a)) [14]. Kovtyukhova et al have fabricated nanowires containing semicon
ducting, metallic as well as insulators to fabricate nanowire transistors [119]. These 
nanowires composed of metallic Au source and drain electrodes, the CdS (Se) semi
conductor and the Si02 gate dielectric. The coaxially gated in-wire CdS and CdSe 
nanowire transistors were fabricated in nanoporous templates using a combination

Figure 8. (a) I-V characteristics of a single Au-polypyrrole (Ppy)-cadmium (Cd)-Au nanowire at 
room temperature. Reprinted with permission from (14) by American Chemical Society, (b) Optical 
micrograph and schematic drawing of the test structure and a A u /C d S /A u @ (S i02 ) nanowire 
aligned for measurement of electrical properties. Letters S, D and G indicate source, drain and 
gate electrodes, respectively. The curve shows typical I ds ~  ^DS characteristics of in-wire TFTs for 
different values of gate voltage (V<j5 ). Reprinted with permission from [119] by American Chemical 
Society.



200 Z. Gu and D. H. Gracias

of surface sol-gel and electrochemical deposition techniques (Fig. 8(b)). The I-V 
characteristics of the devices showed a field effect, which was more pronounced 
at negative drain voltages (See Fig. 8(b)). Other efforts have also been made to 
fabricate nanowire-based diodes and field-effect-transistors [120-124].

5.2. Sensors

Since the diameters of nanowires are small and often comparable to the size of bio
logical and chemical species being sensed, their properties are often dramatically 
affected on adsorption of certain analytes [125-127]. The electronically switchable 
properties of semiconductor nanowires offer the possibility for a direct and label-free 
electronic readout. Sensors with changes in electronic responses are attractive since 
they can be readily used to trigger alarms, LEDs, readouts etc. Lieber’s group has 
pioneered the use of semiconducting nanowires for sensing using a field effect transis
tor (FET) configuration [128-131]. In the FET, the semiconducting nanowire (with a 
diameter as small as 2 nm) is placed on top of a gate dielectric (and gate) and bridges 
source and drain electrodes. The one dimensional morphology of the nanowire 
ensures that the adsorption of an analyte at the surface of the nanowire leads to 
large changes in carrier mobility since the surface of the nanowire forms a large frac
tion of the bulk of the nanowire. Using this strategy, pH, protein, DNA and virus 
sensors have been fabricated with extremely high sensitivity e.g. electrical detection 
of lOfM concentration of DNA. For detection of biological moieties such as viruses, it 
is sometimes necessary to functionalize the nanowire surface using molecular recep
tors such as antibodies. For example, virus solutions with concentrations of 10" 18 
M bound to p-type Si nanowire devices (modified with the monoclonal antibody for 
influenza) and produced well-defined discrete detectable conductance changes.

5.3. Photonics

Nanowires fabricated with III-V and II-VI direct band gap semiconductors have 
been used as building blocks to produce multicolor, electrically driven nanophotonic 
systems [132-140]. Moreover due to their anisotropic geometry, as noted by Duan 
et al. [136], when single crystal nanowires are used with flat ends, the nanowire 
itself can behave as a Fabry-Perot optical cavity with modes m =  L, where m  
is an integer and L is the length of the nanowire. Since the light is constrained to 
within the nanowire, the nanowires were noted [136] to function as efficient lasing 
structures. These nanowire lasers were demonstrated using an n-type CdS nanowire 
laser cavity assembled onto p-Si electrodes (see Fig. 9). The structure produced an 
п-CdS nanowire/p-Si heterojunction similar to a p-n diode that was used for injec
tion. Images of room temperature electroluminescence produced in forward bias 
from these hybrid nanowire structures exhibited strong emission with narrow lasing 
lines. In reverse bias, nanowire light emitting diodes can function as photodiodes 
which were reported [139] to offer polarization dependent ultrasensitive detection
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Figure 9. (a) Schematic showing the cross-section of a nanowire electrical injection laser. The 
devices were fabricated by assembling CdS nanowires on heavily doped p-Si on insulator substrates, 
followed by electron beam lithography and electron-beam evaporation of aluminium oxide, Ti and 
Au. One end of the nanowire was left uncovered for emission output from the device, (b) Top 
panel shows an optical image of a nanowire laser device. The arrow highlights the exposed CdS 
nanowire end. Scale bar is 5|xm. Bottom panel shows an electroluminescence image recorded from 
this device at room temperature with an injection current of about 80 mA, The arrow highlights 
emission from the CdS nanowire end. The dashed line highlights the nanowire position. Reprinted 
with permission from [136] by Nature Publishing Group.

limits of ~100 photons with unprecedented spatial resolution of 250 nm x 250 nm. 
As compared to planar devices, a clear advantage of nanowire-based optical struc
tures is the ability to combine ultrapure, single crystalline materials to achieve the 
required device function. By varying the chemical composition of different nanowires 
materials and junctions it is possible to create nanoscale light emitting sources and 
detectors emitting at different wavelengths.

5.4. Solar Cells

Dense arrays of oriented, crystalline dye sensitized zinc oxide nanowires have been 
used to fabricate solar cells (see Fig. 10) [141]. As opposed to thick films of zinc 
oxide or nanoparticle films, the advantage of using a nanowire film includes high 
internal surface area and direct electrical connections between nanowires for effi
cient and rapid carrier collection in the device. The full Sun efficiency of 1.5% was 
demonstrated. A switch from particles to wires also improved the charge transfer 
rates at the dye-semiconductor interfaces, due to a high number of single crystal 
planes, accounting for 95% of the surface area of the wires.

6 . Defects and Errors

One of the big issues in self-assembly is that the structures that result have defects 
in them. At the present time, since the methodology of self-assembly is still in its 
infancy, quantitative studies on yield and reliability of structures have largely been
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Platinized
electrode

nanowire array 
in electrolyte

Transparent
electrode

Figure 10. (a) Schematic of the nanowire dye-sensitized cell based on a ZnO nanowire array. Light 
is incident through the bottom electrode, (b) Typical SEM cross-section of a cleaved nanowire array 
on F :Sn02 conductive glass (F T O ). The nanowires are in direct contact with the substrate, with 
no intervening particle layer. Scale bar is 5 p.m. Reprinted with permission from [141] by Nature 
Publishing Group.

ignored. As the methodology of fluidic assembly matures, it will be crucial that 
yields are quantified. Along with the identification of predominant defect modes, 
it is necessary to design assemblies that are inherently defect resistant. One strat
egy involves minimizing unfavorable interactions and maximizing favorable ones. In 
essence, it is necessary to design energy landscapes that are smooth, with a large 
funnel shaped global energy minimum, so that erroneous assemblies do not form 
as a result of the structure being trapped in a weak local minimum. An example 
of such a design was used in the demonstration of millimeter scale 3D networks 
by self-assembly [75]. In that case it was necessary to use patterns of solder dots 
on square faces of polyhedra to form electrical connections. Every pattern of solder 
dots results in a different energy landscape for the self-assembly. As an example, two 
patterns investigated are shown in Fig. 11 (a-b). The two patterns have four-fold 
rotational symmetry, but due to the enhanced local asymmetry of pattern 6, a much 
smoother potential energy landscape results. When experiments were done with the 
pattern in Fig. 11(a), several erroneous attachments were observed including those 
in which only one dot on the mating faces was bonded. When patterns such as 
those in Fig. 11(b) were used, perfect assembly was obtained. A simulation of the 
energy landscape is shown in Fig. 11(c) [142]. There is a large global minimum and 
relatively weak local minima. It is believed that biological self-assembly such as 
protein folding, that occurs with incredible fidelity, is based on such funnel shaped 
potential energy landscapes.

It is possible to have structures function at the system level even in the presence 
of defects. For example, the fault tolerant system developed at Hewlett Packard [143] 
had 220,000 defects, demonstrating that it may be feasible to utilize and assemble 
chemical components with considerable defects, and still construct a functional com
putational network. Systems and architectures [143-146] that display this feature 
are called fault or defect tolerant. One of the easiest ways to incorporate defect 
tolerance into a system is to increase redundancy. This redundancy implies that
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Figure 11. The design of energy landscapes for self-assembly that minimize errors. For binding 
between solder dots on square faces, a pattern of dots in (b) results in less errors than that shown 
in (a). This decrease in errors is due to the fact that the potential energy surface that results is 
smoother, with a larger global minimum and relatively weak local minima, (c) The actual surface 
energy plotted as a function of displacement in the plane of the pattern for assembly of two faces. 
Reprinted with permission from [142] by the Institute for Electrical and Electronics Engineers, 
Inc.. As can be seen, there exists a strong funnel shaped global minimum.

there exist multiple connections that serve the same function. Scale free network 
architectures are also inherently more robust and defect tolerant (see Fig. 12) [143].

Finally it is also possible to incorporate error correction schemes after integration 
using pick and place tools. However, it should be noted that this process will be 
serial and expensive.

Tree architectures
Front view

Oblique view

Figure 12. Schematic of a “fat tree” architecture. Reprinted with permission from [147] by The 
American Association for the Advancement of Science.
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In summary, nanowires are attractive building blocks for the fabrication of nanoscale 
electronics and devices. Various techniques are available for the facile fabrication 
of functional nanowire building blocks such as diodes and field effect transistors. 
Directed assembly and controlled growth are attractive bottom-up strategies to 
assemble the nanowires into functional devices. The critical challenges involve 
improving device to device variability, yields and defect tolerance. Moreover, stud
ies need to be done to test reliability of these nanowire devices before they can be 
fully implemented. However, as an alternative to expensive top down methods for 
fabricating nanoscale devices, nanowire assembly and integration from bottom-up 
will continue to offer a promising alternative.
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A number of techniques have been developed for the fabrication of glass nanowires 
(e.g., photo- or electron beam lithography, chemical growth, and taper drawing).
Of these techniques, the taper drawing technique yields nanowires with the high
est uniformity. Using sapphire fibers, flame or laser-heated glass (fibers) can be 
drawn directly into nanowires with diameters down to tens of nanometers. Nanowires 
obtained with this technique show extraordinary diameter uniformity, atomic-level 
surface smoothness, large length, high mechanical strength and pliability for assem
bling and patterning, making them promising building blocks for the future micro- 
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K eyw ords : Taper-drawing method; Glass naлowires; Micromanipulation; Subwavelength;
Optical loss; Evanescent wave.

CONTENTS

1. Introduction 214
2. Taper-drawing Fabrication of Glass Nanowires 214

2.1. A brief introduction to the taper-drawing method 214
2.2. Fabrication of nanowires by taper drawing of optical fibers 215
2.3. Direct taper drawing of nanowires from bulk glasses 220

3. Properties of Taper-drawn Glass Nanowires 222
3.1. Micromanipulation and mechanical properties 222
3.2. Optical properties 226

4. Applications of Taper-drawn Nanowires 228
4.1. Micro- and nano-scale photonic components 229

213



214 L. Tong and E. Mazur

4.2. Nanowire optical sensors 230
4.3. Additional applications 231 

References 231

1. Introduction

As one of the fundamental materials in fields ranging from photonics to electronics, 
and chemistry to biolog}'', glass has a number of advantages over other materi
als in homogeneity, transparency, ease of fabrication and excellent solvent proper
ties [1-3]. Recently, low-dimensional structures of glasses, especially one-dimensional 
nanowires, have attracted much interest in a variety of fields, including nanoscale 
photonics, electronics and mechanics [4-9]. A number of techniques have been 
reported to date for the fabrication of one-dimensional nanowires of amorphous 
or glass structures (e.g., photo- or electron-beam lithography, chemical growth, 
nanoimprint and taper drawing) [6,10-13]. Among these techniques, the taper draw
ing method described here offers nanowires with unparalleled uniformity [6,14-16]. 
With the help of sapphire fibers, flame or laser-heated glass fibers or bulk glasses 
can be drawn into long nanowires with uniform diameters. Furthermore, this kind 
of top-down fabrication yields nanowires with surface roughness down to atomic 
level [15,16]. Because of their extraordinary uniformity, taper drawn nanowires have 
unique properties, including low optical loss for subwavelength waveguiding and high 
strength for mechanical research and assembly [6,8,14-16].

This chapter begins by describing the taper-drawing fabrication of glass 
nanowires. Next, the optical and mechanical properties of the as-fabricated glass 
nanowires are discussed. Finally, a brief overview of current and potential future 
applications of these nanowires is presented.

2 . Taper-drawing Fabrication o f  Glass Nanowires

2 .1. A brief introduction to the taper-drawing method

Taper-drawing fabrication of thin glass wires was first reported in the nineteenth 
century [17,18]. Melted minerals were pulled or drawn at a high speed by a flying 
arrow or a strong blow of gas to form fine threads, typically several micrometers 
in diameter. Long uniform wires obtained this way were used for making springs 
because of their excellent elastic properties, but most of their other properties and 
applications remained uninvestigated. It was not until a century later, when opti
cal waveguide theory had been well established, that researchers began to inves
tigate the optical applications of silica wires made by drawing high-purity glass 
fibers from a laser-heated melt [19-23]. With a diameter of more than one microm
eter , these glass wires allow multimode waveguiding of visible and infrared light 
with low optical loss. Submicrometer wires allow single-mode operation, but both 
theoretical and experimental results show that the laser power required for draw
ing silica submicrometer- or nanometer-diameter wires with a uniform diameter
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is impractically large [20,23]. When drawing from a flame-heated melt, turbulence 
and convection make it difficult to control the temperature gradient in the draw
ing region, and consequently size uniformity is difficult to maintain when the wire 
diameter goes down to the nanoscale regime.

Minimizing the width of optical waveguides is particularly desirable for achieving 
high-performance and high-density optical circuits [24-26]. However, light guided 
along subwavelength-width waveguides fabricated by conventional techniques usu
ally is accompanied by high scattering losses due to the large sidewall roughness 
of the waveguide. Previous research has shown that melt-solidification of glasses 
yields a surface smoothness much better than all other techniques [27-29]. This 
high smoothness provided the motivation for adapting the taper-drawing technique 
to nanofabrication in order to achieve highly uniform nanowires for low-loss single
mode optical wave guiding [6].

2.2. Fabrication of nanowires by taper drawing of optical fibers

Recently, glass nanowires have been obtained by direct taper drawing of flame- 
heated optical fibers (one-step approach) [14,30]. The one-step approach is simple 
and convenient. However, when drawing fibers directly from a flame-heated melt, 
the instability of the flame usually makes it difficult to control the temperature 
gradient in the drawing region, and consequently glass nanowires with diameters of 
less than 200 nm are difficult to obtain.

In order to maintain a steady working temperature for drawing nanowires with 
high repeatability, a two-step taper drawing technique was developed. A schematic 
view of the two-step taper drawing method is illustrated in Fig. 1(a). First, a 
microfiber with a diameter of several micrometers is taper drawn using standard 
techniques. Second, in order to maintain steady conditions for further reduction of 
the fiber diameter, a tapered sapphire fiber with a tip diameter around 100 jxm is 
used to absorb the thermal energy from the flame. The sapphire fiber taper (fab
ricated using a laser-heating growth method [31]), confines the heating to a small 
volume and helps maintain a steady temperature distribution via its thermal inertia 
during the drawing. One end of a micrometer-diameter silica fiber is placed hori
zontally on the sapphire tip, and the flame is adjusted until the temperature of the 
tip is just above the drawing temperature (about 2,000 K). Then the sapphire tip 
is rotated around its axis of symmetry to wind the silica fiber and the fiber coil 
is moved out of the flame to prevent melting (Fig. 1 [b]). When a certain drawing 
force is applied perpendicular to the axis of the sapphire tip, the fiber is drawn in 
the horizontal plane at a speed of 1-10 mm/s, forming a silica nanowire. With the 
technique shown in Fig. 1, the diameter of a silica fiber can be reduced to about 
50 nm, which is thin enough for most of optical applications involving single-mode 
guiding.

To obtain even thinner nanowires, for example for structural and catalytic inves
tigations of silica nanowires [32-34], one can use a self-modulated drawing force
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Figure 1. Two-step taper drawing of silica nanowires. After drawing a standard fiber down to a 
diameter of about 1 |xm (step 1), the resulting fiber is wound around a sapphire taper, (a) The 
coil is heated by the flame and the thermal conduction of the sapphire taper and then a nanowire 
is drawn (step 2). (b) Close-up photograph of the second-step taper drawing of silica nanowires. 
(c) Schematic of the nanowires drawing from the silica coil wound around the sapphire taper.

instead of the constant drawing force in the second-step taper drawing process [15]. 
As shown in Fig. 2, to introduce the self modulation, one introduces an elastic bend 
around the taper area of the silica fiber by holding the silica fiber parallel to the 
sapphire taper and tautening the connected microfiber between the silica and the 
sapphire taper. The tensile force generated by the elastic bend can be used for self 
modulation, as illustrated in Fig. 2(c). During the initial stage, when drawing a 
thick fiber that requires a relatively large force, the sharpest bending occurs at the 
thicker part of the taper. As the fiber is elongated and the fiber diameter decreases, 
the bend loosens and the bending center moves towards the thin end of the taper, 
resulting in smaller forces for drawing thinner fibers, which is helpful for drawing 
uniform fibers with very small diameters. The self-modulation can also instantly 
smoothen unpredictable undulations such as temperature fluctuations (that may 
cause large variation in the viscosity of silica) by shifting the bending center to- 
and-fro to avoid sudden changes in fiber diameter, whereas a constant-force drawing 
may cause abrupt taper or even breakage of the fiber in these cases.

When the drawing is completed, the nanowire is connected to the starting fibei 
at one end and free-standing on the other end. Low-carbon fuel such as CH3OH 
or hydrogen is used to avoid contamination from incompletely burned carbon par
ticles. When the working temperature is kept below the melting temperature of 
sapphire (about 2320 K), the sapphire tip can be used repeatedly. In addition, for 
real-time monitoring the drawing process, a continuous-wave He-Ne laser (633-nm 
wavelength) is usually launched into and guided along the silica fiber, fiber taper 
and silica nanowire to illuminate the taper and nanowire, as shown in Fig. 2 (b).
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Figure 2. Self-modulated taper drawing of silica nanowires. (a) Close-up photograph of the 
nanowire drawing. The red light visible around the nanowire and tapers is from a He-Ne laser, 
(b) Schematic diagram of the self-modulated taper drawing setup. A 3-dimensional stage is used 
to mount and adjust the silica fiber taper to form a 90° bend and a He-Ne laser is launched into 
the silica fiber for illuminating the nanowire and monitoring the drawing process, (c) The self
modulation of the drawing force is due to the shifting of the bending center as the fiber is drawn. 
(Adapted from Ref. [15].)

Generally, the nanowire obtained with a two-step taper drawing technique con
tains three parts: an obviously tapered start connected to the starting microfiber 
with a length of millimeters, a uniform nanowire with a length up to tens of mil
limeters, and an abruptly tapered end that is usually several to tens of micrometers 
in length. Figure 3 shows SEM images of the three parts of a typical nanowire with 
a diameter centered around 390 nm. The uniform, main part of the nanowire, is of 
special interest for using as a subwavelength-diameter waveguide for low-loss optical 
wave guiding, and the following investigation is focused on this part.

Depending on the experimental conditions (such as drawing temperature, force 
and speed), diameters of as-drawn silica nanowires range from tens of nanometers

Figure 3. SEM images of the (a) uniform part and (b) end of a silica nanowire with a nominal 
diameter of 200 nm.
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Figure 4. SEM images of (a) a silica nanowire with a diameter of about 50 nm and (b) two parallel 
170-nm and 400-nm thick nanowires. (Adapted from Ref. [6].)

to one micrometer. The smallest diameter of a uniform nanowire obtained using 
self-modulated drawing is 20 nm [15]. Shown in Fig. 4 are SEM images of silica 
nanowires with diameters of tens to hundreds of nanometers, demonstrating the 
typical dimension and uniformity of these nanowires.

Because of the surface tension during the melting drawing fabrication, the cross 
section of the taper-drawn nanowire is circular. Figure 5 shows a SEM image of 
the circular cross-section of a 480-nm thick nanowire. The cylindrical geometry of 
the nanowire makes it possible to obtain exact expressions of the guided modes by 
solving Maxwell’s equations analytically [35,36].

The maximum obtainable length of the nanowires depends on their diameters. 
Generally, for nanowires thinner than 100 nm, the length of the uniform part can 
be up to 1 millimeter long; nanowires thicker than 200 nm can be as long as 100 
millimeters. For example, Fig. 6 shows an SEM image of a 4-mm long nanowire with 
a diameter of 260 nm; the nanowire is coiled up on the surface of a silicon wafer to 
show its length.

Figure 5. SEM image of the circular cross section of a 480-nm thick nanowire.
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Figure 6. SEM image of a 4-mm long 260-nm thick nanowire coiled up on the surface of a silicon 
wafer. (Adapted from Ref. [6].)

Besides the large length, taper-drawn nanowires also provide excellent diameter 
and surface roughness uniformity, as can be seen in Fig. 4. The diameter uniformity 
of the nanowires can be investigated quantitatively by measuring the diameter vari
ation AD  along the length L of the nanowire with an electron microscope. Figure 7 
shows the measured diameter D and diameter uniformity Up (defined as A D/L)  of 
a thin nanowire with respect to its length (starting from the thin end). Although the 
nanowire exhibits an overall monotonic tapering tendency, neglecting the obvious

length (|jm )

Figure 7. Diameter and diameter uniformity of a taper-drawn silica nanowire measured along its 
length starting from the distal end. (Adapted from Ref. (15).)



220 L. Tong and E. Mazur

initial and end tapered regions, the uniform part of the nanowire shows a very 
high uniformity. For example, at D =  30nm, Up =  1.2 x 10"5, which means that, 
for a 80-|xm long nanowire with a diameter centered around 30 nm, the maximum 
diameter difference between the two ends is less than 1 nm. Thicker nanowires show 
even better uniformity. For example, for a 260-nm thick nanowire, the maximum 
diameter variation AD  is about 8 nm over a 4-mm length, giving Ud =  2 x  10“  - 
Recently, G. Brambilla et al. reported Ud lower than 5 x 10-7  [14].

The small diameter of the nanowire makes it possible to investigate the surface 
roughness with а ТЕМ. Shown in Fig. 8 is a typical image taken at the edge of a 
330-nm thick nanowire. No obvious irregularity and defect can be observed along 
the sidewall of the nanowire. The typical sidewall root-mean-square roughness of 
these fibers can be as low as 0.2 nm [15], approaching the intrinsic roughness of 
melt-formed glass surfaces [28,29]. Considering that the length of the Si-0 bond is 
about 0.16 nm [27], such a roughness represents an atomic-level smoothness of the 
nanowire surface, and is much lower than those of silica nanowires, tubes or strips 
obtained using other fabrication methods [10-13].

2.3. Direct taper drawing of nanowires from bulk glasses

Although taper drawing optical fibers is a very efficient technique for obtaining 
nanowires with extraordinary uniformity, it requires an optical fiber as a preform. 
Therefore, the available materials for drawing nanowires are limited to those that 
have been drawn into fibers. Recent research shows that, using sapphire fibers, glass 
nanowires can be drawn directly from bulk glasses [16]. The technique for drawing of 
nanowires directly from bulk glasses extends the nanowire taper drawing technique 
to arbitrary shapes and various types of glasses.

Figure 8. Т Е М  image of the surface of a 330-nm thick silica nanowire. The inset shows the electron 
diffraction pattern demonstrating that the nanowire is amorphous. (Adapted from Ref. (6).)
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Figure 9. Schematic diagram illustrating the direct draw of nanowires from bulk glasses, (a) A  
glass is moved towards a sapphire fiber heated by a COo laser or flame, (b) The fiber end is 
immersed into the glass through local melting, (c) A portion of molten glass is left on the end of 
the fiber when the glass is withdrawn, (d) A second sapphire fiber is brought into contact with the 
molten-glass-coated end of the first sapphire fiber, (e) The heating power is reduced and the second 
sapphire fiber is withdrawn, (f) A nanowire is formed at the freestanding end of the taper drawn 
wire.

The approach for directly drawing glass nanowires is illustrated in Fig. 9. First, 
a CO2 laser or flame is used to heat a sapphire fiber (hundreds of micrometers in 
diameter) to a temperature high enough for melting the glass, and a piece of glass 
is moved towards the fiber. After the fiber is immersed into the glass through local 
melting, the glass is withdrawn leaving a portion of melt behind on the fiber. A sec
ond sapphire fiber is then brought into contact with the glass-coated sapphire fiber 
end and the heating power is reduced to cool down the melt (800-1000 К for phos
phate glass). The second sapphire fiber is then withdrawn at a speed of 0.1-1 m/s to 
draw wires from the melt until breakage of the wire. When the process is finished, a 
long nanowire is formed at the freestanding side of the taper drawn wire. To draw 
nanowires from chemically unstable materials such as fluoride glasses, one can use 
laser heating in an atmosphere of an inert gas (e.g., Argon). This technique can also 
be applied to pulverized glasses, allowing for adjustments to the properties of the 
nanowire by tailoring the composition of the initial powder. In addition, nanowires 
can be drawn using extremely low starting quantities of glass (as little as 1 mg).

Using the technique shown in Fig. 9, a variety of glass materials (e.g., phos
phate, fluoride, silicate and tellurite glasses) have been drawn into highly uniform 
nanowires with diameters down to 50 nm and lengths up to tens of millimeters. 
Figure 10(a) shows an SEM image of a 100-nm thick tellurite glass (70% Te02, 
25% ZnO, 5% ЬагОз) nanowire. The uniform diameter and defect-free surface of the
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Figure 10. Electron microscopic characterizations of as-drawn glass nanowires. (a) SEM image of 
a 100-nm thick tellurite glass nanowire. (b) SEM image of an elastically bent 320-nm thick silicatc 
glass nanowire. (Adapted from Ref. [16].)

wire is clearly visible. The high uniformity and integrity give the wires considerable 
strength and pliability for manipulation. Figure 10(b) shows an elastically bent 320- 
nm thick silicate glass (Corning 0215) nanowire with a minimum bending radius 
of 5 |im, the wire shows a tensile strength sufficient for withstanding such a sharp 
bend. Figure 11 shows а ТЕМ image of the sidewall of a 210-nm thick Er and 
Yb co-doped phosphate glass (65% P 2 O 5 , 12% A I2 O 3 , 5% Ы2О, 16% Na2 0 , 1.5% 
^ЪгОз, 0.5% ЕГ2О3) nanowire, showing no visible defects or irregularities on the 
wire surface. The typical sidewall root-mean-square roughness of these nanowires 
is around 0.3 nm, which is on the same order of the roughness of silica nanowires 
drawn from optical fibers, approaching the intrinsic roughness of melt-formed glass 
surfaces [28,29].

3. Properties of Taper-drawn Glass Nanowires

3.1. Micromanipulation and mechanical properties

The ability to manipulate nanowires individually is critical for their characterization 
and for applications. Because of their long length, silica nanowires obtained by the

Figure 11. Т Е М  examination of the sidewall of a 210-nm thick phosphate glass nanowire. 
(Adapted from Ref. [16].)
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Figure 12. Optical microscope image of a 60-nm thick silica nanowire supported by a silicon 
wafer. The image is taken in dark-field reflection mode.

taper drawing method can be easily identified under an optical microscope. For 
reference, Fig. 12 shows a photograph of a 60-nm thick silica nanowire taken under 
an optical microscope in dark-field reflection mode. The profile of the nanowire is 
clearly seen when it is supported on a silicon wafer. This optical visibility makes 
it possible to manipulate a single nanowire in air, greatly facilitating the handling, 
tailoring and assembly of these nanowires for various purposes.

A typical experimental setup for micromanipulation of silica nanowires is shown 
in Fig. 13. The micromanipulation is monitored using an optical microscope objec
tive which images the nanowire onto a CCD camera. Probes from a scanning tun
neling microscope (STM) are mounted on micromanipulators and used for holding 
and manipulating the nanowires, as shown in the captured image in the inset of 
Fig. 13. Silica nanowires can be either freestanding in air or supported by high- 
index substrates (e.g., silicon or sapphire wafers) for better visibility.

Figure 13. (a) Experimental setup for micromanipulating silica nanowires. (b) Microscope image 
showing the bending of a silica nanowire using two STM  probes.
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Using raicromanipulation under an optical microscope, silica nanowires can be 
cut, positioned, bent and twisted with high precision. To cut a nanowire to a desired 
length, a bend-to-fracture method can be applied by holding the nanowire with two 
STM probes on a silicon or sapphire substrate and then using a third probe to bend 
the nanowire to fracture at the desired point. Because of their high integrity and 
uniformity, taper drawn nanowires usually demonstrate symmetrically flat end faces 
at the fracture point, as shown in Fig. 14.

To perform the bending and repositioning, the nanowires are first placed on a 
finely polished substrate (e.g., silicon wafer), which holds them tightly in place by 
van der Waals or electrostatic attraction between the nanowire and the substrate. 
They are then pushed by STM probes to a desired bending radius or position. The 
shape of the elastic bend is maintained after removing the STM probes because 
of the friction between the nanowire and the substrate. Figure 15 shows a 280- 
nm thick nanowire bent to a radius of 2.7 \xm. Usually, the nanowires do not break 
when bent and pushed, indicating that they have excellent flexibility and mechanical 
properties. As shown in Fig. 15, the tensile strength of the nanowires is estimated 
to be at least 4.5 GPa assuming a Young’s modulus equal to that of ordinary silica 
fibers [37]. The tensile strength of the wires can be determined by bending nanowires 
to the point of fracture. Figure 16 shows that the measured tensile strength of silica 
nanowires falls between 4 GPa and 7 GPa, regardless of their diameter. Taper drawn 
silica nanowires have a tensile strength that is much higher than that of standard 
glass fibers (about 3GPa at room temperature and moderate humidity [37,38]), 
which can be attributed to the lower defect density in materials of lower dimension.

The nanowires can readily be twisted without breaking. Figure 17 shows a 
rope-like twist formed with a 480-nm thick silica nanowire on a silicon wafer. This

Figure 14. SEM images of the cut end faces of 140-, 420- and 680-nm thick silica nanowires. 
(Adapted from Ref. (47].)



Taper-drawing Fabrication of Glass Nanowires 225

Figure 15. SEM image of a 280-nm thick nanowire elastically bent to a radius of 2.7 цлп. (Adapted 
from Ref. [6].)

diameter (nm)

Figure 16. Tensile strength of silica nanowires measured by a bend-to-fracture procedure.

“nanorope” keeps its shape when it is lifted up from the substrate, indicating that 
the nanowire can withstand shear deformation.

Silica nanowires can also be assembled into complex structures such as nanowire 
knots. Figure 18 shows а 15-цлп wide knot tied in a 520-nm thick silica nanowire. 
Such a ring-like structure can be developed into micro optical components such as 
ring resonators.

To avoid long-term fatigue and fracture of an elastically bent nanowire due to 
bending stress [39,40], an annealing-after-bending procedure can be applied to form
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Figure 17. SEM image of a rope-like twist formed with a 120-nm thick silica nanowire. (Adapted 
from Ref. [15].)

Figure 18. SEM image of а 15-ц.т diameter knot made with a 520-nm thick silica nanowire. 
(Adapted from Ref. [6].)

permanent plastic deformation, without change in surface smoothness and diameter 
uniformity. Shown in Fig. 19 are a spiral plastic bends in an 80-nm thick phosphate 
glass nanowire (Fig. 19[a]) and sharp bends in a 170-nm thick tellurite glass nanowire 
(Fig. 19(b)).

3.2. Optical properties

The extraordinary uniformity of the taper drawn nanowires makes it possible to 
use them for guiding light with low optical loss. To investigate the optical guid
ing properties of silica nanowires experimentally, it is essential to be able to effec
tively send light into and pick light out of a single nanowire. For a nanowire that 
is still connected to the starting fiber, light guided in the standard fiber can be 
squeezed directly into the nanowire through the tapered region connecting the two.
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Figure 19. SEM image of plastically bent glass nanowires. (a) A spiral plastic bend in an 80-nm 
thick Erbium-doped phosphate glass nanowire. (b) A 170-nm thick tellurite glass nanowire with 
sharp plastic bends. (Adapted from Ref. [16].)

Figure 20. Launching light into a silica nanowire. (a) Schematic diagram for launching light 
into a silica nanowire using evanescent coupling, (b) Optical microscope image of a 390-nm thick 
nanowire coupling light into a 450-nm thick silica nanowire. (Adapted from Ref. [6].)

For nanowires with free-standing ends, light can be launched using an evanescent 
coupling method, as shown in Fig. 20. Light is first sent into the core of a single
mode fiber that is tapered down to a nanowire and the nanotaper is then used to 
evanescently couple the light into another nanowire by overlapping the two in par
allel. Because of electrostatic and van der Waals forces, the nanowires attract one 
another and form a contact connection. Figure 20(b) shows an optical micrograph 
of the coupling between a 390-nm thick silica launching taper and a 450-nm thick 
silica nanowire. The coupling efficiency of this evanescent coupling can be as high as 
90% when the fiber diameter and overlap length are properly selected. This method 
can also be used for picking light out of a single nanowire.

Using evanescent coupling, the optical loss of the silica nanowire can be deter
mined quantitatively by measuring the transmission as a function of the length [6]. 
Shown in Fig. 21 is the optical loss of silica nanowires taper drawn from optical 
fibers, as reported by several groups [6,14,30]. Figure 22 shows the optical loss of 
nanowires directly drawn from bulk glasses [16]. For single-mode operation, the 
optical loss is typically around O.ldB/mm and can be as small as 0.0014 dB/nun, 
which is much lower than the optical loss of other subwavelength-structures such 
as metallic plasmon waveguides, nanowires or nanoribbons [41-43]. The increasing
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lurite glass nanowires taper drawn from bulk glasses. (Adapted from Ref. [16].)

loss with decreasing wire diameter can be attributed to surface contamination: as 
the wire diameter is reduced below the wavelength, more light is guided outside 
the wire as an evanescent wave and becomes susceptible to scattering by surface 
contamination and/or microbends.

4. Applications of Taper-drawn Nanowires

Because of their low-loss optical wave guiding ability, taper-drawn nano wires are 
ideal building blocks for various applications in nanophotonics. For example, low
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optical loss of the guiding structure is essential to obtain a high Q-factor in an 
optical microcavity resonator [44], to maintain the coherence of the guided light 
in optical waveguide/fiber sensors using coherent detection [45], to reduce the noise 
or cross talk in high-density optical integration, and to reduce energy consumption 
when many devices are connected in series. So far, taper-drawn glass nanowires 
have inspired broad interest in a variety of fields, such as photonic components 
and devices [46-48], nanowire optical sensors [49-51], nonlinear interaction and 
supercontinuum generation [30,52-60], and atom trap and guidance [61-64]. A brief 
review of the current and potential applications of these nanowires is presented here.

4.1. Micro- and nano-scale photonic components

A variety of micro- or nanoscale photonic components have been assembled using 
taper-drawn nanowires [46-48]. Because of their small size, low optical loss, evanes
cent wave guiding and mechanical flexibility, photonic devices assembled from 
nanowires have a number of advantages over conventional devices.

Figure 23 shows a micro-scale waveguide bend assembled by transferring plas
tically bent silica nanowires onto the surface of silica aerogel [47]. The 530-nm 
thick silica nanowire was first bent to a radius of about 8 |xm on a sapphire wafer, 
annealed, and then transferred to silica aerogel (Fig. 23[a]). The aerogel-supported 
plastic bends show excellent optical wave guiding with good confinement of the light 
(Fig. 23 [b]), demonstrating advantages such as compact overall size, low coupling 
loss, simple structure and easy fabrication over other types of waveguide bends such 
as photonic crystal structures [65-67].

The bent waveguides can be used to fabricate optical couplers. Figure 24 shows 
an X-coupler assembled from two tellurite glass nanowires with diameters of 350 and 
450 nm, respectively. When 633-nm wavelength light is launched into the bottom 
left arm, the coupler splits the flow of light in two, working as a 3-dB splitter with 
almost no excess loss. The overlap length of less than 5 |xm is much shorter than the 
transfer length required by conventional fused couplers made from larger-diameter 
fiber tapers [68].

Figure 23. An aerogel-supported 530-nm thick nanowire with a bending radius of 8|xin. (a) SEM  
image and (b) optical microscopy image showing the guiding light around the bend. (Adapted 
from Ref. [47].)
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1 —
Figure 24. Optical micrograph of an optical coupler assembled using two tellurite glass nanowires 
(350 and 450 nm in diameter respectively) on the surface of silicate glass. The coupler splits the 
633-nm-wavelength light equally. (Adapted from Ref. [16].)

Microring resonators have also been proposed or developed [6,46,48,69-71]. 
Recently, micro coil/loop resonators with Q-factors of 650,000 have been experi
mentally realized [71], and a microcoil resonator with self-coupling turns is expected 
to reach a Q- factor as high as Ю10 [69].

4.2. Nanowire optical sensors

Because of their subwavelength-size, nanowires guide light with a large fraction 
of the energy in an evanescent wave that is highly sensitive to index change in 
the environment [36]. At the same time, because of the low optical loss of the 
taper-drawn nanowires, the coherence of the guided light can be maintained over a 
considerable length. These excellent guiding properties make these nanowires ideal 
for high-sensitivity optical sensing at the nanoscale.

Numerical simulations show that when two nanowires are assembled into a 
Mach-Zehnder interferometer for coherently detecting phase shifts in the guided 
light in one of the nanowires acting as the sensitive arm, the sensitivity of such a 
nanowire optical sensor can be over one magnitude higher than that of conventional 
fiber/waveguide optical sensors of similar design [49]. An important benefit is that 
the size of the sensing element can be greatly reduced.

Optical sensors based on taper-drawn silica nanowires (nanofibers) have also 
been experimentally realized. For example, P. Polynkin et al. reported a nanofiber 
optical sensor for measuring the refractive index of liquids propagating in microflu- 
idic channels [50], with an estimated sensitivity of about 5 x 10-4  in the refractive- 
index. J. Villatoro et al. reported a miniature hydrogen sensor that consists of a 
taper-diawn nanofiber coated with an ultra thin palladium film [51]. Measurements 
using light of 1550-nm wavelength show that the sensor’s response time (about 10 s) 
is seveial times faster than that of optical and electrical hydrogen sensors reported so
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far. Moreover, the sensor is small, reversible, and suitable for detection of hydrogen 
around the lower explosive limit.

4.3. Additional applications

Additional applications of taper-drawn nanowires have been reported in fields such 
as nonlinear interaction and supercontinuum generation [30,52-60], as well as atom 
trapping and guiding [61-64]. Because of the tight mode confinement and strong 
waveguide dispersion, subwavelength-diameter nanotapers or fibers make it possible 
to exploit nonlinear properties at relatively low pumping power and short interaction 
length [30,53]. Another promising application involves the use of silica nanowires 
for trapping and guiding atoms by the optical force of the evanescent field around 
the fibers [61-64]. It was shown that the gradient force of a red-detuned evanescent- 
wave field in the fundamental mode of a silica nanowire can balance the centrifugal 
force of the atoms [62,63]. In addition, atom traps and waveguides using a two-color 
evanescent light field around a nanowire can produce a net potential with large 
depth, coherence time, and trap lifetime [64].
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This chapter describes an EUVL technology that is expected to be introduced into 
the manufacturing of the 32nm-node device from 2009-2011. EUVL consists of a 
light source of 13.5 nm, a reflective mask, objective optics and wafer. A reflective 
mask and objective optics with multilayer coating are employed. The reflectivity of 
multilayer at the wavelength of 13.5 nm is 68%.

The challenging items are high power source, defect-free mask and resist with low 
LER and high sensitivity. EUV scanner of а -type have delivered and process studies 
are performed in several institutions. In this chapter, the principle of EUV lithogra
phy, concepts of optics design, aspherical mirror fabrication and measurement, mask 
fabrication process and inspection, recent activities of resist and source are described.
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1. Introduction

Soft X-ray reduction lithography using multilayer-coated Schwarzchild (SC) optics 
was first demonstrated in NTT in 1986 [1,2]. The exposure optics were then refined, 
and a 0.5-|xm pattern was deUneated [3] in 1989. However, the next year, the AT&T 
group demonstrated a pattern with a diffraction-limited size of 0.05 jxm [4]. Stimu
lated by those results, R&D accelerated in both the US and Japan. The past 20 years 
have seen many technological advances; and EUVL is now the most promising next- 
generation technology for LSI fabrication.

According to the latest semiconductor road map, EUVL will be introduced for 
the fabrication of LSIs at the 32-nm node in 2011. Research institutions, equipment 
makers, and infrastructure makers throughout the world are now accelerating devel
opment with the goal of fabricating devices by EUVL. Although the optical system 
is reflective, employing mirrors covered with a multilayer film, rather than refrac
tive, as in a conventional system, this technology can be considered an extension 
of conventional ultraviolet lithography. That is, advances in lithography for device 
fabrication have so far come about by improving the NA of the optical system and 
shortening the exposure wavelength. Recently, the required minimum feature size 
has reached one-half the wavelength or less, and the influence of diffraction has 
become marked. Even so, a conventional refractive system can still be used due to 
the development of resolution enhancement technologies, such as a phase-shift mask 
and a ring illumination system, which result from the engineering of optical com
ponents. Furthermore, a new technique called ArF immersion technology is making 
rapid progress.

Ultraviolet lithography employs reduction exposure and a bulk mask, and covers 
several generations. Any technology worthy of being called a “lithography standard” 
for device fabrication must satisfy these three conditions. EUVL does satisfy them, 
and can be considered an extension of ultraviolet lithography. Moreover, a fine pat
tern less than 30 nm can be replicated without the resolution enhancement or OPC 
techniques developed for KrF excimer lithography.

In contrast to conventional ultraviolet lithography, which employs refractive 
optics, EUVL employs a reflective optical system consisting of multilayer-coated
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mirrors. Each aspect of this technology (coating, polishing, metrology, vacuum 
mechanism, etc.) requires an extremely high precision of less than one nanometer, 
although nanotechnology seems to have grabbed the world’s attention lately. On the 
road to the establishment of a workable technology, solutions to critical problems in 
each field must be found; and their impact will spread widely into other fields. For 
example, consider the light source, which is based, for instance, on laser-produced 
plasma. If a high-intensity light source is realizable, it will lead to improvements in 
the performance of X-ray microscopes and analytical tools. Progress in optical pol
ishing and figuring will have an impact on the quality of many products. Research 
on multilayer films promotes the study of the process by which a single atomic 
layer is formed and also research on the surface interface of materials. Furthermore, 
the advances in metrology required to make EUVL a practical production tool will 
revolutionize evaluation methods based on the conventional point diffraction inter
ferometer.

Thus, although difficult problems must be solved in each technology related to 
EUVL, this research is part of the process by which we are progressing into the 
nano-scale regime; and this same process will one day carry us into the pico-scale 
regime. In this sense, the development of EUVL will have a large ripple effect on 
all fields.

This chapter discusses the principal of EUVL, the current status of the individual 
technologies, and future prospects.

2. Principle of Extreme Ultraviolet Lithography [3]

Figure 1 illustrates the principle of extreme ultraviolet lithography. The system 
consists of a source, illumination optics, a mask, an objective lens, and a wafer. 
The mask, the objective optics, and parts of the illumination optics are coated with 
a reflective multilayer film. Since the aberration-free area in a reflective system is 
limited, the exposure area is expanded by synchronously moving the mask and wafer 
in the optical system.

The diffraction-limited resolution is determined by Fraunhofer diffraction when 
aberration in the optical system is completely eliminated:

d =  K1A/(NA). (1)

And the depth of focus, D, is given by the Rayleigh equation:

D =  A/(NA2), (2)

where A is the wavelength of the X-ray source and NA is the numerical aperture 
of the objective lens. Table 1 gives estimates of the resolution and depth of focus, 
assuming a K1 factor of 0.5 and a wavelength of 13.5 nm.
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If a Kl factor of 0.4 is permitted, optics with an NA of 0.25 can be used for the 
22 nm-node without any narrowing of the depth of focus. This is one of the biggest 
advantages of EUVL.

At the start of system design, the choice of X-ray wavelength is the most impor
tant consideration because many other things (optical characteristics, multilayer 
reflectivity, resist materials, etc.) depend on it. Figure 2 shows the numerical aper
ture and X-ray wavelength for the target resolution and depth of focus both in the 
early stages (1980s) and now. In the early stages, the target resolution was less 
than 0.2 jim, but it has now become less than 45 nm. In this figure, a larger numer
ical aperture provides a higher resolution and a smaller depth of focus. However, 
it is extremely difficult to design optics with a high numerical aperture, such as 
0.4. Another way to improve the resolution is to shorten the wavelength; but that 
reduces the reflectivity of the multilayer and narrows the bandwidth.

Figure 3 shows the reflectivity of multilayer films experimented in the world 
wide [5]. The shortest wavelength that can be used at normal incidence is around

Table 1. Estimated resolution and depth of focus.

NA 0.25 0.3 0.4

d(nm) 27 22.5 17
Df(nm) 216 150 84
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Wavelength(A)

Figure 2. Numerical aperture and X-ray wavelength for the target resolution and depth of focus.

Figure 3. The reflectivity of multilayer films fabricated and measured in the world wide.

4.7 nm, considering the controllability of the period of the thinnest layer on a mirror. 
Generally, the peak reflectivity is obtained at the wavelength of minimum absorp
tion of the low index material, such as carbon, boron, beryllium or silicon for the 
wavelength range of 4.0-40 nm. It occurs at a wavelength of 4.47 nm for carbon,
6.7 nm for boron, 11.4 nm for beryllium, and 12.4nm for silicon. The peak reflectiv
ity and the bandwidth are easily calculated from Fresnel’s equations. For instance, 
assuming that the wavelength is beyond the absorption edge of each material and
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Incident dose (AxS)
Figure 4. The relationship between the exposure depth of P M M A  resist and the incident dose of 
synchrotron radiation (SR).

also assuming normal incidence, the calculated peak reflectivity is 17% for Cr/C, 
33% for RU/B4C, 73% for Mo/Be, and 72% for Mo/Si. The experimental reflectiv
ity must be over 65%, from the standpoint of a practical throughput. The values 
for Mo/Si and Mo/Be satisfy the requirement. Furthermore, since demagnifying 
optics usually consist of two or more mirrors, a bandwidth of 0.3-0.4 nm is required 
to adjust the multilayer mirrors to the wavelength of the peak reflectivity. The 
bandwidths of multilayer mirrors made of Mo/Si (for Л =  13 nm) and M o/Be (for 
Л =  11.4 nm) satisfy the requirements.

The sensitivity and exposure depth of the resist depend on its X-ray absorption 
coefficient. Since the characteristics of organic resists depend primarily on the X-ray 
absorption of carbon, the exposure depth is easily calculated. At a wavelength of
4.47 nm or a little longer, the X-ray absorption of an organic resist is small, which 
allows a thick resist (thickness > 0.5 |xm) to be used. For wavelengths longer than
4.47 nm, the X-ray absorption becomes appreciable; and only a thin top layer at 
the surface is exposed.

Figure 4 shows the relationship between the exposure depth of PMMA resist and 
the incident dose of synchrotron radiation (SR). Two pairs of Schwarzschild-type 
multilayer mirrors were used to monochromate the SR source, which was adapted 
for wavelengths of 5nm and 11.8 nm. For a wavelength of 11.8 nm, the exposure 
depth reaches a limit at 0.08 jim; while for 5nm, it is more than 0.3 |xm. So, the 
use of wavelengths greater than about 10 nm requires the development of either a 
bilayer resist process or a new resist that permits exposure depths of at least 0.3 ixm.

As mentioned above, considering all the factors (required numerical aperture, 
multilayer reflectivity, resist characteristics, etc.), two wavelength regions appear 
to be suitable. One is from 4.47 to 7.0 nm, and the other is from 11.4 to 13.0 nm 
(Fig. 2). The final selection of the wavelength will be decided on the basis of further
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Table 2. Critical issues in individual EUVL technologies.

Component Issue Goal

Optics Design 6 mirrors
Aspherical-mirror fabrication 0.3 nm
Alignment accuracy of optics 0.5 nm

Source High power 115-180 VV
Low debris > 5  st
Large collection angle 
Long life

> 1 0 11

Mask High reflectivity >67%
Low defect density 0.001/cm 2

Resist High sensitivity 2-5m j/cm 2
Low LER 1.5 nm @32 nm

Exposure system Containmation & 
temp, control 
Mask & wafer handling 
Scan stage

studies on optical design for a high numerical aperture, the resist process, and the 
ability to deposit highly reflective multilayers.

Until the target feature size reached 45 nm, a single-layer resist was adequate, 
since penetration depth did not need to be considered. And the exposure wavelength 
was set to around 13.5 nm. Table 2 shows the critical issues for EUVL components.

3. Optics

3.1. Optics design

To design EUVL optics with a large exposure field, the following factors need to be
considered: (i) the construction of optics with the fewest mirrors; (ii) telecentricity
on a wafer for easier alignment and a large depth of focus; (iii) a demagnification 
of 1/4  to 1/5  to make mask fabrication easier; (iv) an MTF of over 70% (it needs 
to be high enough to provide the required resolution); and (v) a minimum blur of
an exposure pattern of less than 0 .01% in the scanning mode.

Figure 5 illustrates a two-aspherical-mirror system for the replication of 0.06-
Млп patterns in a large exposure area demonstrated by NTT [3,6]. The incident 
angle to the optics is nearly normal (~2°). The focused beam strikes the wafer 
perpendicularly; that is, the optics are telecentric with respect to the plane of a 
wafer. The demagnification is 1/5. The numerical aperture is 0.1; and the exposure 
area has a ring field image 20 mm x 0.4 mm in size, in which the aberration is 
less than 0.01 jxm. The square-wave modulation transfer function for these optics is 
75% at 5000 cycles/mm, which yields a resolution of less than 0.1 |xm for incoherent
13-nm-wavelength radiation. This design satisfies requirements (i) to (iv) above.
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i « 
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Figure 5. A  two-aspherical-mirror system.

This optics design employs two mirrors with the same radius of curvature to 
compensate for the curvature of the image plane. However, the difference in distor
tion in the ring field is not negligible. In this case, assuming a distortion of 0.25%, 
the blur of a pattern is 0.2 |im in a ring field with a size of 20 mm x 0.4 mm on a 
wafer. A two-mirror system is not good enough to eliminate various types of aberra
tion, especially the distortion in a wide field. However, this design can be considered 
illustrative of “the principle of an EUVL optical system.”

Figure 6 shows a four-mirror ring-field system devised by Tania Jewell et al. [7,8]. 
It satisfies all the requirements for practical 0.1-jxm EUV projection lithography. 
This design is also based on a reflective Cook triplet with a fourth mirror added 
between the secondary and tertiary mirrors. It is a 4x reduction system with an NA 
of 0.1 and provides excellent image quality over a ring width of several millimeters. 
All the mirrors are rotationally symmetric aspherical surfaces with a low asphericity. 
The radius of the center of the ring field at the side of a wafer is 31.5 mm, which

Mask

Figure 6. A four-mirror ring-field system devised by Tania Jewell et al.
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allows the exposure of large chips by scanning. Adding the fold mirror allows several 
requirements of a practical lithography system to be met: it brings the image to 
the opposite side of the projection system, thus allowing for unlimited wafer travel; 
it provides an accessible stop in the system; when power is added to it, it helps to 
provide a larger back clearance; and it helps to achieve full astigmatic correction 
over a large field of view, thereby reducing the alignment sensitivity. In a ring-field 
system, the width of the ring is usually limited by astigmatism. In this design, since 
the astigmatism is corrected over nearly the entire image field, the width is limited 
by distortion. For example, the amount of residual distortion for a ring 1.0 mm 
wide is 7.0 nm in the scan direction and 3.5 nm in the cross-scan direction; while 
for a ring 2.5 mm wide, the values are larger at 40.0 nm and 20 nm, respectively. 
An additional feature of this design is an optimum chief ray angle in the object 
space. During system optimization, the chief ray angle for a mask normal to the 
incident light is limited to a minimum of 2.5° to allow enough room to bring in the 
illumination beam for the reflective mask.

A 4-mirror system based on this design has been developed in a DOE program, 
and it has led to the solution of a basic problem in the development of a step
per [9,10].

Figure 7 shows the characteristics of replicated patterns simulated using SPLAT, 
assuming a wavelength of 13.5 nm. Increasing NA makes finer hole and elbow pat
terns. In resolving a 30-nm hole and elbow pattern, the numerical aperture of over 
around 0.3 is required. On the other hand, influence of a value does not make a 
significant change.

Figure 8 shows the 6-aspherical-mirror optics devised by Williamson in 1998 [11]. 
This system provides even more degrees of freedom to correct residual aberration, 
enabling a 4 x reduction with an NA in excess of 0.25 and a ring field over 2.0 mm 
wide on a wafer. For a 2.0-mm-wide ring field, the residual distortion can be reduced
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Figure 7. The characteristics of replicated patterns simulated using SPLAT.
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NA0.25
Figure 8. A  6-aspherical-mirror optics devised by Williamson in 1998.

to less than 0.25 nm. This camera enables 20-nm patterns to be replicated [12]. 
ASML, Nikon, and Canon have developed a practical EUVL system employing this 
type of optics.

3.2. Fabrication and measurement of aspherical mirror

Aspherical mirrors are key optical elements of the imaging optics and require high- 
precision fabrication. In general, the figure accuracy of one mirror can be obtained 
from Rayleigh’s eq. (3) and MarechaPs eq. (4):

a =  A/4n (P -  V) (3)
G =  А/28л/п (RMS), (4)

where n is the number of mirrors. For example, the figure error for each mirror of 
imaging optics with six aspherical mirrors (Fig. 8) must be less than 0.56 nm P-V 
and 0.2 nm RMS.

Improvement in the precision of mirror fabrication is due to progress in the 
technology for measuring figure error. Utilizing computer-controlled polishing and 
a laser interferometer, to which phase analyzing equipment was added, Tinsley 
achieved a figure error of 0.3 nm(RMS).

Figure 9 illustrates the fabrication process for aspherical mirrors [13]. First, 
precision machining with a diamond grinding wheel produces the initial spherical 
surface to an accuracy of 1-2 |xm, as measured with a contact-type profilometer. 
Second, an aspherical surface meeting the required specifications is fabricated by 
CCOS(Computer Controlled Optical Surfacing), which employs iterative polishing 
with substrate polishing tools and a phase-measuring interferometer to measure the 
shape. The final shape is acquired by repeated polishing and measurement. In 1993, 
the two aspheiical mirrors for the system in Fig. 5 were delivered; but the accuracy 
was only 1.5 nm for the concave mirror and 1.8 nm for the convex one [14].

A new metrological method was needed to fabricate a mirror with an accuracy 
of better than 1 nm. Figure 10 shows a Twaiman green interferometer based on 
CGH, which applies a Fourier transform to the aspherical surface. CGH calculates
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Figure 9. The fabrication process for aspherical mirrors.

Figure 10. The aspherical mirror measurement using CGH.

interference fringes for actual and ideal wave fronts, and it enabled the precision to 
reach the required value. That is, this technique of processing the Fourier transform 
rather than the actual wave front provides an accuracy of 0.5 nm. Figure 11 shows a 
fabricated aspherical mirror. Further advances in the technology have reduced the 
roughness in the mid-frequency range, allowing an accuracy of 0.3 nm to be achieved 
in 2000.

An interferometer is used to measure the surface figure, and the measurement 
accuracy depends on the accuracy of the optics of the instrument itself. The need to 
overcome this limitation engendered the concept of a new type of interferometer for



246 H. Kinoshita

М1 М2 М3

Diameter 272 mm
Figure error 0.58 nm

(rms)

116 mm 
0.58 nm

224 mm 
0.58 nm

Roughness 0.28 nm 
(rms)

0.31 nm 0.35 nm

Figure 11. A  fabricated aspherical mirror in 1999.

which the accuracy of the instrument optics is not a factor determining measurement 
accuracy.

Gary E. Sommargren of LLNL considered the spherical wave emitted from a 
glass fiber and came up with the idea of determining shape from the interference 
fringes formed by the wave front reflected from the measurement optics and an 
ideal spherical wave, taking the uniformity of the diameter of the fiber core into 
account (Fig. 12[a-b]) [15,16]. Up to that time, a processed pinhole had been used, 
which produced a spherical wave that was far from ideal. The new system was a 
technological breakthrough that eliminated spatial restrictions on measurements 
and provided an accuracy in the sub-nanometer region. This method can measure 
the figure error of single-element optics and the wave-front error of optics with a 
couple of elements.

The LBNL group has developed a PDI (Fig. 13) using the exposure wavelength 
of EUV [17-19]. The light source is an undulator, and a transparent diffraction 
grating increases its intensity. ETS-1 and the MET system were aligned using this 
system; and a WFE of less than 0.5 nm was obtained over the entire field.

4. Source

Early research on EUVL employed synchrotron radiation (SR)[20]; but it soon 
became apparent that SR could not provide the required throughput. Thereafter, 
hopes centered on laser-produced plasma (LPP) because it has a smaller footprint 
than SR, and an exposure system with LPP is compatible with conventional equip
ment on a semiconductor production line.

SNL developed the first equipment for forming a Au tape target, which enables 
continuous irradiation [21]. Au, Sn, Та, and W can be employed as a solid target 
to generate 14-nm-wavelength radiation from LPP. However, Sn and Au targets 
produce a great deal of debris [22,23]. The conversion efficiency (CE) of a solid 
target is generally over 1%; and for a Sn target, it is over 2%.
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Figure 12. A  PDI system devised by Gary E. Sommargren of LLNL: (a) principle of point diffrac
tion interferometer, (b) configuration of spherical mirror test stand.

Various ways of reducing debris and increasing the lifetime of a mirror to Ю10 
shots have been investigated, such as the use of material with a light mass as a 
target, a helium atmosphere, and a chopper with a rapidly rotating slit. The Nikon 
has developed the new technologies shown in Fig. 14 [24]. Ways of reducing the 
amount of debris include the use of a Та tape target, Kr buffer gas, which has a 
greater mass than He, and triple shielding. As a result, the amount of debris was 
reduced below the measurable limit.
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Figure 13. A PDI using the exposure wavelength of EUV developed by LBNL.

Figure 14. A  debris shielding way developed by Nikon.

However, a great deal of debris scatters from a solid target. The use of a gas flow 
and a rotating chopper reduce the rate at which metal target debris is deposited by 
a factor of 103—104; but these methods still cannot extend the lifetime of a mirror 
to 10lo-10n shots, which is required for a commercial system. Cryogenic targets 
have been proposed as a way of avoiding debris scattering [25]; and a system using 
a cryogenic target consisting of a Xe pellet irradiated with a 248-nm KrF laser 
was developed at SNL in 1994. A schematic diagram of the pellet injector and the 
associated fragmentation imaging apparatus is shown in Fig. 15. A Xe pellet is 
formed by isolating the pellet-formation tube with a valve, introducing Xe vapor to 
a pressure of —120 Torr, and allowing the pellet to grow for —20 sec. To inject the 
pellet, the isolation valve is opened and a 0.4 mm diameter pneumatic punch shears 
the pellet from the wall of the syringe and accelerates it into the vacuum chamber.
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Figure 15. A schematic diagram of the pellet injector and the associated fragmentation imaging 
apparatus of cryogenic target.

A KrF excimer laser operating at 248 nm was used to irradiate pellets for plasma 
formation. The pulse energy and pulse width were 0.8 J and 32 ns, respectively, 
focused to achieve an intensity of 9 x Ю10 watt/cm2 on target. EUV radiation within 
a 4.5% bandwidth centered at 14.3 nm from the resulting laser plasma was reflected 
by a Mo/Si multilayer mirror into a calibrated Be-filtered x-ray diode to deter
mine CE.

The peak conversion efficiency of a Xe target is 2.5% at a wavelength of 11 nm, 
but only 0.8% at a wavelength of 13.4nm (Fig. 16). Furthermore, Xe fragments 
damage a multilayer mirror.

In order to avoid damage, a gas-jet target (Fig. 17) was devised [26]. Xe gas 
is emitted in a pulse from an ultrasonic nozzle into vacuum, and then adiabatic 
expansion produces a cluster as a target. Irradiating the cluster with a laser yields 
highly ionized plasma with an electron temperature of several tens of electronvolts. 
The energetic radiation created by the recombination and de-excitation of these 
ions is emitted in all directions, collected by a normal incidence mirror (collector), 
and focused on an intermediate point, from which it is relayed to the scanner optics 
and ultimately to the wafer. Although the conversion efficiency of Xe gas is about 
0.5%, this is a promising method of debris removal.

To build a practical system with 6 aspherical mirrors and a reflective mask, 
stepper companies (ASML, Nikon, Canon, etc.) carried out simulations to determine 
the requirements of the source. They found that a source power of 115W at the 
intermediate focus point is needed to obtain a throughout of 100 8-inch wafers/h, 
assuming a resist sensitivity of 5mJ/cm2.
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Figure 16. The peak conversion efficiency of a Xe target.

E U V  C o lle c tio n  o p tic s

Currently, two types of EUV sources, LPP and discharge-produced plasma 
(DPP: Fig. 18), are being investigated. In general, LPP has the advantages of col
lection over a large solid angle, little debris, and a high repetition rate. On the other 
hand, DPP has the advantages of high power and high efficiency, although ablation
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Figure 18. A  discharge-produced plasma (DPP).

Figure 19. The measured lithium CE as a function of intensity.

of the electrode and the amount of debris are serious problems. DPP directly changes 
electrical energy into EUV light, while LPP first changes electrical energy into laser 
energy, which is then converted into EUV light.

Cymer Co. has been developing an LPP source for a practical system [28]. They 
are carrying out fundamental studies on the emission spectrum and conversion
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efficiency of a Sn droplet target and the condensing efficiency of a normal-incidence 
mirror using a XeF (DUV) driving laser with an output of 800 W and a repetition 
frequency of 4 kHz. The typical conversion efficiency (CE) of this system is 0.5% into 
2% BW and 2тг sr. However, the efficient conversion of laser energy into EUV energy 
is critical to obtaining the required power. Several combinations of laser wavelength 
and source element CE have been examined. Plans call for the use of a Li rather than 
a Sn target and a CO2 laser in a system for high-volume manufacturing (HVM).

Figure 19 shows the measured lithium CE as a function of intensity for 5 different 
driving laser wavelengths. Even under non-optimized conditions, the lithium CE is 
quite high, approaching 3%; and it is relatively insensitive to laser wavelength in 
the wavelength range from 266 nm to 1064 nm.

Figure 20 shows (a) the estimated Sn CE as a function of intensity for different 
driving laser wavelengths; and (b) the CE of a CO2 laser as a function of lens posi
tion. A longer laser wavelength yields a higher CE; and a CE of 4% can be obtained 
for a CO2 laser at a wavelength of 10.6ixm. A CE as high as 5% has been reported 
for a wavelength of 1064nm. Based on these experimental results, a Sn LPP source 
appears to be a viable option for an HVM source.

A DPP source for EUVL is potentially much simpler and less expensive than an 
LPP source. It employs high-voltage, high-current discharge pulses to form a 15-eV 
to 50-eV plasma in a gaseous medium, such as Xe, Sn or Li vapor. Angle-integrated 
EUV outputs of 7-mJ/eV pulses and repetition rates of up to 1000 Hz have recently 
been achieved for a Xe capillary discharge source, suggesting that it may be possible 
to scale the average power of this source to meet commercial requirements.

Xtreme Co. developed the first commercial Xenon GDPP source in 2003. It is 
based on the Z-pinch, which generates a power of 35 W within a solid angle of 27t sr. 
This source has been integrated into micro-exposure tools from Exitech Co., UK. 
The first tool has produced more than 100 million pulses without visible degradation 
of the source collection optics. Xtreme Co. has a GDPP source under development 
with a power of 115 W at the intermediate focus point for an HVM system [29]. It 
utilizes a Sn source and a rotating disk electrode.

intensity (W/cm2) Lens Position, a tu

Figure 20. (a) The estimated Sn CE as a function of intensity for different driving laser wave
lengths; and (b) the CE of a C O 2 laser as a function of lens position.
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The Philips Co. Nova Sn GDPP source uses an electrical input power of over 
10 kW and continuously delivers a power of 200 W in the EUV band over a solid 
angle of 27rsr [30]. 500 million shots have been generated; and the electrode lifetime 
is estimated to be at least 2 billion shots. The debris mitigation system is based 
on a two-step method that employs a foil-trap-based stage and a chemical cleaning 
stage. The total collector lifetime should be over 10 billons shots.

Although both systems have great potential, the best type of system will become 
clear after a suitable resist has been developed. Moreover, the lifetimes of the con
densing efficiency and the condensing mirror are important factors determining 
conversion efficiency; further studies will be carried out in the future.

5. Reflection  Mask

5.1. Mask structure and mask fabrication process

The EUV mask is one of the key technologies for establishing EUV lithography, 
with the production of defect-free substrates and phase defect measurements being 
critical issues. An EUV mask (Fig. 21) consists of an LTE glass substrate, a mul
tilayer, a capping layer, a buffer layer, and an absorber pattern [31-33]. Table 3 
shows the specifications of EUVL mask.

The use of LTE glass for EUV mask substrates is essential for reducing mask dis
tortion caused by thermal loading during EUV exposure [34]. Coming’s ULE™ and

Absorber

buffer 
capping 1

LTE

Figure 21. The configuration o f EUVL mask. 

Table 3. Specification of E U V L  mask.

Item Specification

Substrate size & properties 6025, LTE  
Surface roughness of substrate < 0 . l 5 nm(RMS)
Flatness of substrate < 50  nm (P-V)
Defect density of substrate Zero (for defect size > 50  nm)
Defect density of blank < 0 .0 0 3 /c m 2 (for 30-nm defects)
Reflectivity of blank > 67 % (1 3 .4  nm <  A <  3.5 nm)
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Figure 22. The reflectivity spectrum of typical multilayer blanks measured with the reflectometer 
at the NewSUBARU SR facility.

Schott’s ZERODUR™ are widely used as EUV mask substrates. ULE™  glass is an 
amorphous SiCb glass doped with ТЮ2, and has properties similar to those of quartz 
glass. Smooth surfaces with an RMS roughness of at most 0.15 nm, which meets the 
surface-finish requirements, have been created on ULE™ glass by mechanical pol
ishing [34]. ZERODUR™ is a crystallized glass, and has several desirable properties 
for use as an EUV mask substrate due to its high Young’s modulus and homogeneity. 
However, it is difficult to create ZERODUR™ substrates with the required surface 
smoothness using conventional polishing methods. Some companies have developed 
new polishing technologies and obtained a flatness of less than 50 nm in tests using 
ULE™ ; further studies are necessary.

A multilayer consisting of Si and Mo has been found to be the most suitable for 
obtaining a high reflectivity at EUV wavelengths of 13-14 mn. One with 40 bilayers 
has a peak reflectivity of 69%, which meets the minimum reflectivity requirement 
of 67%. The reflectivity spectrum (Fig. 22) of typical multilayer blanks was mea
sured with the reflectometer at the NewSUBARU SR facility. The deviation from 
the theoretical value of around 73% is thought to be due to the formation of inter
diffusion layers between the Si and the Mo layers. Improvement of the deposition 
process should yield a reflectivity of 67% or more. The uniformity of the centroid 
wavelength (Fig. 23) of a multilayer blank was measured in 5-mm increments in the 
diagonal direction from the center to a corner. The range from the center to 70 mm 
corresponds to a 100-mm-square quality area. A centroid wavelength uniformity 
of ±0.015 nm was achieved in a 100-mm-square area of a blank, which meets the 
specification of ±0.03 nm.

The centroid wavelength and the reflectivity of multilayer blanks must be stable 
during the various steps of the mask fabrication process, such as cleaning and resist
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Figure 23. The uniformity of the centroid wavelength of a multi layer blank.

Figure 24. The process-induced damage to multilayer blanks.

baking. In order to investigate process-induced damage to multilayer blanks, blanks 
were baked in a hot-plate baking system with a 0.2 mm proximity gap in a tem
perature range of 100- 200°C, and were also subjected to acid-based cleaning with 
either hot sulfuric acid or a solution containing H2SO4 and H2O2 [35]. Figure 24 
shows how this treatment affected the centroid wavelength and peak reflectivity. 
Neither showed any significant change after acid cleaning or baking up to 150°C. 
On the other hand, baking at 200°С caused a slight 1% drop in reflectivity and a 
wavelength shift of 0.04 nm. This wavelength shift might prove unacceptable for the 
production phase. The change in the multilayer period was similar to the change 
in the centroid wavelength. It is known that baking at an elevated temperature
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accelerates interdiffusion in Mo/Si multilayers, with a corresponding reduction in 
reflectivity and contraction of the period [36]. Fi-om these results, it was concluded 
that the wavelength shift and reflectivity drop for a multilayer blank was due to a 
thicker interdiffusion layer caused by thermal loading at 200° С. The results of this 
study thus indicate that a Mo/Si multilayer blank can withstand the acid-based 
cleaning and baking used in the conventional mask-making process.

Since the throughput of an EUV lithography system is strongly affected by 
the EUV reflectivity of the multilayers on the optics and the mask, the multilayers 
should be as reflective as possible. A peak reflectivity of 67% is required for the mul
tilayer on a mask for the 45-nm node. The uniformity of the centroid wavelength and 
peak reflectivity of a multilayer blank must be tightly controlled to minimize illu
mination uniformity errors in the exposure system. According to simulation results, 
the variation in the multilayer period should be at most around ± 0.02 nm to meet 
the tolerance requirements of the centroid wavelength.

TaN and Cr films have been reported to be the best candidates for the EUV 
absorber material [37-40]. SiC^, SiON, С and Ru films are commonly used as repair 
buffers for a TaN or Cr absorber [41-43]. A buffer layer is required to protect the 
multilayer from damage during the repair of absorber defects with a focused ion 
beam (FIB). It needs to be patterned along with the EUV absorber layer as a stack 
to prevent any degradation in the EUV reflectivity of the multilayer [44-47].

In a typical mask fabrication process (Fig. 25), a Mo/Si multilayer composed of 
40 bilayers and an 11-nm-thick Si capping layer are deposited on a ULE glass sub
strate [48-51]. The RMS surface roughness of an as-deposited multilayer is 0.16 nm 
in a 5-micron-square area on a polished ULE substrate, as measured with an AFM. 
A CrN buffer layer and a TaBN absorber are then deposited on the Si capping layer

ML and Si capping  
layer deposition iШ Ш

EB w riting

CrN buffe r and TaBN  
ab so rb er d epositio n ED.DLD-

A b so rb er e tch in g  
and resis t s trip p in g

J 3 L

= = j EB res is t coatin g  iрн дав
and baking 1-, . •

B uffer layer  
etch ing

Figure 25. A  typical mask fabrication process.
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Figure 26. An EUV mask with a minimum feature size of 180 nm (width) for the 45-nm node.

by DC magnetron sputtering. After the lithography process, the TaBN absorber 
is etched in an ICP etching system using CI2 gas; the etching selectivity of TaBN 
with respect to the CrN buffer layer is around 20:1. Finally, the TaBN absorber 
pattern acts as a hard mask for the removal of the CrN buffer layer. The CrN buffer 
layer is etched with CI2/O 2 plasma; it has a high etching selectivity of 20:1 with 
respect to the Si capping layer. The surface roughness shows no change after this 
processing due to the high etching selectivity between CrN and Si. The Si layer was 
slightly thicker after the etching process, as measured with low-angle XRD. This is 
thought to be due to the oxidization of the Si layer by oxygen plasma. EUV masks 
can be produced without a significant drop in EUV reflectivity by optimizing the 
mask process and by using newly developed mask blanks. An EUV mask (Fig. 26) 
with a minimum feature size of 180 nm (width) for the 45-nm node was successfully 
fabricated using the optimized process.

5.2. Actinic E U V  mask inspection system

The fabrication of defect-free masks is a critical issue in EUVL. Based on the ITRS, 
a defect width of less than 25 nm is required at the 32-nm node.

There are two types of defects (Fig. 27) in an EUVL mask: amplitude and phase 
defects. Amplitude defects are either particles on the surface of the multilayer or 
flaws in the multilayer. They can be detected directly by measuring the intensity 
of DUV light scattered from them. On the other hand, phase defects are produced 
when the multilayer is deposited over a bump or pit on the substrate, which results 
in swellings or depressions on the surface.

There are two techniques for detecting a small swelling on the surface: using 
deep ultraviolet (DUV, A =  257 nm) light and using EUV light at the exposure
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Figure 27. Two types of defects in an EU VL mask.

wavelength. The use of DUV light is the conventional method in optical lithogra
phy. However, it is difficult to detect defects on an EUVL mask by this method 
because the defects that need to be detected are much smaller than the inspection 
wavelength. That is, it is extremely difficult to detect defects of 50 nm or less using 
DUV light. Furthermore, since the characteristics of phase defects depend on the 
exposure wavelength, it is necessary to observe phase defects at the same wavelength 
as that used for exposure [52-56].

An actinic EUV mask inspection system (Fig. 28), the EUVM, has been installed 
on the BL-3 beamline of the NewSUBARU SR facility. It consists of Schwarzschild 
optics, a Mirau interferometer for phase-shift interference measurements, an X -Y  
sample stage for 6025 substrates, a focus detector, an X-ray zooming tube comiected 
to a CCD camera, and an image processing computer. It is in a vacuum chamber 
evacuated down to a pressure of 1 x 10“ 5Pa, and the vacuum chamber is on a 
vibration isolation table [57].

The system employs Schwarzschild optics with an N A of 0.3 and a magnification 
of 30 x. Simulations predict that the system can resolve 10-nm-wide isolated lines 
under practical illumination conditions. The figure error of the mirrors, which are 
made of Zerodur, is less than 0.4 nm and the mid-frequency surface roughness is 
less than 0.15 nm. A D-space matching of less than 0.01 nm has been achieved at a 
wavelength of 13.5 nm. The RMS wavefront error of the Schwarzschild optics was 
measured with a Fizeau interferometer (ZYGO GPI) after assembly and found to be 
about 2nm. The optics are installed in a housing made of Invar to prevent thermal 
expansion.

The X-ray imaging system is composed of an X-ray zooming tube (Kawasaki 
Heavy Industries Co., Ltd.), a CCD camera, and an image processing computer. 
The mask image is projected onto the X-ray zooming tube with electromagnetic
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Figure 28. An actinic EUV mask inspection system.

lenses that can be tuned to vary the magnification in the range from 10 to 200. Thus, 
considering the magnification of the Schwarzchild optics, the total magnification of 
the microscope system is from 300 x to 6000 x. The resolution of the X-ray zooming 
tube is 0.3|xm on a Csl photocathode. Defects 10 nm in size are magnified by the 
Schwarzschild optics to 300 nm. Thus, the resolution of the X-ray zooming tube is 
sufficient to enable the detection of 10 nm defects and to produce diffraction-limited 
images of mask patterns. The field of view of the X-ray zooming tube is 1.5 mm 
square at the Csl photocathode, which corresponds to 50ц,т square on a mask 
surface. The magnified EUVM images are fed into a CCD camera and displayed on 
the screen of the image processing computer; the image data can be stored in the 
computer.

5.2.1. Observation of finished mask [58,59]

A finished EUVL mask was observed using the EUVM. A mask (Fig. 29) on a 6025- 
format substrate (ULE glass, Corning Inc.) was fabricated by HOYA Corporation. 
It has 300-nm-wide isolated lines. The white part is the top Si layer of the Mo/Si 
multilayer, and the dark part is the TaBN absorber. The EUVM is capable of 
resolving 300-nm-wide absorber patterns on a mask, which corresponds to 75-nm- 
wide patterns on a wafer, assuming the typical magnification of 1/4 for commercial 
exposure tools. The detection resolution estimated from the contrast at the edge of 
a pattern is 50 nm.
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Figure 30. The ТЕ М  picture of programmed defect.

5.2.2. Observation of phase defects [59-61]

Mask blanks with programmed phase and bump defects were made on ULE glass 
substrates. The bump defects were made in a CrN layer deposited on a substrate, 
and the CrN was coated with a Mo/Si multilayer (Fig. 30).
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Figure 31. An EU V microscope image of programmed phase defects consisting of dots 1 цш wide 
and 5nm  high.

Figure 32. An EUV microscope images consisting of isolated lines with widths of 90 nm, 100 nm, 
110 nm.

An EUV microscope image (Fig. 31) of programmed phase defects consisting of 
dots 1 jim wide and 5 nm high shows that such defects can, in fact, be detected, in 
spite of the astigmatic aberration of the illumination optics.

EUV microscope images (Fig. 32) were taken of phase defects consisting of iso
lated lines with widths of 90 nm, 100 nm, and llOnm. The lines were 5nm high 
and 500 ц,т long. Pit defects are more significant than bump defects because it is 
possible to remove some types of bump defects by ultrasonic cleaning.

EUVM images (Fig. 33) were also taken of 500-nm-wide lines and spaces and a 
100-nm-wide isolated line with 5-nm-deep pit defects. Phase defects with a depth 
of 5 nm are printable.
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Figure 33. An EUVM  images of 500-nm-wide lines and spaces and a 100-nm-wide isolated line 
with 5-nm-deep pit defects.

Thus, the actinic EUV mask inspection system is capable of detecting topological 
defects inside a multilayer. These results show that this system can detect internal 
reflectivity distributions, without depending on surface perturbations.

6. Contamination removal [62,63]

For a throughput of 80wafers/h, the Mo/Si multilayers used in EUVL require a 
reflectivity of 67%. This throughput can be maintained as long as the drop in 
reflectivity is less than 2%, which would be caused by a 3-nm-thick layer of car
bon contamination. However, EUV radiation initiates photochemical reactions that 
cause hydrocarbons to adsorb to the mirror and mask. This contamination degrades 
the reflectivity of the mask and imaging optics. Thus, a method of contamination 
removal is essential for a practical EUVL system. In a previous study, UV irradiation 
in an ozone atmosphere was found to be generally useful for removing contaminants 
from the glazing mirror of an SR beamline; and to accelerate carbon removal, the 
mirror is usually heated to a temperature of 150°C. However, since EUVL optics are 
precisely aligned and the mirrors cannot easily be detached from the exposure tool, 
cleaning of the imaging optics requires an in situ process without heating. This has 
led to an investigation of the use of synchrotron radiation for in situ contamination 
removal for the mirrors of EUVL tool; and light with a wavelength of 172 nm was 
found to be effective for masks, which require high-speed cleaning of a large area.

Outgassing in the chamber of an EUVL exposure system produces various 
species, and their partial pressure was measured as a function of mass number 
(Fig. 34) with a quadrupole mass spectrometer (M-100QA, ANELVA Co., Ltd.). 
The total pressure was 1 x 10"5Pa. The main substances detected were H20 , CO, 
N2 and hydrocarbons. The partial pressure of the hydrocarbons was about 10%.
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Figure 34. An outgassing in the chamber of an EUVL exposure system.

A sample Mo/Si multilayer was placed on the mask stage of the ETS-1 and irra
diated with SR. The thickness was measured with a non-contact optical thickness 
measurement system (NANOMETRICS M5100A); the surface roughness of a con
taminated region was measured with an atomic force microscope (AFM); and the 
reflectivity was measured with the reflectometer on the BL-10 beamline of the New- 
SUBARU. The incident angle for the reflectivity measurements was 2.05°, which is 
same angle employed in an EUVL exposure tool. After cleaning with SR, the thick
ness and surface roughness of the contaminated region and the multilayer reflectivity 
were measured again.

6.1. In situ removal of contamination from an EUVL mirror using 
synchrotron radiation

Contamination removal experiments for the cleaning of EUVL imaging optics were 
carried out on the BL-3 beamline of the NewSUBARU SR facility [6]. The mirror 
samples were 4-inch-diameter polished-silicon wafers covered with a Mo/Si multi
layer. One mirror sample was used for several months in exposure experiments, and 
the thickness of the contaminants was found to be 170 nm. The SR-irradiated area 
on a sample was 20 mm in diameter. The oxygen flow rate was regulated with a gas 
flow controller (STEC). The initial back pressure of the chamber was 5 x 10_5Pa, 
and an O2 flow rate of 6 seem kept the pressure at that level.

The relationship (Fig. 35) between the thickness of contaminants removed and 
exposure dose indicates that irradiation at a storage ring current of 130mA for 
7 hours removes a 0.1-ixm-thick layer. In this case, the removal rate of 0.24nm/min 
was obtained. In the photographs (Fig. 36[a-b]) of the surface of a mirror sample 
before and after cleaning. The dark region (Fig. 36[a]) is carbon contamination.
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Figure 35. The relation of removal thickness and SR irradiation time.
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Figure 36. The photographs of the surface and reflectivity of a mirror sample before (a) and after 
cleaning (b).

Points A to D were covered with contaminants, and E was not contaminated, 
according to visual observations. Before cleaning, the reflectivity had values of 28%, 
32%, 34%, 38% and 54% for Points A-E, respectively. However, cleaning completely 
removed the contamination (Fig. 36[b]); and the reflectivity was restored to the same
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Figure 37. The mechanism of mask cleaning using 172 nm excimer lamp.

level as that of an uncontaminated region. Furthermore, the surface roughness of a 
cleaned region was found to be the same as that of a region that was not irradiated. 
Thus, it was found that cleaning using SR irradiation in an Ог-rich atmosphere is 
an effective way to remove contamination from optics without heating.

6 .2 . Removal of contamination from a finished EUVL mask using 
172-nm radiation

The removal of contaminants by irradiation with a 172-nm excimer lamp (Ushio 
Lamp Co.) was investigated. Unlike 185-nm light, 172-nm light produces active 
oxygen directly from molecular oxygen because the absorption coefficient of molec
ular oxygen is 20 times larger at a wavelength of 172 nm than at 185 nm. Thus, 
a high density of active oxygen species can be produced, which should enable the 
efficient cleaning of masks (Fig. 37). The system is very simple and consists of just 
a 172-nm lamp and a sample stage. This makes it easy to install in a mask load- 
lock chamber. The system can clean an area 8 inches in diameter. In this study, two 
cleaning environments were investigated: air and a low-pressure environment, which 
was created with a scroll pump. The initial back pressure was 500 Pa, and an O2 
flow maintained the pressure at 2 x 103 Pa.

The relationship (Fig. 38) between cleaning time and the amount of contam
inants removed shows that cleaning for about 40 minutes removes a 20-nm-thick 
layer of contaminants. The removal rate is higher in the low-pressure environment 
(2 nm/min.) than in air (0.53nm/min.) because there is less photoabsorption by 
ambient gases. Figure 39 shows the reflectivity of a multilayer before and after 
cleaning for 40 minutes. The contaminated sample had a reflectivity of 50%; but 
contamination removal in a low-pressure environment restored the value to 60%. 
The change in surface roughness with cleaning time (Fig. 40) shows that contam
ination removal in a vacuum is more effective in reducing surface roughness than 
removal in air. Thus, it has been demonstrated that contamination removal under
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Figure 38. The relation of removal thickness of cabon contamination and irradiation time 172 nm 
excimer lamp.

W a v e le n g th  (nm )

Figure 39. The reflectivity of before and after irradiation of 172 nm excimer lamp.

172-nm light irradiation in a low-pressure environment is an effective method of 
cleaning masks.

7. Resist

In general, since EUV light interacts strongly with many materials, the sensitivity 
is higher than that for 193-nm or 257-nm light. On the other hand, the depth of 
penetration into a resist is estimated to be less than 200 nm. Thus, exposure involves 
a smaller number of photons and the line edge roughness (LER) due to shot noise 
is worse.
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Cleaning tim e (min.)

Figure 40. The surface roughness of mask cleaning using 172 nm excimer lamp.

1 fim

......... П

Figure 41. An exposure pattern of bilayer resist of 2 ц .т  using reflection mask and SC optics; 
upper resit is silicone contained resist SPP and lower resit is OFPR.

In the early stages of this research, the target feature size for EUVL was 0.1 [im 
or less. And the required penetration depth is 3 times the feature size. Resist devel
opment focused on resist materials with a penetration depth of 0.3 [xm, a bilayer 
resist structure (Fig. 41), or a silation process for surface treatment [3,64-66]. How
ever, the target size has now dropped to less than 45 nm, which means that the pen
etration depth is 0.2|xm. This is sufficient for replication using an ordinary resist. 
And currently, the critical issues for resists are lowering the LER and increasing the 
sensitivity because of the technical and cost problems with developing a high-power 
source.
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Table 4. Specification of E U V  resist for 32-nm node.

Item Target

Resolution, gate 15 nm
Resolution, half pitch 50 nm
LER (3<r) 1.5 nm
Sensitivity 2 -5  m J /cm 2
Absorbance 1.1 цт ~1
DOF > 0 .2  цт
Outgassing 1 x 1 0 " 6 pa

According to the ITRS (Table 4), EUV lithography will be introduced in 2009 
for patterning at the 32-nm node [67]. The target resolution for the gates of an 
MPU is 15 nm for isolated lines and 50 nm for dense lines. At these feature sizes, 
the LER must be at most 1.5 nm (3cr) to avoid impacting device performance. This 
LER requirement is very challenging, especially when combined with a sensitivity 
target of 2~5m J/cm 2. In addition, the absorption of EUV light should be limited 
so as to produce vertical side wall profiles. And a minimum depth of focus (DOF) of 
200 nm is needed for high-volume manufacturing. Furthermore, EUV resists must 
not produce much outgassing to prevent contamination of the optics. Thus, LER, 
sensitivity, resolution and outgassing are the biggest issues in the development of 
EUV resists.

There are three types of EUV light sources: laser-produced plasma (LPP), 
discharge-produced plasma (DPP), and synchrotron orbital radiation (SOR). The 
required output power of 115 W at the entrance to the illuminator system in com
bination with the required lifetimes of the source components and collector optics 
make the source technology critical for EUV lithography. Currently, for a resist sen
sitivity of 10mJ/cm2 or 20mJ/cm2, the required power is 180 W or 200 W, respec
tively. That means that, to meet the ITRS roadmap for EUV lithography, the EUV 
source is the most critical issue. Thus, we need an EUV resist with a much higher 
photosensitivity to mitigate source power requirements. The most aggressive target 
is reported to be 2-5mJ/cm2 for EUV exposure, which is 5-10 times higher than 
that for KrF or ArF excimer laser lithography.

The LER of MOS transistors is becoming a serious obstacle to the establishment 
of a mass production technology for the sub-100 nm technology node. The LER of 
transistor gates causes variations in gate length that degrade device performance. 
A variation of at most 10% of the feature size of a gate pattern is required to 
guarantee the performance of LSIs. Many factors influence LER, such as mask 
roughness, optical-image quality, local variations in photochemical events due to 
shot noise, the molecular structure of resist polymers, and the degree of mixing of 
resist components. The reduction of LER is a primary goal of resist development 
that needs to be achieved for the mass production of advanced LSIs.
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Furthermore, the reduction of LER is a great challenge when the sensitivity 
target for resists is as high as 2-5mJ/cm2. An evaluation [68,69] of KrF and EB 
chemically amplified positive-tone resists showed that sensitivity is inversely pro
portional to LER. Shot noise is the main factor affecting sensitivity and LER, and 
acid diffusion is the main factor affecting resolution. That means that it is very dif
ficult to achieve both a higher sensitivity and a lower LER at the same time. Robert 
L. Braiard et al. [70] reported on the relationship between LER and the quantum 
efficiency of EUV. The LERs for EUV and KrF exposure were compared by plotting 
LER against E-size for both wavelengths. A rule of thumb is that LER oc Dose1/2, 
which means that a higher resist sensitivity inevitably leads to a worse LER, regard
less of exposure wavelength.

EUV lithography is carried out in a vacuum because most molecules strongly 
absorb light at EUV wavelengths. In addition, since EUV light has a very high 
energy, exposure easily induces the decomposition of organic bonds, such as carbon- 
carbon bonds. This raises the possibility of easing the trade-off between sensitivity 
and LER, based on the mechanism of non-chemically amplified resists. However, 
EUV exposure induces decomposition reactions that cause the outgassing of small 
molecules. The outgassed species not only increase the vacuum pressure, but they 
also seriously contaminate the reflective optics (mirror, mask), which reduces their 
reflectivity and produces ablation. To reduce outgassing in EUV lithography, the 
main consideration is the resist material [base polymer, solvent, photo acid gener
ator (PAG)]. Thus, in the development of EUV resists, it is essential to take the 
outgassing characteristics of the components into consideration for the practical use 
of EUV lithography for mass production.

A system (Fig. 42) for evaluating resist outgassing and sensitivity has been 
installed on Beamline 3 of the NewSUBARU SR facility [71,72]. The system con
sists of an optics chamber, an exposure chamber, and a load-lock chamber. Seven 
reflections from Mo/Si multilayer mirrors are employed to monochromate SR light 
and extract EUV light, which simulates a practical exposure tool. The centroid 
wavelength is 13.57 nm. The size of the exposure beam is 4 mm square on a sample. 
A high-sensitivity quadrupole mass spectrometer (Model HAL/3F/PIC 501 RC,

Mo/Si MLs
Concave Mirror Shutter Q-mass

Figure 42. A  system for evaluating resist outgassing and sensitivity.
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Figure 43.

HIDEN ANALYTICAL Ltd.) connected to this system analyzes outgassed species 
according to mass number (from 1 to 500). This system enables the identification 
of the ion species outgassed under EUV irradiation for Eth sensitivity.

The resolution of resists was estimated using the Micro Exposure Tool (MET) 
systems at Berkeley and ISEMATEC and the HINA-3 system of ASET in Japan. 
Thus far, a resolution of 25 nm for line-and-space (L&S) patterns has been demon
strated (Fig. 43). Furthermore, 30-nm-wide isolated patterns with an LER of 3nm 
have been replicated. A chemically amplified (CA) resist was used because it pro
vides a higher contrast than other types of resists. To improve resist resolution and 
sensitivity, the addition of an acid generator, for which one photon induces sev
eral reactions, is being studied. And to improve the LER and the side wall profile, 
low-molecular-weight resists are being investigated.

From now on, the research will be accelerated through the use of exposure 
machines.

8. Exposure Tools and Experiments

In Japan, the NTT, Nikon, SORTEC and Hitachi groups are carrying out exposure 
experiments using Schwarzchild optics; and patterns with sizes of 0.1-0.05 |xm have 
been replicated (Fig. 44) [75,76). In the USA, the AT&T, SNL and LLNL groups

ШШШтМ

Courtesy of Patrick Naulleau (CXRO/LBNL)
Recent experimental results of M ET-2. Courtesy of Patrick Naulleau (C X R O /IB N L ).
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Demagnifying Wafer
Objective

Figure 44. Exposure system developed by N T T  in 1989.

0.05 Jim

Figure 45. The replicated patterns with a size of 0.05 jxm replicated by AT& T.

have replicated patterns with a size of 0.05 |xm (Fig. 45) [77-83]. Since spherical 
mirrors, which can easily be fabricated to a high accuracy, are employed for the 
optics, the resolution obtained (0.05 p.m) is close to the diffraction limit. But a 
practical field size on a wafer is required. Thus, optics with a high resolution and a 
large field are being investigated.

The NTT group is investigating large-field exposure in an area 20 mm x 0.4 mm 
in size using a two-aspherical-mirror system; and patterns with a size of
0.15 jim have been replicated at a wavelength of 13 nm. In addition, a large field
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Storage ling

Figure 47. The exposure system developed by SNL, LLNL, LBL, and A T & T  groups in 1995.

10 mm x 12.5 mm in size has been achieved using illumination optics and synchro
nized mask and wafer stages (Fig. 46) [84].

The SNL, LLNL, LBL, and AT&T groups have developed exposure tools 
(Fig. 47) for laboratory use [85]. They employ a laser-produced plasma X-ray source 
with a Cu wire target. The amount of debris is reduced to a practical level by using a 
rapidly rotating slit and a helium atmosphere. The optics, mask, and wafer stage are 
installed in the exposure chamber. The Schwarzchild optics consist of two aspheri
cal mirrors with a wave-front aberration of less than 1 nm. They have the potential 
to replicate patterns with a size of 0.1 jxm in an exposure area 0.4 mm square. The
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Figure 48. The configuration of a 3-aspherical-mirror system developed by HIT, Nikon and 
Hitachi.

wafer stage consists of a fine-positioning stage (stroke length: 300 ц т ) and a coarse- 
positioning stage (stroke area: 100 mm x 74 mm). The fine-positioning stage has 16 
magnetic suspensions, and 6 shafts for repositioning. The alignment between mask 
and wafer is carried out by matching Moire interference fringes from Moire patterns 
on the mask and wafer through observation of an image from a CCD camera on a dis
play. The measured resolution is 10-15 nm (3cr) for the X- and Y-directions. A wafer 
is held by an electrostatic chuck, and wafer distortion is measurable to an accuracy 
of ±0.15 jxm by detecting the focus position on a wafer. Since the mask stage, the 
wafer stage, and the imaging optics are mounted on a vibration isolation table, and 
the whole system is mounted in a vacuum chamber. Utilizing this exposure tool, 0.1- 
M-m NMOS transistors have been fabricated with an i-line hybrid exposure tool [86].

Figure 48 shows the configuration of a 3-aspherical-mirror system [87-89]. It 
consists of illumination optics, mask and wafer scanning stages, mask and wafer 
alignment optics, a reduction camera, and a load-lock chamber for loading wafers. 
The reduction camera consists of three aspherical mirrors. The magnification of the 
optics is 1/5. There is a distortion-free area less than 0.01 |±m wide in a 1.0-mm-wide 
ring image field with a chord length of 30 mm on a wafer. So, by moving the mask 
stage in synchronization with the wafer stage, an exposure area of 30 mm x 38 mm 
can be achieved. The mask stage has five degrees of freedom. The Y-axis is used for 
scanning the mask, and the Z-axis is for focus and magnification alignment. The 
wafer stage consists of coarse- and fine-positioning stages. The course-positioning 
stage is driven by a pulse motor and a mechanical bearing guide. And the Z-axis of 
the wafer coarse-positioning stage has a measurement system with a resolution of
0.1 |im. The fine-positioning stage for mask and wafer alignment and focus align
ment employs a piezoelectric transducer, which provides a resolution of 1 nm in the 
X- and Y-directions and 10 nm in the Z-direction. The photograph in Fig. 49 shows
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Figure 49. The photograph of overview of the system of a 3-aspherical-mirror system.

an overview of the system. The system is in a thermal clean chamber, in which the 
temperature is controlled to ±0.1 centidegree. The dimensions of the chamber are 
approximately 1 m x 1.2 m x 1 m. In 2000, this system was used to clearly observe 
60-nm-wide L&S patterns and 40-nm-wide isolated lines in an exposure area 10 mm 
x 10 mm in size.

Figure 50 shows the ETS-1 developed by EUV-LLC [90]. It is a step-and-scan 
system with an operating wavelength of 13.4 nm. The POB is a multilayer-coated, 
four-mirror, ring-field system with a numerical aperture (NA) of 0.1 and an image 
reduction of 4:1. The field is a 30° sector of a ring field with a radius of 211mm 
(chord length of 96 mm x width of 6 mm at the reticle). The reticle is a reflective 
multilayer-coated ULE substrate with a patterned absorber. The EUV radiation 
comes from laser-produced plasma generated by focusing a pulsed Nd:YAG beam 
onto a Xe cluster target. The source has a diameter of approximately 300 jxm. It 
employs a 40-W laser, which delivers an EUV power of 0.11mW/cm2 on a wafer.

An experimental projection optics box was assembled and characterized by both 
visible-light and EUV interferometry. The wave-front error was measured by both 
techniques at 45 field points throughout the ring field. The mean RMS wave-front 
error across the field is 1.20nm (A/71) in a 36-term Zernike polynomial decompo
sition, and varies between 0.90 nm and 1.4 nm. On average, the difference between 
the EUV and visible-light measurements was 0.25 nm RMS.
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Mask

Figure 50. The ETS-1 developed by EUV-LLC.

Scanned images are formed by scanning the reticle at a constant velocity through 
the illuminated field of the projection optics. The wafer is synchronously scanned 
at a quarter of the mask velocity so that the scanned image appears stationary on 
the wafer. Any deviation from true synchronization, either in speed or direction, 
will blur the printed image. A feedback control system synchronizes the stages 
and dynamically references their positions to the POB structure. Several full-held 
scanned images, each measuring 24 mm x 32.5 mm, have been printed. The reticle 
scan speed was approximately 40 jxm/s (limited by the EUV intensity). At velocities 
of zero and 40 jxm/s the RMS jitter of the reticle stage is below 5 nm, and the jitter 
of the wafer stage is below 10 nm. The stages have also been tested at speeds of 20 
mm/s, and were found to have the same jitter performance.

Static resist images of dense 1:1 elbow patterns, ranging in size from 100 to 
300 nm, show as-expected image quality across the entire ring field of the projec
tion optics. The 100-nm patterns, including both dense and isolated features, are 
well resolved throughout the entire field, and 80-nm patterns are well resolved at 
the center of the field, where aberrations are lowest. Full-field (24 mm x 32.5 mm) 
scanned images have been acquired. The scanned images of dense 100-nm elbow 
patterns are almost indistinguishable from the static images, proving that neither 
stage motion nor the POB static distortion field impacts image quality. Figure 51 
shows isolated 3:1 elbow patterns with sizes of 45 nm and 39 nm. Although the sys
tem has an NA of 0.1, it has been proven that the NA can be increased to 0.25, 
which would enable patterns with a size of 32 nm or less to replicated.
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45-nm 3:1 39-nm 3:1

39 nm at 0.1 NA 

16 nm at 0.25 NA

Figure 51. The exposure pattern using ETS-1.

Figure 52. The Micro Exposure Tool (M ET).

The Micro Exposure Tool (MET) (NA = 0.3) was built to clarify the minimum 
feature size of replicable patterns and to promote the development infrastructure 
in EUV-LLC (Fig. 52) [91]. This technology was subsequently transferred to ASML 
and a European company. Four systems are now available [92-94]. This system has a
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Figure 53. An EUVL a-demo tool developed by ASML.

2-aspherical-mirror system with a numerical aperture of 0.3, and a demagnification 
of 1/5. The exposure area is 100 iim x 200 jxm. This system was used to replicate 
the 25-nm L&S pattern mentioned in Section 7. Regarding the performance of 
the optical system, the diffraction limit is 20 nm. Moreover, Exitech developed a 
commercial system with a DPP source in 2004. The two systems have been delivered 
and are being used for process studies.

On the other hand, an EUVL a-demo tool developed [95,96] by ASML was 
used to replicate the pattern in Fig. 53. It has been used to replicate a 40-nm 
L&S pattern. One feature of the system is that it employs newly developed wafer 
handling technology. This system will be tested at ISEMATECH this year (2006). 
Table 5 below shows the specifications.

9. Conclusions

An advanced exposure method has been devised that employs multilayer mirrors 
in the X-ray optics. The fabrication of the mirrors and multilayer coatings require 
nanometer-order accuracy. However, US researchers have made intensive efforts to 
measure and to fabricate aspherical mirrors. Now, the measurement technologies 
for figure error and the fabrication technologies are close to satisfying the target 
performance. EUVL is the most promising lithographic technology for device fabri
cation at the 32-nm node. Furthermore, the need for more advanced ultralarge-scale
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Table 5. Specification if EUVL a-demo tool.

Item Specification

Л 13.5 nm
N A range 0.15-0 .25
Field size 26 mm x 33 mm
Wafer size 300 mm
Magnification 4x
Flare 16%
Dense L /S 40 nm
Isolated lines 30 nm
Iso/dense contact 55 nm
Overlay 12 nm
Throughput lOwph

integrated circuits, such as MPUs, that operate at a high speed requires progress 
in a number of EUVL technologies. These technologies will become a driving force 
for progress in many other fields of science and technology.
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The basic study of EPL has been done under the name of SCALPEL® by AT&T 
(Lucent Technologies, then Agere Systems) from the beginning of 1990s and the name 
of PREVAIL for electron optical system by the joint work of IBM and Nikon. The 
features of EPL are larger sub-field size and higher acceleration voltage of electron 
for obtaining usable higher electrical current on wafer and a wide deflection width 
for obtaining higher throughput.

EPL system has such features as a large sub-field size, large deflection width, 
high electrical current, high acceleration voltage and thin Si stencil mask. EPL has 
been considered as one of the promising technologies for hp65nm node and beyond.

Nikon has developed the first EPL tool and it was delivered to Selete in Japan. 
The tool has been used for EPL technology evaluation and process development in 
the pilot line of Selete. This chapter describes the various aspects of EPL technology 
from basic concept through technology evaluation and future extendibility.
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1. Introduction

Electron beam technology has as long a history as optical instruments and has 
been used in many areas in the various industries and in fact this technology has 
been used as a mask making tool in the semiconductor industry. Thanks to EB 
mask making and some direct writing machine, the resist and data conversion are 
highly improved up to realistic industry level of EPL, and the basic research for a 
EPL mask also has been done by IX X-ray mask and cell projection mask that is 
already commercialized. Furthermore the EPL system takes over a lot of element 
from EB mask making or direct writing machine. It is a well-known fact that IBM 
has established its specialized position about conventional EB technology.

AT&T Bell Laboratories carried out a basic study of EPL technologies and pro
posed the SCALPEL® system [1]. In parallel, IBM investigated their own electron 
optics called PREVAIL to realize the large sub-field and large deflection field for 
EPL [2]. Nikon and IBM worked together for the development of PREVAIL electron 
optics technology in order to realize the EPL tool.

The electron optics, PREVAIL consists of two variable axis lenses, the excellent 
large deflection technique introduced by Pfeiffer. VAL technique was already proven
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at EL4, high precise mask making machine in IBM. But a new concept, curvilin
ear variable axis lens, was introduced in order to implement a realistic electron 
demagnified projection lens.

The teaming of Nikon and IBM is a very good synergic collaboration for EPL 
lithography tool development, because the high precision scanning stage in vacuum 
is another key technology coupled with a precise metrology system of auto-focus, 
interferometer and alignment to realize high throughput product ion-worthy EPL 
tool.

EPL is the one of the most promising realistic technologies beyond hp65nm node 
in terms of resolution extendibility, and also the expected throughput extendibility.

EPL can play a vital role as a complementary technology of optical lithography 
especially for contacts and gate layers because of its superior resolution and large 
process margin.

Nikon has developed the first EPL tool, dubbed as Nikon NSR-EB1A, and it 
was delivered to Selete (Semiconductor Leading Edge Technologies) in Japan. The 
tool has been used for EPL technology evaluation and process development in the 
pilot line of Selete for several years. Selete has also taken the vital role in the devel
opment of EPL mask, mask inspection, mask repair, resist and other necessary 
infrastructures.

References

1. S. D. Berger and J. M. Gibson, New approach to projection-electron lithography 
with demonstated 0.1 jim linewidth, Appl. Phys. Lett. 57, pp. 153-155, 1990.

2. H. C. Pfeiffer, Projection Exposure with Variable Axis Immersion Lenses: A High- 
Throughput Electron Beam Approach to “Suboptical” Lithography, Jpn. J. Appl. 
Phys. 34, pp. 6658-6662, 1995.

2. Imaging Concept

2.1. Acceleration voltage of electrons

The resolution and throughput enhancement is the most important issue in EPL. 
Management of Coulomb effect is indispensable for the use of higher beam current 
in order to obtain higher throughput. The image blur by Coulomb interaction is 
given by

R =  k W / ' M  , L5/-1M / / \ s/6 ,21)
а.з/5£^1/2уз/2 a3/ 5SF1/2V2/ 3 \V J ’

where R, I ,L,M,  a, SF, V are the image blur by Coulomb interaction, the total 
beam current on wafer, the length between reticle and wafer, magnification, beam 
half angle, sub-field size and acceleration voltage, respectively [1]. к is a coefficient 
and its value depends on the design of electron optics. The resist sensitivity is



Electron Projection Lithography 289

approximately proportional to the acceleration voltage of electrons. Therefore keep
ing a throughput (that is an exposure time) constant, a higher acceleration voltage 
makes beam blur by Coulomb interaction smaller because required beam current is 
proportional to the acceleration voltage from eq. (2-1). On the other hand, for the 
specific value of R, large acceleration voltage of electron gives larger beam current, 
in other words higher throughput. Therefore the acceleration voltage of 100 kV is 
adopted.

2.2. Imaging concept

EPL makes use of the concept of scattering contrast for its image formation. A mem
brane reticle which has two different areas with electron scattering characteristics 
is necessary for this concept.

The scattering contrast has been utilized in the area of transmission electron 
microscopy and was applied to image formation on an actinic film using a master 
stencil [2]. Then AT&T Bell Laboratories proposed to apply this concept to lithog
raphy tool with a continuous membrane type reticle [3]. A bright field is obtained 
at a membrane itself which works as a transmitter of the electron beam and a dark 
field is obtained in the area made of large atomic number materials such as heavy 
metals on a membrane which works as a scatterer. The contrast of this reticle type 
was well studied and reported by Lucent Technologies [4]. Transmittance of this 
type reticle with several thickness was measured and reported by Nikon as shown 
in Fig. 2-1. [5]. Membrane thickness less than 50 nm is required in order to keep the 
reasonable transmittance.

A silicon stencil reticle was proposed by IBM and Nikon as another type of EPL 
reticle [6,7,8]. In the case of the stencil reticle, a membrane area works as a scatterer 
and an aperture through membrane works as a transmitter of the electron beam. An 
angular distribution of scattered electrons was evaluated as a function of scattered
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Figure 2-1. Transmittance of 100 keV electrons through SiNx membrane in the case that a half 
of aspect angle of contrast aperture is 0.5 mrad.
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Scattering angle (m rad)

Figure 2-2. Angular distribution of scattered electrons (100 keV) through a silicon membrane. 
The parameter of these curves is a membrane thickness. The dots represent experimental data and 
the solid lines represent simulation results.

angle experimentally [9], and compared with Monte Carlo simulation of Screened 
Rutherford scattering and Bethe’s stopping power law with the treatment of the 
theory of special relativity [10]. The experimental results and simulation results 
are shown in Fig. 2-2. Figure 2-2 shows the dependency of angular distribution of 
scattered electrons on the membrane thickness (1, 1.5, 2, 2.5 jxm) at the acceler
ation voltage of 100 kV. The dots represent experimental data and the solid lines 
represent simulated curves. The measurement results have good agreement with the 
simulation results.

Figure 2-3 shows the imaging concept of EPL with a stencil reticle. As shown 
in Fig. 2-3, ahnost all scattered electrons are obstructed at the column inner wall 
and the contrast aperture plate in the projection optics and all of transmitted 
electrons through stencil apertures contribute on the image formation on the wafer 
plane. Figure 2-4 represents the relationship between silicon membrane thickness 
and contrast aperture radius (converted to a half of aspect angle onto wafer) which 
gives a constant contrast value under the condition of the electron energy of 100 keV. 
The parameter of each curve is scattering contrast C, which is defined as follows:

С =  1 -  Itr/Iin, (2.2)

where Iin and Itr represent the incident electron beam current onto a specific area 
on a reticle membrane and the transmitted electron beam current through the 
contrast aperture which comes from such a specific area on the reticle membrane, 
respectively. Because a beam half angle is less than 10 mrad as explained in another 
subsection 3.3, the contrast aperture size of 10-20 mrad will be suitable in order to 
obtain the contrast larger than 99.5%. The silicon membrane thickness larger than 
1 |xm is also necessary.

Lotus mask proposed by NEC is composed from thin DLC (<50 nm) as a trans
mitter and thick DLC (>500nm) as a scatterer [11] and was manufactured by
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I
Figure 2-3. Imaging concept of EPL with a stencil reticle.

0 20 40 60 80
Half of aspect angle of contrast 

aperture onto wafer (mrad)

Figure 2-4. Relationship between silicon membrane thickness and a half of aspect angle of contrast 
aperture onto wafer which gives a constant contract value. Incident electron energy is 100 keV.

HOYA [12]. It is also one of the candidate for a practical continuous membrane 
reticle.
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3. Electron Optics for Imaging and Illumination

3.1. Electron optics system

The Electron optics (EO) subsystem consists of three groups as shown in Fig. 3-1 [1] • 
the 100 keV electron gun with a Та disc cathode [2], the condenser and illumination 
optics (upper column), and the projection optics (lower column) [3].

The illumination optics is designed to have a highly uniformed intensity distri
bution on a lmm-square reticle subfield (SF) on the basis of the critical Koehler 
illumination principle [4]. The projection optics (the imaging system) is based on 
the PREVAIL system, which had been developed by IBM and Nikon using the 
curvilinear variable axis lens (CVAL) concept, as shown in Fig. 3-2 [5,6]. CVAL is a
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Figure 3-2. Schematic of Curvilinear Variable Axis Lens (CVAL).
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highly optimized deflection orbit to minimize the deflection aberrations which are 
not corrected by the dynamic correction. Compared with conventional EB exposure 
systems, EPL must cover the wide range of exposure area electron-optically. On a 
wafer, the exposure SF size is 0.25 mm square and the deflection area is ±2.5 mm x 
±0.25 mm. CVAL concept has been considered to match the EPL optics. The scat
tering contrast is used for the pattern imaging [3,7]. The pattern area (exposure 
area) on a reticle is a thin membrane where incident electrons are scattered without 
absorption, as mentioned in the subsection 2. The projection optics has a contrast 
aperture near the pupil plane to stop the scatted electron beams in the reticle.

3.2. Illumination system

The EPL electron source illuminates a large area (1 mm square on reticle) uniformly. 
The beam semi-angle is in the range of 1.25-2 mrad at reticle. The emittance is high 
(1.25-2.00mmmrad.). Despite the high beam current (~100p,A), the illumination 
brightness is low (~103 A/cm2Sr) [2].

For the illumination system requirements, the new gun system was designed 
using diode type with large single Та crystal cathode, which is ~5 mm in diameter. 
The Та surface is fine-polished to obtain uniform electron emission. The gun is 
operated in the temperature limited emission region (>1000°C). Emission current 
density uniformity reflects the cathode temperature uniformity. To obtain 1% emis
sion uniformity, the temperature must be uniform to better than 1°C over the 
electron emission area. The cathode is heated by the electron direct bombardment. 
The cathode emission current is regulated by controlling the cathode temperature 
which is regulated by the bombardment current. The gun operation parameters are:

Acceleration voltage 100 kV;
High voltage stability < ±  2.5ppm (at 100kV);
Current 100 ixA at reticle (max.);
Output current stability < ±  0.1%;
Cathode temperature uniformity <1°C.

The illumination optics is based on the critical Koehler illumination principle, 
which utilizes the emitting cathode conjugate (or nearly conjugate) relation to the 
wafer. However, the critical Koehler illumination is very sensitive to the cathode 
surface condition. To keep less than 2% illumination uniformity for a long time 
(a long life cathode, > 12 months), a new Non-critical-Koehler illumination system 
was needed, which uses the relation far from conjugate between the cathode and the 
wafer. The modified illumination optics provide illumination uniformity ~1% [8].

3.3. Imaging system

The CVAL concept has two functions: the improvement of the resolution and the 
reduction of the nonlinear distortion at the deflection beam position. In the CVAL
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Beam a

concept, deflectors work as correctors for the geometrical aberrations, where the 
geometrical blur and nonlinear distortion of a deflected beam are decreased as if 
they are on-axis [9,10]. EO operating parameters in Fig. 3-3 are defined as follows:

a 4- iocy: Beam semi-angle,
h =  hx + ihy: Sub-field (SF) vector (position in Subfield), 
d =  dx + idy: Main-field (MF) vector (deflection).

3.3.1. Coulomb interactions in the EPL system

As it is well known, electron beam blurs are changed by the Coulomb interaction 
effect between electrons in the beam. The beam blur is defined as the root sum 
square of the blur due to the Coulomb interaction and the geometrical blur of 
EO-system. The beam blur due to the Coulomb interaction is determined in 
good approximation by the following empirical expression (see eq. [2-1] in sub
section 2) [11]:

Blurcoulomb = k(I5/6L5/4M )/(a 3/5SF1/2V3/2), (3.1)

where I is the beam current, L is the distance between the reticle plane and the 
wafer plane (~600mm), M is the magnification (x 1/4), a is the beam semi-angle at 
the image plane (6-8mrad.), SF is the sub-field size, V is the acceleration voltage 
of the electrons (100 kV) and к is a constant [3,9].

In the EB stepper, these parameters are fixed to obtain the optimiun optical 
properties including the chromatic and geometrical aberrations. In fact, the beam 
blurs due to the Coulomb interaction depend on the reticle patterns in each SF. In 
the data processing of EPL reticle, which includes the complimentary data split, 
the proximity effect correction, and so on, the effects of Coulomb interaction on 
the electron optics are estimated and the EO correction parameters to compensate 
these effects are calculated for each SF, too (the plug-in software). The parameters 
are added to the exposure files, which have EO parameters for all SF exposures and 
control SF exposures. The EPL data conversion system with the plug-in software 
for the EO corrections on Coulomb interaction is commercially available.
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3.3.2. Chromatic aberration

The lowest order of the chromatic aberration is proportional to the beam energy 
spread (AV/V), where AV is the beam energy spread (~3eV) [12].

The part of the chromatic aberration proportional to h (the SF vector) is com
pletely eliminated under the symmetric magnetic doublet (SMD) condition [13]. 
EO system in the EB stepper is similar to SMD, so this aberration can be almost 
zero. Other chromatic aberrations are also proportional to A V /  V, such as a A V /V  
and dAV/V. Considering that the beam energy is 100 keV, these chromatic aber
rations are much smaller than the geometrical aberrations and the blur caused by 
the Coulomb interaction.

3.3.3. Geometrical aberration and CVAL concept

According to the third-order aberration theory, geometrical aberrations are com
posed of spherical aberration, coma, field curvature, astigmatism and distortion [12]. 
These aberrations are divided into three groups. One is dependent on the SF size 
(shaped-beam aberrations). The second is deflection-dependent (MF aberration). 
The last is the hybrid aberration. Table 3-1 shows the components of the third 
order normal aberrations. The fourfold aberrations, mainly caused by the mechani
cal fabrication error of deflectors, are not shown in this table. The suffix ‘c ’ denotes 
their complex conjugate value.

The aberration ldddc’ , which is called the main-field distortion, is corrected by 
adjustment of the deflection position by CVAL deflectors. MF field curvature, MF 
astigmatism and hybrid distortions such as ddhc, dhdc (proportional to d or dc) 
can be corrected by dynamic focus coils and dynamic stigmators [14].

The other aberrations are highly dependent on the lens condition and the trajec
tories of the deflected beam. The SMD condition makes the shaped beam distortion 
dddc zero. In the EB stepper (NSR-EB1A) lens condition, which is similar to the 
SMD condition, these values are also approximately zero theoretically [13].

CVAL decreases the geometrical aberration of the deflected beam by optimizing 
the lens fields and deflection fields. This optimization also makes the hybrid dis
tortion small. Particularly, the aberrations, which cannot be corrected by dynamic 
correction, such as the MF coma, the hybrid field curvature, the hybrid astigmatism 
and nonlinear distortion, can be optimized.

Table 3-1. 3rd order normal aberrations

Shaped beam Hybrid Main-field

Spherical aberration aacec
Coma
Field curvature
Astigmatism
Distortion

a a h c  a h a c

o r h h c

h h o r c

h h h c

adhcCkhdc
dhac
d d h c d h d c d h h c h h d c

a a d c £ *d a cc

a d d c

d d a c

d d d c
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Figure 3-4. CVAL optical components in the projection optics.

NSR-EB1A has four lenses (parameters) for imaging, three of which are used for 
rotation, magnification and focus adjustment. Another one is used for optimizing 
other aberrations with CVAL deflector. Each lens current is determined by sim
ulation. Moreover, rotation, magnification and focus have some errors caused by 
factors such as magnetic field calculation error, magnetic material inhomogeneity 
and fabrication error. These errors are canceled by the lenses.

There are some CVAL deflectors in the projection section as shown in Fig. 3-4. 
Each deflector position, size and current is optimized to obtain a small aberration. 
As a result CVAL deflectors contribute to the projection of an off-axis sub-field (SF) 
and act as deflection aberration correctors. The same aberration of the on-axis beam 
must be expected at the deflected position in the CVAL.

3.3.4. Dynamic correction

It is possible to minimize the blur and to adjust the shape in each SF, by using three 
focus coils and two stigmators, dynamically. In actuality, MF curvature (<*ddc), 
MF astigmatism (ddac) and hybrid distortion (ddhc, dhdc) are eliminated, com
pletely [14].

Third-order fourfold distortion, which is mainly caused by the fabrication errors 
of deflectors and expressed as hchc, can be corrected with special correctors (fourfold 
corrector) dynamically.

3.4. Correction for stage position shift (Filter/Predictor)

The position shifts of the reticle stage and the wafer stage cause the position shift of 
the beam on the wafer. In the EB stepper, in order to cancel these shifts, a prediction
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control system (Filter/Predictor) is applied. Position, velocity and acceleration are 
measured for both reticle and wafer stage at the time T. Using these values, the 
positions of both stages are predicted at t =  T +  AT. These position data are 
transferred to the EO system. Then the beam is moved to the predicted position as 
if the stages are just at the position when t =  T +  AT.

Thus, the filter/predictor makes it possible to stitch SFs and in situ measurement 
of the distortion and blur.

In this system, the beam shift dependent on the reticle stage position error is 
corrected by the CVAL deflectors.

The beam shift on the wafer stage is caused by two factors. One is the position 
error of the reticle stage and the other is the wafer stage position shift. In both cases, 
the beam shift is corrected by a set of special deflectors in the projection part.
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4. Exposure Concept

4.1. Dynamic exposure motion

As explained in subsection 3.3, the magnification of the projection optics is 1/4, 
and sub-field size is 0.25 mm x 0.25 mm on wafer. The main field width is 5 mm 
on wafer obtained from twenty sub-field deflection positions. The 1 mm x 1 mm 
illumination beam is deflected and controlled by a deflector along one direction for 
twenty sub-fields. As explained later in subsection 6.1, there is a minor strut and 
two peripheral membrane areas of 0.3 mm width in total between sub-fields and 
then a pitch of sub-fields is 1.3 mm on the reticle. Therefore the main field width on 
reticle becomes 25.7 mm. Reticle stage moves along a cross-beam-deflection direction 
with a constant velocity. Each sub-field on reticle is irradiated in turn with the 
combination of the beam deflection and the stage motion. Simultaneously a wafer 
stage moves in the opposite direction of the reticle stage and patterns on the reticle 
are projected onto a wafer one after another [1]. Minor struts between sub-fields 
on reticle are not projected onto a wafer by deflecting a beam to stitch adjacent 
sub-fields. A 5 mm x 25 mm area from 0200 mm reticle can be exposed and this area 
is called as a stripe. After one stripe exposure, reticle and wafer stages turn aroimd 
and the next exposure of stripe starts as a scan and stitch stage motion. Finally, 
20 mm x 25 mm exposure field can be exposed from four stripes on a </>200 mm reticle.

Figure 4-1 shows an actual exposure beam motion on wafer stage coordinate. 
There are forty different sub-field positions in a main field. It is required that sub
field distortion and resolution are simultaneously adjusted to the best performance 
at any sub-field position by correcting rotation, orthogonality, x,y-magnification, 
x,y-translation, focus and astigmatism because different sub-field positions have 
different linear components of aberration. For this purpose two stigmators, three 
focus coils and a pair of deflectors are prepared [2]. These correctors can compensate 
other necessary factors dynamically such as stage position error, etc., too.

4.2. Dosage control and stage velocities

Illumination electron beam tracks reticle sub-field along the stage scanning direction 
during exposure. Dosage control is done by blanking control of this illumination 
beam. Here /(|xA/cm2) is the illumination intensity on the wafer. Then the exposure 
time ( Texp) of sub-field for resist sensitivity of 5(|xC/cm2) represents as follows:

Texp =  S/I. (4.1)
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Figure 4-1. Actual exposure beam motion (a) on the wafer stage coordinate, and (b) on wafer.

Then the suitable reticle stage velocity Vr,exp is expressed as follows:

Vr, exp =  Pr/(n(Texp +  Tsettle}), (4.2)

where Pr and n represent sub-field pitch (=1.3 mm) on reticle and the number of 
sub-fields (=20) within one deflection length, respectively. Tsettle represents the 
beam settling time and other necessary durations. Actual reticle stage velocity Vr 
is given by

Vr =  min{ Vr, exp, Vr, max), (4.3)

where Vr,max is the maximum velocity of the reticle stage.
On the other hand, the wafer stage velocity Vw is given by

Vw =  Vr/{Pr/Pw), (4.4)

where Pw (=0.25 mm) is the pitch of the sub-field on the wafer. Therefore, the ratio 
of wafer stage velocity to reticle stage velocity is 1/5.2 even though the magnifi
cation of the projection optics is 1/4. The difference between the magnification of 
projection optics and the ratio of reticle and wafer stages will generate an image 
smear during stage scanning exposure if without any correction. Deflection control 
of projection lens system will make reticle sub-field image at proper position on 
wafer in order to avoid image smear.
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In the proximity effect caused by electrons with high acceleration voltage such as 
100 kV, the influence of backscattered electron from silicon wafer is dominant. The 
Monte Carlo simulation result of the distribution of backscattered electron from 
silicon wafer is shown in Fig. 4-2. The number of backscattered electrons becomes 
about 11% of the number of incident electrons and each backscattered electron 
has a different energy according to the path length in silicon wafer. The maximum 
distance between the injection point of incident electrons and the ejection point of 
each backscattered electron is 55-60 p,m.

Reticle pattern shape correction is adopted as a countermeasure for this proxim
ity correction [3]. In order to verify the effectiveness of reticle pattern shape correc
tion, twin lines near a large opening pattern were exposed and those linewidths 
were measured as a function of the distance between twin lines and the large 
opening [4]. Negative type resist was used. Figure 4-3 shows the experimental 
results of Mask bias values which give 100 nm resist images as a function of the 
distance between twin lines and the large opening. It is confirmed that approxi
mately 50 или radius is a required correction range, but its feature is continuous and 
gradual.

4.3. Proximity effect correction
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Figure 4-2. Monte Carlo simulation result of the distribution of backscattered electron from 
silicon wafer. Incident electron energy is 100 keV. The number of incident electron is 30,000.
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Figure 4-3. Required mask bias in order to obtain 100 nm resist image.

4.4. Sub-field/Complementary stitching

The pattern linewidth irregularity occurs when the stitching accuracy between adja
cent sub-fields or overlapping complementary sub-fields is not zero. There are two 
countermeasures in order to avoid or in order to moderate the influence of stitching 
errors;

(i) Fuzzy boundary around sub-field in order to avoid division of a critical position,
(ii) Reticle pattern edge deformation and overlap exposure.

Figure 4-4 represents the concept of fuzzy boundary. There is a supplementary 
illumination area out of the nominal sub-field pattern area of 1 mm x 1 mm on a 
reticle. The patterns in this supplementary area can be exposed properly. Therefore, 
the division of reticle pattern to adjacent sub-fields can be avoided for patterns 
within this supplementary area by setting a fuzzy boundary between adjacent sub
fields.

Because the fuzzy boundary concept cannot be used for overlapping complemen
tary subfields, a pattern edge deformation is recommended for stitched patterns. 
Figure 4-5 shows the effectiveness of the pattern edge deformation. The rectangular 
shapes of stitched patterns are deformed to a pencil-shape and an inverse-pencil- 
shape, respectively. The experimental data is consistent with the simulation result 
and CD irregularity can be moderated within 10 nm (Зет) [5].
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Figure 4-4. Fuzzy boundary concept in order to avoid CD irregularity at sub-field boundary.
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Figure 4-5. Effectiveness of pattern edge deformation on CD irregularity.
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5. Tool System Description

5.1. Tool system configuration

In the EPL system, the exposure process is accomplished by directing electron beam 
.through a reticle or mask, and imaging the reticle pattern onto a silicon wafer at 
magnification of 1/4 as is shown in Fig. 5-1. The electron optics between the reticle 
and wafer precisely deflects the electron beam to sequential positions on the reticle 
and wafer, and make corrections to the beam positioning to compensate stage posi
tioning errors. The beam is electronically deflected mainly in the X direction while 
the stages are scanned in the Y direction, simultaneously correcting for the relative 
stage motion error and any known position errors in X, Y and Yaw directions [1].

A 5 mm x 25 mm area from ф 200 mm reticle can be exposed and this area is 
called as “a mechanical stripe” . After one mechanical stripe exposure, reticle and 
wafer stages turn around and the next exposure of mechanical stripe starts as a 
scan and stitch stage motion. Finally 20 mm x 25 mm exposure field from ф 200 mm

Sub-field 0.25x0.25mm

Figure 5-1. EB stepper exposure process.
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Figure 5-2. System block diagram of EPL tool configuration.

reticle can be exposed. Full size of exposure field was realized using </>200 mm reticle. 
Typically 115 exposure fields including edge fields are exposed on </>300 mm wafer 
(44 fields on </>200 mm wafer).

The basic system configuration of EPL tool shown in Fig. 5-2 is similar to con
ventional optical scanning exposure tool except for its vacuum system and electron 
optical system including control electronics. Electron beam path in the electron opti
cal system, reticle stage and wafer stage are in vacuum. Reticle and wafer loader 
systems have load-lock chambers between vacuum chamber and outside air.

5.2. Tool system design concept

Other essential requirement as well as higher resolution requirement is the ability 
to align precisely a pattern being exposed to other patterns already exposed on the 
wafer, which is called system overlay accuracy. As a general rule, the total alignment 
tolerance is about 1/3 of the line width being patterned. For hp65nm technology 
node, this comes down to about 22 nm total from all error sources. Making system 
overlay accuracy feasible, each error component in various error categories need to 
be very small, typically around 1 to 5 nm. This places a severe challenge on design 
and engineering of all EPL tool modules such as electron optics, vacuum body, 
vacuum stages, vacuum loaders and total control system. It is also important while 
considering final system accuracy to take into account two categories of errors. One 
is the observable errors which can be measured by metrology sensors and the other 
is the non-observable errors which can not be measured by metrology sensors but



306 Г. Miura et al.

Reticle Stage
interferometer]

L EJJWrfEt&Uctor
(a, v, x)

predicted I
p o s i t i o n !  ]

Predicted reticle stage 
)n error (feedforward)

Predicted wafer stage 
position error 
(feedforward)

Figure 5-3. Filter/Predictor real time control concept.

should be quantified by other methods. CAE simulation technologies relating to 
total motion control analysis, structural analysis and magnetic field analysis are 
effective in estimating those errors. As can be seen in Fig. 5-2, there are many 
modules which are related to each other and must work synchronously to achieve 
the required performances and functions. The most remarkable feature of total 
control system is its dynamic exposure motion combining beam deflection and stage 
scan. The horizontal position of stage is measured by interferometer system and the 
vertical position is measured by height sensor. The position errors of both reticle 
and wafer stages are compensated by adjusting exposure position of each sub-field 
by electron beam deflection control. Excellent combination control is required for 
this dynamic image formation [2,3,4].

5.3. Reticle and wafer vacuum stages

The wafer and reticle stages are required to move precisely in vacuum environment 
at high velocities and high accelerations in order for the system throughput to be 
reasonable, which is an essential requirement for EPL tool to be marketable. In 
Nikon NSR-EB1A system, the maximum acceleration and maximum velocity of 
reticle stage are designed to be 0.4 g and 400mm/s respectively and those of wafer 
stage are 0.1 g and lOOmm/s respectively. Since no vacuum stage system with such 
features has ever existed, the new development of high performance EPL vacuum 
stage systems was required.
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The optical lithography stages have been developed based on air bearing and lin
ear motor technologies in order to get higher control bandwidth and smaller mechan
ical non-linearity characteristics. Figure 5-4 shows the simplified stage structure of 
conventional optical lithography tool with air bearing and linear motors. Precision 
stage development results of optical lithography tools should be utilized. However, 
the requirements for the EPL stages are very different from and much more difficult 
than their optical counterparts due to the following reasons.

First of all, the stages must operate in a vacuum and should not cause any 
deterioration to the vacuum environment because of gas leakage and outgass. Con
ventional air bearings cannot be used without any elaborate methods to remove 
effectively the air escaping from the bearing pads and to prevent air release into the 
vacuum chamber through air gaps by differential-pumping method. The vacuum 
level of 10” 4 Pa within stage vacuum chambers should be maintained. Test cham
ber was built to test and evaluate vacuum compatible air bearing performances [5]. 
One test fixture is shown in Fig. 5-5. Using this test fixture, gas leak and outgas 
data were obtained and the results were compared to analytical models. From this 
result, a vacuum compatible airguide design has been established. These air bear
ings perform like a conventional air bearing with typical gas flows, air gaps and 
stiffness. In addition, the pump-out grooves are used to scavenge the air escaping 
from the bearing pads before it leaks into the stage vacuum chamber. YVe could 
verify the differential pumping performance and choose the optimum materials and 
surface finish treatments. This vacuum compatible requirement causes the stages
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Figure 5-5. Vacuum air guide test fixture.

to be much complicated in structure and to be made of low outgass materials with 
special surface finish treatment.

The other major reason is that the electron beam is extremely sensitive to mag
netic fields, which will shift the X-Y placement of the beam. Any electromagnetic 
motors or actuators must be well-shielded to prevent stray magnetic fields from let
ting out of the motors. We had to develop electro-magnetic shield technologies for 
stage motors. Electromagnetic simulation and actual experimental data were suc
cessfully collated and verified through fine collation checks. Very low level of stray 
magnetic field from the shielded linear motors was achieved. We need non-magnetic 
type of actuator on the top of the stage very close to electron beam position while 
printing. Figure 5-6 shows newly developed table leveling unit driven by piezo actu
ators which is non-magnetic type of actuator.

Although these requirements make the EPL stages much more difficult to design 
and manufacture compared to the optical counterparts, a key mitigating factor can 
be found to make the system design requirements reasonable. The ability to deflect 
the electron beam acts as a high performance fine stage to make precise corrections 
to the stage positioning errors. Thus the EPL stages can be allowed to have micron 
level positioning errors which are looser compared to nanometer level positioning 
errors required on the optical counterparts. Full scale stage development has been
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Figure 5-6. Table leveling unit driven by piezo actuators.

carried out for both wafer vacuum stage and reticle vacuum stage and confirmed 
stage performances. Figure 5-7 and Fig. 5-8 show stage position control response 
data of the reticle stage in Y scan direction and X direction.

Since electron beams are very sensitive to magnetic fields, the proper body design 
to prevent the magnetic fields near the electron beam is required. Total system 
accuracy puts severe limits on allowable beam positioning error, while throughput 
requirement almost certainly makes stage motors located much closer to EO col
umn and supplied by much more electric current than in previous E-beam systems. 
These conditions require a system level design approach to magnetic shielding con
sidering that AC fields perturb the e-beam while DC fields can, in principle, be 
calibrated out. However, DC fields can perturb the e-beam if any magnetically per
meable materials (magnetic material) near the column move. When any unit made 
of magnetic materials changes its position, the DC fields change in position and 
magnitude, thereby causing the beam to be shifted some amount. If this change is 
not measured or calibrated out, the result is that the exposed image is then incor
rectly aligned on the wafer. The magnetic fields considered can be external ones 
to the system such as earth magnetic field, local magnetic field from manufactur
ing equipment, or can come from actuators within the system such as stage linear 
motors, loader robot, or isolation system (AVIS) actuators. To prevent the DC lens
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fields from being a potential problem, all materials used for stage moving parts 
should be non-magnetic, which leads to the stage design task being very difficult.

5.4. Vacuum body

Figure 5-9 shows internal body arrangement of the electron optics column and the 
reticle and wafer stages. It is important for vacuum body design that stages and
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Figure 5-9. EO column and stage arrangement.

EO column are firmly connected to each other to maintain metrology references to 
be unchanged.

It is also important to establish proper design method to prevent magnetic field 
problems from total body design point of view. Many component level and total 
assembly level experiments were carried out. Figure 5-10 shows full scale magnetic 
shielding setup. Both AC and DC magnetic fields from linear motors have been 
measured in a total body structure and correlated with computer modeling soft
ware (FEA) analysis. These magnetic characteristics have been incorporated into 
the innovative magnetic shielding designs in both linear motors and internal body 
structure. One mitigating factor is that during scanning, the stage moves at constant 
velocity with low currents to the motor windings. Therefore AC fields from the linear 
motors during scan are expected to be much less than dining stage acceleration.

The EPL body structure has been designed to minimize overall deformation 
variation under vacuum loading changes and stage C.G. shift movement, and par
ticularly in terms of the shifts and tilts at reference positions of the metrology 
system and stage system. The vacuum chambers containing the stages are acces
sible for maintenance via panels and other openings. The total structure concept 
of the main body is shown in Fig. 5-11. It is also supported and isolated from 
floor vibration by AVIS. The detailed FEA modelings of not only various local unit
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Figure 5-11. EPL total body configuration concept.

sti uctures but also whole structure have been iterated many times to optimize vibra
tion modes, structural rigidity and deformation variation under changing loads. One 
of most important references are stage mounting reference points. Figure 5-12 and 
Fig. 5 13 are structural deformation simulation analysis for reticle stage and wafer
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Figure 5-12. Reticle stage support reference points deformation analysis.
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Figure 5-13. Wafer stage support reference points deformation analysis.

stage reference points respectively. Simulation results show several micron level 
deformations, which correspond to enough body rigidity to keep reference point 
almost unchanged even while being loaded by huge changing atmospheric pressure 
loads and stage C.G. shift movement. That range of deformation can keep the stage 
accuracy unchanged and vacuum compatible air bearing working.

As mentioned earlier, in order for the electron optics to precisely correct the 
stage X-Y positioning errors, we have to manage properly two categories of error 
sources, observable errors and non-observable errors. Observable errors consist of
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any errors observed by metrology sensor systems such as laser interferometer sig
nals to measure stage positions, whereas non-observable errors are made up of any 
errors which the metrology sensor systems can not observe directly. Those would 
be induced by metrology reference deformation, magnetic field variation, thermal 
expansion, stress distortion due to atmospheric pressure and C.G. shift due to mov
ing stages, internal and external vibration sources, electronic noise, and electronic 
drift and so on. The system must be able to observe observable errors precisely 
and determine non-observable errors correctly by nanometer level accuracy. This 
requires considerable attention in the design of whole body and metrology modules. 
The laser interferometer system must be extremely stable because it should act as 
common ultra-precise metrology reference to total control system. EPL total system 
must be controlled by common reference timing which must be stable and known 
precisely so that all control modules can cooperate to exercise their functions in 
timely manner without any timing mismatch which may sometimes cause system 
performance deterioration.

In order to get printing position accuracy, we need to make the body very 
quiet by reducing body vibration and deformation. The reaction forces from the 
wafer and reticle stages should be isolated, and brought out to outside main body. 
Reaction force path is isolated from the main body and led to floor ground. As the 
stages accelerate and decelerate, these forces should not vibrate the body containing 
the metrology and the electron optics modules. Figure 5-14 and Fig. 5-15 show 
stage synchronization accuracies simulated under the conditions of with and without 
reaction force management respectively. This result shows that we can not reach 
required synchronization accuracy without it.

E x p o sa re  T i n e  P er iod

Figure 5-14. Stage synchronization accuracy with reaction force management.
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Eiposmre Time Period

Figure 5-15. Stage synchronization accuracy without reaction force management.

Figure 5-16. Wafer vacuum loader module.

5.5. Reticle and wafer vacuum loaders

In addition to the electron optics, the stages and the body, there are other major 
units, wafer loader and reticle loader. Figure 5-16 shows newly developed vacuum 
loader module. Reticle and wafer loader modules have load-lock chambers between 
vacuum chamber and outside air. Almost all subsystems are set in an environmental 
chamber. We must also consider the temperature control system carefully since 
vacuum pumping causes the temperature inside the chamber lower.
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5.6. Metrology sensors

Metrology sensors such as interferometers and focus/leveling sensors are prepared 
for both reticle and wafer stages. Multiple interferometer axes are adopted for the 
measurements of X,Y, positions, yaw, pitch and mirror bow. The concept of focus 
sensor is an oblique incident optical sensor with multiple measurement beams to 
obtain the height and tilt information of reticle or wafer. Since EPL mask is made 
of thin 200 mm wafer which is expected to be bent by gravity force, a reticle focus 
sensor is adopted. During exposure, data from those metrology sensors are used for 
servo-control of both stages and residual control errors are sent to electron optics 
for fine compensation control. The off-axis wafer alignment microscope FIA (Field 
Image Alignment) is prepared as the main alignment sensor.

FIA is a wafer mark image processing system with a bright image field illumina
tion and been adopted considering mix-and-match use. Similar optical microscope is 
prepared for reticle side to observe reticle patterns. Backscattered electron detector 
is located at the bottom of the electron projection optics and is used mainly for 
electron optics calibration and measurement of reticle position by observing fiducial 
marks.

5.7. Tool control system

EPL tool has a master clock system in the electron optics control system, the reti
cle stage and wafer stage control systems. Under the common master clock system, 
reticle and wafer stages are servo-controlled to target positions independently. Posi
tion error of each stage is measured by interferometers and compensated by the 
electron beam deflection control. The difference between the magnification of pro
jection optics and the ratio of wafer stage velocity to reticle stage velocity is also 
compensated by the electron beam deflection control. In order to prevent control 
delay from interferometer data acquisition to the electron beam deflection control, 
a unique control concept called “Filter/Predictor” shown in Fig. 5-3 is used for a 
feed-forward correction. The Filter/Predictor function predicts the stage position 
at the moment of sub-field exposure by calculating past data of position, velocity 
and acceleration [6].

5.8. Expected tool performance

Table 5-1 shows the target specification of EPL R&D tool for hp65nm technology 
node, dubbed as Nikon NSR-EB1A, which was delivered to Selete and used in the 
pilot line there for the development of EPL technology including reticle evaluation, 
resist evaluation and trial manufacturing of devices.

Two 200 mm round reticles can be set on the reticle stage. Therefore exposure 
field size is 40 mm x 25 mm in the case of non-complementary exposure or 20 mm x 
25 mm for complementary exposure.

The stitching accuracy of 20 nm is given in order to assure the local CD irregu
larity at stitching region within a tolerable range.
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Table 5-1. Target specification of Nikon NSR-EB1A.

Items Target Specifications

Electron Beam Energy 100 KeV
Standard Resolution 100 mm node (70 nm gate)
CD Uniformity ±1 0 %
Magnification x 1 /4
Exposure Field Size 20 mm x 25 nm for Complementary 40 mm x 25 mm

for Non-Complementary
Sub-field Size 0.25 mm x 0.25 mm
Deflection Length 5 nm
Wafer Size 200 mm
Reticle Size 200 mm round reticle Stencil type as standard
Product Overlay 35 nm (X  -f 3<t)
Stitching Accuracy 20 nm (X  +  3cr)

Table 5-2. Achieved performance of Nikon NSR-EB1A performances.

Items Achieved Performances

Exposure Field Size 20 mm x 25 mm from 200 mm Reticle
Resolution 70 nm L /S , 50 nm 1:2 L /S , 60 nm CH „ 50 nm iso.
CD Uniformity 5% (3s)
Stitching Accuracy 18-22 nm (3s)
Overlay Accuracy 18-22 nm (X +  3s)
Throughput 4W PH @300 mm wafer

Figure 5-17. EPL R&D tool configuration.

5.9. Actual EPL tool configuration and performance summary

Since the first dynamic exposure results were reported in 2003, Nikon NSR- 
EB1A has been operated to improve resolution, stitching accuracy and overlay accu
racy as well as throughput. Figure 5-17 shows the actual picture of total system
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configuration of EPL R&D tool. Figures 5-18 and 5-19 and 5-20 show examples 
of dynamic exposure performance data achieved in NSR-EB1A. NSR-EB1A has 
demonstrated dynamic exposures and achieved the required specifications and func
tions for hp65nm technology node tool [6].
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6. EPL Reticle

6.1. EPL reticle format

As a standard EPL reticle (mask), the 200 mm scattering reticle has been used 
(EPL reticle), as shown in Fig. 6-1. Its format is shown in Fig. 6-2 [1,2]. A reticle 
pattern area is a thin membrane for the scattering contrast imaging. The membrane
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Figure 6-1. 200 mm EPL stencil reticle.

I Major strut

Si substrate

lacement
marks

0 .17
5 4 . 4 3

Figure 6-2. EPL reticle format for EB Stepper.
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is divided to subfield (SF1.13 x 1.13ram2 square /the exposure field and peripheral 
membrane area) by struts to increase mechanical stiffness of the membrane reticle 
(Fig. 6-3) [1]. In the scattering contrast method, the reticles have no energy deposi
tion due to electron-beam irradiation because most electrons (100 keV) pass through 
the reticle (membrane) only with scattering but without energy loss, as shown in 
Fig. 6-4 (see subsection 6.3). Non-scattering stencil reticles (masks) have been used 
in EB character projection (CP) systems, which have thick Si membranes (10- 
20jxm) for ~50keV electron beam and absorb most of electrons in the mask [4,5]. 
In the CP system, mask heating have been also observed but because of high mask 
magnification (x20-60), the mask heating does not affect the pattern accuracy. On 
the other hand, the EPL magnification is low (x4) and exposure current is high 
(~100 jxA), reticle temperature is very sensitive for pattern accuracy. To keep the 
EPL reticle temperature within a few degrees in EB exposure, the introduction of 
the scattering reticle was epoch-making in EB exposure system [3,6].

EPL reticles had been developed in phase with EPL development by mask manu
facturers. Two type reticles: the stencil reticle and the continuous membrane reticle, 
are commercially available, as shown in Fig. 6-5 [1,4,7].

6.2. Si stencil reticle fabrication

Basic reticle fabrication process is well-known as a Si membrane fabrication process 
using SOI wafers in Fig. 6-6.

First, an impurity (for example, Boron or Phosphorus) is doped in Si layer of SOI 
wafer (the top layer) to control silicon membrane internal-stress. The internal stress 
causes the reticle pattern displacement (IP/Image placement and CD uniformity). 
In the case of 2 jxm Si membrane, the target internal stress may be <5 MPa (tensile 
stress) [8].



322 T. Miura et al.

i

Figure 6-4. Scattering contrast imaging.
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Figure 6-5. EPL reticles.

Next, the reticle blanks are finished by backside dry etching (Vertical strut 
fabrication). The oxide layer in SOI wafer acts as an etching stop.

The oxide layer of SOI wafer is removed by wet etching.
Lastly the reticle patterns are defined by electron beam writing and the stencil 

patterns through silicon membrane are etched by dry-etching.
EPL Reticle specifications for 70 nm technology node are listed in Table 6-1.

6.3. Scattering reticle

Two type of scattering reticles are reported: Si stencil reticle and continuous 
membrane reticle. Si stencil reticle is commercially available. Several continuous 
membrane reticles have been studied but only the SCALPEL mask and the con
tinuous diamond-carbon (DLC) membrane reticle are fabricated in 200 mm-wafer 
size [3,4,6].

6.3.1. Stencil reticle

The stencil pattern consists of the silicon scattering membrane and pattern open
ings, as shown in Fig. 6-5. Electrons on the patterns of reticle transmit through
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Figure 6-6. Fabrication process flow of EPL reticle.

the pattern openings without scattering, reach a wafer through the imaging lens 
section, and contribute the pattern imaging by the imaging system. On the other 
hand, electrons onto the membrane go through the reticle with scattering by the 
Si membrane, which are stopped at contrast aperture near the pupil plane of the 
projection optics (Fig. 6-4). The membrane thickness was decided upon after consid
ering the pattern fabrication process, the electron mean free path in the membrane 
materials (the electron scattering and the energy absorption), the heat conductivity,

Table 6-1. EPL reticle specifications for 70 nm technology node.

Item Specifications (on Reticle)

Technology Node 70 nm
Magnification x4
Reticle Size 200 mm Wafer
Membrane Area 55 x 132 mm2
Pattern Area 2 Membrane Areas
Major Strut Width: 10 mm
Minor Strut Grid Grillage type, Pitch: 1.3 m m /W idth: 0.17 m m /

Height: 725 ц ,т
Sub-field Size l x l  mm2
Membrane Size 1.13 x 1.13 mm2
Membrane Thickness ~ 2  ц .т
Minimum Image Size 180 nm (45 nm on wafer)
CD Uniformity 7 nm
Image Placement 15 nm
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Figure 6-7. DLC continuous membrane reticle.

the mechanical stiffness (crystal or amorphous), and so on. In the case of Si, the 
membrane thickness is <2 jxm [4].

6.3.2. Continuous membrane reticle

Continuous membrane reticles consist of two or three layers of thin films: the base 
layer (the support membrane, <100 nm) which supports pattern layer, the pattern 
layer (the scatterer, <500nm), and the etch stop layer (if needed, which depends 
on the fabrication process) (Fig. 6-5).

The combination (150nm-thick SiN for the support membrane, 10 nm thick Cr 
for the etch stop, and 50 nm thick W for the scatterer) had been known as the 
SCALPEL mask. Another candidate is a diamond-like carbon (DLC) membrane. 
The DLC has high mechanical stiffness and low interaction with electron. It has 
good material properties as an EPL reticle. DLC continuous scattering performance 
on EPL was reported [3,7]. The structure, the fabrication process, the electron 
scattering, and the material parameters of DLC membrane are optimized. Typical 
membrane thicknesses are DLC 15-40 nm thick for the support membrane and DLC 
~500 nm thick for the scatterer as shown in Fig. 6-7.

6.3.3. Summary

The two types of scattering reticles have advantages over each other. The Si stencil 
reticle uses Si-crystal, so the membrane is very stable mechanically and its reticle 
fabrication process is well-known.

However, the stencil patterns have several restrictions for patterning:

(i) the Donuts problem (the complimentary patterns). In reticle fabrication, the 
donuts patterns must be split into complimentary patterns. In fact several kinds 
of pattern split software for complimentary patterns are commercially available. 
Basically donut patterns need double exposures;

(ii) the pattern aspect ratio (the membrane thickness/the pattern opening size). 
The stencil reticle has pattern openings. The maximum pattern aspect ratio 
depends on its fabrication process, which may be 10-20.

The continuous membrane reticle has no stencil patterns, so it doesn’t need the 
data split procedure and double exposures. However, even electrons, which con
tribute to imaging, must pass through the support membrane. In the membrane,

Pattern
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electrons undergo several interactions. For instance, elastic scattering may result 
in exposure current loss and additional beam energy dispersion due to inelastic 
scatterings degrades the optics resolution (the lithographic resolution). The sup
port membrane is 30-100 nm thick. Its mechanical stiffness depends on the fabri
cation process and the pattern density. We need studies on this new type reticle 
more.

A choice between the two types of reticles should be made to meet exposure pur
poses carefully. For finer patterns, thinner membranes (the continuous membrane) 
have advantages for pattern fabrication process. However, the image resolution is 
sensitive to the additional energy dispersion of EB through the membrane.

EPL reticle is a wafer-base thin reticle, compared with other optical reticles. For 
future requirements for reticles— image placement (IP) and other pattern accura
cies, the introduction of the support frame of reticle, which is attached on reticle 
peripheral area, should be considered to increase the stiffness.
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7. Mask Inspection and Other Infrastructures

7.1. Mask inspection

An inspection tool for an EPL mask was developed by TOKYO SEIMITSU CO. 
LTD. and HOLON CO. LTD. A beta system is now available [1]. The tool produces
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Figure 7-1. EPL mask inspection tool. Acceleration energy of electron beams is 5 keV. The pixel 
size is 50 nm.
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an electron beam projection system capable o f inspecting defects on Si stencil masks 
as shown in Fig. 7-1. Electron beams with an acceleration energy of 5keV are 
irradiated from the back of the mask to project a mask pattern onto a time delay 
integration (TDI) CCD detector, through a magnifying projection lens. To inspect
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Figure 7-3. Defect printability. Mask defects are transcribed with M EEF =  1 using the ratio of 
mask opening area of defect pattern to that of the normal one as a new index.

the full mask area, continuous stage movement and stepping are employed. This 
system detects defects by comparing the mask image obtained with the design 
data or adjacent cell images. The pixel size is 50 nm. Figure 7-2 shows inspection 
results for a hole which caused a program defect. The defect size measured by 
an SEM is shown in the images. The limits of the defect inspection for various 
defect types indicated by the white thick frames are different from each other. The 
inspection sensitivities for over-sized or under-sized defects are very high at 10 nm, 
while those for the edge- or corner-intrusive and -extrusive defects are relatively 
low at around 100 nm. The sensitivities will be improved by reducing the pixel size 
to 25 nm. Figure 7-3 shows the defect printability for various programmed defects. 
In particular, it was found that mask defects concerning holes are transcribed with 
MEEF=1 using the ratio of the mask opening area of the defect pattern to that 
of the normal one as a new index [2]. When the new index is used to evaluate the 
inspection sensitivities, the sensitivities were found to be about 10% of the mask 
opening area through any types of defect as indicated in Fig. 7-2. This will impact 
a resist CD of less than 4 nm. Considering that the MEEF of the hole layer is 3 to 
5 in the case of optical exposure, the burden on mask manufacturing (mask CD’s 
accuracy and inspection sensitivity) was reduced, so that the superiority of EPL 
was revealed.
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7.2. Repair for mask defects

A mask defect repair tool which enables the observation of transparent and surface 
images by scanning focused Ga ion beams (FIBs) and the measurement of stencil 
angles was developed by SII Nano Technology Inc. as shown in Fig. 7-4 [3]. FIB 
repair of defects for EPL stencil masks is similar to that for photomasks, however,

SII NanoTechnology Inc.

Figure 7-4. EPL mask repair tool. It enables observation of transparent and surface images and 
the measurement of stencil angles.

Process time 7,23”(300nmt) 2’30” -  6’

Defect Reverse template Carbon deposition

Consistent template method is available for any defect types.

Figure 7-5. Template repair method.
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Figure 7-6. Results of repairing with template method. Accuracy of repairing are less than 3.4 nm 
scaled on a wafer and transcribed resist CD accuracy is less than 4 nm.

EPL stencil masks have unique requirements. Clear defects are repaired by FIB- 
assisted carbon deposition using a hydro carbon series gas in a hollow area without 
a substrate. Opaque defects are repaired by FIB-etching 2-|xm thick Si with verti
cal sidewalls using a halogen series gas. Accordingly, a synthesized image of both 
transparent and surface images produced in the system is very useful to decide if 
the defects have been repaired completely. A new method which adopts the same 
deposition and etching recipes using templates has been developed as shown in 
Fig. 7-5 [4]. This method achieves a very high accuracy in the repair process and 
the repaired mask was examined by a comparison of the exposure results. Figure 7-6 
shows the results of repairing defects for a hole which caused a program defect and 
its transcribed results. Each defect was repaired with a high accuracy of 3.4 nm 
scaled on a wafer and transcribed resist CD accuracy of less than 4 nm.

7.3. Mask cleaning

An EPL mask cannot use a pellicle as conventional photomasks are provided with. 
Therefore, mask cleaning technique is very important. An alpha mask cleaning tool 
that produces a spray using a nitrogen aerosol capable of sweeping particles on the 
EPL stencil mask away was developed by Sumitomo Heavy Industries, Ltd. [5]. A 
schematic drawing is shown in Fig. 7-7. A nitrogen aerosol produced by adiabatic 
expansion is sprayed onto the EPL mask with an accelerated nitrogen gas flow. 
Figure 7-8 shows SEM images of before and after cleaning. Particles are swept away 
without destroying the free-standing Si membrane.
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Figure 7-7. A schematic drawing of cleaning tool for EPL masks. A nitrogen aerosol produced 
by adiabatic expansion is sprayed onto the EPL mask with an accelerated nitrogen gas flow.
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Figure 7-8. Results of EPL mask cleaning.

7 .4 . Data processing for masks

Data processing for the EPL stencil mask involves subfield splitting of layout data, 
proximity effect correction, and the calculation of correction data for an expo
sure system to correct the pattern-dependent space charge effect. Conventional flat 
data processing takes an enormous processing time and produces a huge volume 
of data. To solve these two problems, a PC-clustered hierarchical data processing 
system has been developed [5]. GDS design data are split into separate sub-fields, 
corrected by the proximity effect correction (PEC), verified, and converted into 
mask layout data to be output as shown in Fig. 7-9. A map of the area density 
of patterns in the sub-fields, which is calculated by a PEC program, is input into 
Nikon’s space charge effect correction (SCEC) program, and exposure parameters
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Figure 7-9. Data processing system configuration which involves subfield splitting of layout data, 
proximity effect correction, and the calculation of the pattern-dependent space charge effect.

such as the refocus volume are extracted and fed back to the EPL system. On the 
other hand, a blur map which was modified by the Coulomb effect is output by 
the SCEC program, imported into the forward scattering parameter in the PEC 
program again, and iterated until the corrected value becomes convergent. Data 
conversion was evaluated using trial Test Element Group (TEG) data through a 
flow of whole processes, and data conversion was completed in approximately 13 
hours [6].

References

1. J. Yamamoto et al., EPL stencil mask defect inspection system using transmission 
electron beam, p. 531, Emerging Lithographic Technologies VII (SPIE) 2003.

2. J. Yamamoto et al., Defect printability of hole pattern on electron projection lithog
raphy, p. 972, Emerging Lithographic Technologies VII (SPIE) 2003.

3. J. Yamamoto et al., Development of defect inspection and repair systems for EPL 
mask infrastructure, p. 1144, 24th Annual BACUS symposium on Photomask Tech
nology 2004.

4. N. Iriki et al., Preliminary study on EPL mask repair technology for 45-nm node, 
p. 892, Photomask and Next-Generation Lithogmphy Mask Technology X I I 2005.

5. M. Yamabe et al, Status and issues of EPL, p. 880, Photomask and Next-Genemtion 
Lithography Mask Technology X I 2004.

6. H. Yamashita et al., Proximity effect correction using blur map in electron projection 
lithography, p. 3188, American Vacuum Society (EIPBN) 2005.



332 T. Miura et al.

8. Process and Application Results

8.1. Resist process

For the resist, sensitivity has not yet reached the target of 5 jxC/cm2 which is used 
in the estimation of EPL throughput. Sensitivity is about 15ц ,С /ст2 for thin-film 
resist of the line type. Thus, resist development is still an important issue. However, 
resolution has greatly improved, so that it has become possible to resolve L&S (low 
density) patterns with a size of 45 nm and micro-hole patterns as shown in Figs. 8-1 
and 8-2. Since resist collapse is expected to be a serious problem in forming line 
patterns for hp45, the tri-layer resist process which transcribes resist patterns on the 
top layer to the SOG of the medium layer once, and then transcribes them onto the 
organic film of the bottom layer was developed. The resist thickness should be less 
than 100 nm based on the results of pattern collapse which may occur at an aspect 
ratio of less than 2.5. Figure 8-3 shows SEM images of the tri-layer resist process. 
It was confirmed that L&S patterns up to 45 nm can be successfully processed on 
Low-к materials.

Top: 120 nm (ТОК: EP-035 Trial 03)
Г- ^  Intermediate: 50 nm (SOG)
' Bottom:200 nm(Novolak organic film)

55

Top-down 
SEM image

Cross-sectional 
SEM image

Dose =»

Figure 8-1. SEM images of L&S patterns with a 120-nm thin resist of EP-038TY1 resist (TOK). 
Dosage was 20uC/cm2.

8.2. Prototyping of Cu two-layer wiring TEG

A TEG of a via-hole chain consisting of 1st metal, 1st via, and 2nd metal layers 
was fabricated using F2/EPL mix-and-match lithography [1]. EPL was applied to 
the via layer. A schematic drawing of the sample structure is shown in Fig. 8-4. The 
wiring pitch was 140 nm and the via size was 70 nm which meets the technology 
requirement for intermediate wiring at hp45 stipulated from ITRS shown in the
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Figure 8-2. SEM images of hole patterns with a 120-nm thin resist of EP-038TY1 resist (TOK).
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Figure 8-3. Low-к etching using tri-layer resist process. Thicknesses of tri-layer are 90 nm, 35 nm, 
and 150 nm, respectively. SEM images are after bottom etching of tri-layer resist, after low-k 
etching and after resist stripping.

figure. In the fabrication, a single damascene process with a low-k insulator and Cu 
interconnects were used. A 70-nm via-hole was confirmed to be successfully buried 
from the ТЕМ image as shown in Fig. 8-5. From this trial, applying EPL to hole 
layers yields denser integration than optical lithography at hp45 and beyond.
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Technology node | 65 nm | 45 nm I 32 nm
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Figure 8-4. A schematic drawing of via-hole chain device with Cu/low-k. Via size is 70 nm. Wiring 
pitch is 140 nm.
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Slot20 41 padS

Figure 8-5. ТЕМ image of via-hole chain.
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9. Technology Evaluation and Future Extendibility

9.1. Next EPL system and Coulomb interaction

High resolution and high throughput are indispensable requirements for every 
exposure tool. However, generally they could be opposite requests. Especially, in
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the EB exposure system, they have the physical limitation due to the Coulomb 
interaction. High beam current for the high throughput always deteriorates its 
lithographic resolution (the beam blur) due to the Coulomb interaction (See 
equation [3-1]) [1].

In the EB system, the beam blur is defined as the root sum square of the blur 
due to the Coulomb interaction and the geometrical blur of EO-system, as previ
ously described. The design of a lithography tool has to take this relationship (the 
total blur) in account. The geometrical blur can be calculated correctly including 
the tool condition such as the EO mechanical errors. Knowledge of magnitude and 
dependencies of the Coulomb interaction effect is essential for EB exposure systems. 
Coulomb interaction calculations have been studied for probe-forming systems in 
the literature [2]. However EPL has a large shot-size (SF) which has different pattern 
distributions and different exposure beam currents. The beam current distribution 
in the SF affects the magnitude of the Coulomb interaction effect and results in 
the blur distribution in the SF. To predict the Coulomb interaction effect correctly 
and take these blur distribution in account for EPL system design, new Coulomb 
interaction simulation was needed instead of the empirical expression as previously 
described [1].

EPL (EB1A) was developed as a high throughput EB exposure system 
(>10 wafers/hour). Its throughput is 4 wafers/hour (300mm wafer, for 90nm-node). 
At that time when EB1A was designed, the Coulomb interaction effect to the beam 
blur was estimated to be so small that higher throughput would be expected.

The Coulomb interaction consists of the global space charge and stochastic 
Coulomb effects, which cause defocus and beam blur changes respectively [2]. The

Figure 9-1. Coulomb Interaction effect evaluation of EB1A. Total blur by simulation means root 
sum square of the simulated blur and the geometrical blur of EO-system (32 nm). Experiment data 
was measured directly by the aerial image sensing technique.
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space charge effect can be corrected by refocusing correction, which is calculated 
from an average electric field of the electron distribution in the EO column (the 
lower column) analytically. On the other hand, for the evaluation of the stochas
tic Coulomb effect due to discrete electron-electron interaction, the Monte Carlo 
calculation is used rather than the analytical method. Recent studies have shown 
that beam blurs due to the Coulomb interaction can be calculated using the Monte 
Carlo calculation on the basis of the EPL exposure condition carefully. Figure 9-1 
shows experimental and simulation results of beam blurs due to the Coulomb inter
action [3,4]. Total blur by simulation in Fig. 9-1 means root sum square of the 
simulated blur and the geometrical blur of EO-system (~32nm). The beam blur 
was measured directly by the aerial image sensing technique [5]. The experimen
tal results agree well with the simulation. It should be noted that the blur change 
due to the Coulomb interaction can be calculated correctly even for large field EB 
now. This simulation method is introduced into the plug-in software in EPL data 
conversion system.

The EPL base technologies such as hardware design, EO controllers and system 
controll software for the tool development have been established through the EB1 
development. On the basis of EB1A system, we can draw the new EPL system 
images exactly.

For next EPL systems, the condition, that the Coulomb interaction is the criti
cal and physical phenomenon, is not changed. For the next systems toward the fine 
patterning (45 nm-node and 32nm-node), reduction methods of the coulomb inter
action should be considered. For the high volume product, two scenarios (systems) 
are proposed: EB2 and EB3. Their throughputs are shown schematically in Fig. 9-2. 
Specifications are listed in Table 9-1.

T?
®4 -о

1000.0

900.0
*
о 800.0
о«о
V. 700.0
в•freeJ 600.0
«
Е 500.0
р
о 400.0ь.
3

XIс 300.0
о
£

О. 200.0

оо 100.0
н

0.0

f

Reduction of Wafer 
exchange time and 
Beam settling time

0  Exposure

□  Stage movement

El Beam setteling & blanking

□  Wafer exchange & alignment

EB1A
TP [ wafers/hour ] TP=4
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Resist sensitivity: 5|xC/cm2.
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Table 9-1. Specifications of EPL tools

337

EB1A EB2 EB3

Technology node [nm] 100 45 45
32(R&D)

5.0
1 ~  1.25(4 ~  5) 

100 
0.15-0.3

Deflection width [mm]
SF size at wafer (at reticle)[mm]
Beam settling [usee]
Beam Half angle [mrad]
Beam Truncation angle [mrad]
TP [WPH](300 mm wafer, NP) (PD 5%)

70(R&D) —
5.0 2.5

0.25(1) 0.25(1)
100 100
3.7 6
5.3 4.5
4 12 23

NP: Non-complimentary pattern, PD: Pattern Density

9.2. EB2 system

The EB2 system design is based on EB1A system. To improve the lithographic 
resolution (the beam blur), the maximum total beam current in one SF (one shot) 
on a wafer has to be ~1.5 jxA, which depends on the Coulomb interaction, as shown 
in Fig. 9-1. To achieve a higher throughput, the systematic redundancies for the 
exposure action in EB1A will be improved or eliminated as described in Fig. 9-2. 
As the result, a throughput 12 wafers/hour will be expected in EB2 system. The 
base technologies of EB2 development are established through EB1 development. 
EB2 system as the tool will be expected to have high cost performances.
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Figure 9-4. Beam blur of EPL with large SF as a function of beam half angle. Solid line: Coulomb 
blur Monte-Carlo simulation. Dashed line: Geometrical aberrations.

9.3. EB3 system

EB3 is a new EPL tool with a large SF size which is 1-1.25 mm square at a wafer 
(compared to 0.25 mm of EBlA) [6]. The introduction of large SF will be able to 
reduce the average current density and to increase the total current in one SF. The 
beam blur due to the Coulomb interaction (the Coulomb blur) is evaluated using 
the Monte-Carlo simulation with thin lens approximation. The simulation results 
(the total beam current: ~  10^A) in Fig. 9-3 show that at low beam density (large 
SF) the Coulomb blur keeps small even at small beam angle schematically. Some 
electron optical designs of EB3 using the large SF have been studied [6]. Figure 9-4 
shows the Coulomb blur and the geometric aberrations as a function of the beam 
half-angle a for SF sizes on EB3 system condition. As previously mentioned, the 
Coulomb blur becomes smaller with increasing SF size but the geometric aberrations 
increase with larger SF size. The total blur consisting of the Coulomb blur and the 
geometric aberrations at an intersection depends on SF size. The total blur becomes 
the smallest for SF sizes of 1-1.25 mm square. In fact several theoretical solutions 
for EB3 are found. For example, the imaging section of EB3 will have (Table 9-1) [6]:

Exposure SF size 1-1.25 mm square a wafer;
Deflection width ±2.5 mm;
Beam half angle 0.15-0.3 mrad;
Magnification x4.

For 32nm-node, maximum current on a wafer can be expected to be ~ 3 //A . 
A new gun for EB3 will be also needed, which has relative high emittance 
( ~ 1.00mm mrad.), high brightness (~ 105 A /cm 2Sr), and high beam current (50 |xA 
at reticle, the pattern density is assumed to be 5-6%).
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Figure 9-5. EPL reticle for large SF exposure tool (EB3). Tentative Specification. Membrane 
Size: 4.13 mm x 4.13 mm Strut Width: 0.27 mm Subfield Number: 500 subfields Pattern Area: 
100.46 mm x 111.23 mm.

In the optics and the gun developments, key issues are mechanical accuracies 
of EO system parts (lens, deflectors, and so on) and low noise high speed lens and 
deflector drivers in the EO control circuits. They require advanced technical levels 
but are not showstoppers, which are the existing technical levels but not future 
technology. However, it may take several years to develop fundamental fabrication 
technique and to complete the new optics.

EB3 will need infrastructure developments, such as reticle and resist, to achieve 
its specifications. Especially as the reticle format will be changed and SF size will be 
4-5 mm square, the fabrication possibility of large SF reticle have to be evaluated. 
In fact, its development has started. A large SF reticle is already fabricated and used 
for exposure as shown in Fig. 9-5. It is worthwhile noting that EO designs and the 
experiments show technical potentialities for EB3 and the future direction of EPL.
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10. Summary

EPL is a realistic technology for 65 nm node and below, as a complementary tech
nology of optical lithography especially for contacts and gate layers because of its 
high resolution and large process margin. Cheaper mask cost is also expected com
pared with that of optical lithography which gives the same resolution. Nikon’s 
first generation EB stepper; dubbed as NSR-EB1A, was developed for 65 nm node 
R&D tool. It was delivered to Selete and has been used for the EPL technology 
development considering EPL application for hp45 nm node technology.

NSR-EB1A has demonstrated dynamic exposure results and achieved the 
required specifications and functions for hp65nm technology node. EPL technical 
issues for hp45 nm technology node application was also considered and conducted 
basic experiments using NSR-EB1A and feasibility studies.

The issues and their assessments are addressed as follows;

— Overlay accuracy 18 nm is feasible.
— Throughput 23 WPH is feasible with large sub-field electron optics.
—  Mask IP accuracy (Global IP 8 nm, Local IP 8 nm) is feasible.
—  Resist sensitivity 5 jxC/cm2 is feasible.
—  EPL Mask inspection and Repair tools are feasible.

EPL lithography is judged to be feasible for hp45 nm technology node device 
production and expected to be used in mix and match with optical lithography 
tools such as ArF immersion and EUVL.
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Electron beam (EB) lithography has been mainly used for patterning on masks and 
reticles in the semiconductor industry and has progressed according to the scaling up 
of circuit integration and the miniaturization of patterns. Among the various tech
niques in EB lithography, EB direct writing has played an important role in devel
oping advanced devices because it offers higher resolutions and shorter turn-around 
time, though its patterning speed has not been high enough for mass-production use. 
Cutting-edge applications in advanced fields have always been investigated and devel
oped using EB direct writing, and future devices and devices for scientific research, 
such as various quantum devices, which of course require high resolutions, have also 
been investigated using the technique.

In this chapter, interactions between electrons and materials, EB direct writing 
apparatuses, and calculation/measurement of EB diameter are discussed in Sec
tion 2. The accuracies of patterning dimensions and positioning in EB lithography 
are discussed in Section 3. The former includes roughness on pattern edges, and the 
proximity effect due to electron scatterings and its correction, and the latter is for 
mainly overlay accuracy. Resist materials, fine patterning, and some applications, 
including the creation of three-dimensional structures are discussed in Section 4.

K eyw ords: Gaussian beam; variable shaped beam; Monte Carlo simulation; EID (Expo
sure Intensity Distribution); latent image; mean free path; proximity effect (correction); 
wave optics; aberration (coefficient); overlay (accuracy); stitching (accuracy); (fast) sec
ondary electrons; LER (line-edge roughness); single-electron transistor/device/circuit.
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1. Introduction

Patterning using an electron beam (EB) goes back to the early 1960’s [1]. At that 
time, the systems were modified electron microscopes that used Gaussian beams 
(which are converged as much as possible and are so named because their shape is 
Gaussian. They are also called point beams). The patterns were directly written on 
substrates/films without using masks. The resolution was already under 1 |xm, and 
applications to the fabrication of circuits began soon.

The most important issue in EB direct writing has been writing speed (or 
throughput). Among the various EB direct writing techniques that have been 
devised to improve it are variable-shaped-beam lithography [2], cell-projection (or 
character-projection) lithography, [3], electron projection lithography [4,5], and 
low-energy electron-beam proximity projection lithography [6]. These techniques 
have indeed improved writing speed and are mainly intended for mass production. 
Some of them using masks are described in Chapter 9. In this chapter, Gaussian 
beam (and variable shaped beam) techniques are mainly described. The newer 
techniques provide higher throughput, but their resolutions are not as high as 
those attainable with Gaussian beams (and variable shaped beams). Moreover, 
they use large complicate masks, which have become more expensive and more 
time-consuming to make as feature sizes shrink and integration scales increase. 
EB direct writing techniques without using masks have advantages of high resolu
tion and short turn-around time. Lithography using Gaussian beams can provide 
resolutions of 10 nm or less and is the only practical way to arbitrarily pattern 
with the resolutions and a reasonable speed, while the other approaches such as 
nanoimprinting [7], which uses molds fabricated mainly by EB lithography with 
Gaussian beams, are under development. Because of these advantages, Gaussian 
beams are used in the research and development of advanced devices, which gen
erally require higher resolutions of patterning and short turn-around time. They
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are also used in specific areas of production that require such advantages, where 
the target is to produce small batches of a variety of products consisting of high- 
performance devices, which are known as Systems on Chips. EB direct writing is 
used to form very small patterns in the production of, for instance, high-frequency 
devices made of compound semiconductors, for which other techniques can not 
be easily used. The other important target is research/development of advanced 
devices.

The main focus in research on EB direct writing is how to improve resolution (to 
extend the advantage for creating new devices) and accuracy. To discuss techniques 
with resolutions near the limit, we first have to cover some physical fundamentals 
in detail. This chapter therefore starts with the interaction between the EB and 
materials. Pattern-size accuracy and some techniques for improving it from some 
aspects are mainly described, and accuracies in pattern positioning are also dis
cussed to some extent. Next, the ultimate patterning with resolutions of less than 
10 nm using some kinds of resist materials is reviewed, and some specific applica
tions using the advantages of EB direct writing are introduced. As a current topic 
in the evolution of EB direct writing, three-dimensional (3D) EB lithography is also 
introduced.

2. Fundamentals o f  Electron Beam Direct W riting

This section first discusses the interaction between EBs and materials (i.e., resists 
and substrates), which is quantitatively simulated using Monte Carlo calculations 
of electron scattering, and comparing the results with experiments. The interaction 
is directly related to pattern-size accuracy or the proximity effect, which is covered 
in subsection 3.1. Next, apparatuses of EB writing are described. For direct writing, 
considering that Gaussian beams and variable shaped beams are mainly used, the 
apparatuses for these EBs and their associated technology trends are described. 
Focusing on the Gaussian beams, the metrology and calculation for fine EBs are 
also discussed in this section.

2 .1. Interaction between electrons and material

As EB lithography uses phenomena where a resist is chemically (or physically) modi
fied by exposure to electrons, it is very important to well understand the interactions 
between the electrons and resist materials. For precise patterning, the amount of this 
change in resist has to be quantitatively understood and predicted or calculated as 
spatial distributions. This spatial distribution of the quantitative amount of change 
in a resist is the key to understanding the patterning in detail and the distribution 
is sometimes called a latent image. For organic resists, the principle of exposure 
(change in resist) is the large exposure dependency of resolving speed, which, in 
most cases, is due to cutting of main chains in the resist polymers (positive resist)
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or to cross-linking of the polymers (negative resist). The cutting or cross-linking of 
the polymers occurs because of the dissipation of energy of more than about 5 eV 
(in the case of organic resists) from electrons, mainly secondary electrons scattered 
by the incident electrons. Then, polymers with smaller molecular weights dissolve in 
the developer, whose shape follows the writing. The amount of change in the resist 
is directly related to the density of the cutting or cross-linking of polymers, which 
is generally proportional to the total energy deposited by electrons. (The amount 
of the change in some inorganic resists may not be so simple because the change 
depends on the energy in each deposition process.) Since the energy deposited (and 
dissipated) in resist material on exposure adds up (accumulates) as the amount 
of the chemical changes, such as the cutting/cross-linking of polymers, the total 
deposited energy, which can be physically simulated, is used instead of the amount 
of chemical changes. The indirect exposure due to electrons scattered in the resist 
and in the substrate is known as the proximity effect, where the part of interest 
in resist is exposed slightly by scattering electrons due to exposure on some other 
adjacent parts as well as due to direct exposure on that part. The total amount of 
energy deposited has to therefore be considered to understand the precise patterning 
in the lithography. The proximity effect will be discussed detail in subsection 3.1- 
Here, the calculation of energy deposited by electrons using Monte Carlo simulation 
of electron scattering is described.

The energy deposited in a material by electrons can be calculated and analyzed 
as the energy the electrons lose as they scatter in the material, and some models 
have been proposed since many years ago [8-11]. Among them, elastic scattering 
using the theory of Rutherford scattering (or its modifications) and stopping power 
(how much energy is deposited along the electron trajectories owing to inelastic 
scatterings) using the Bethe-Bloch formula had been used for many years [11]. 
These enable us to obtain the distribution of the energy deposited in a resist by 
Monte Carlo simulation of electron scattering. However, relatively recent investi
gations have revealed that more detailed calculations and models for elementary 
excitations are necessary for accurate simulations, which are required for simulat
ing nanopatterning with high enough accuracy [12,13]. Here, a relatively new kind 
of simulation is described, which has two important features. One is that it follows 
all of the incident (primary) electrons and secondary electrons until the energy of 
each electron becomes small enough. (In this chapter, “secondary electrons” mean 
all of the scattered electrons -  in a cascading shower -  except the incident ones.) The 
other feature is a calculation for each scattering process of energy loss (energy depo
sition) as the elementary excitation processes instead of stopping power, which is a 
little more abstract than each concrete physical phenomenon of inelastic scattering. 
The elementary processes are excitations of plasmons, conduction-band electrons, 
valence-band electrons, inner-shell electrons, phonons and so on. Although such 
precise simulations take longer time than the conventional method, they clearly fol
low physical phenomena and provide higher accuracy. Moreover, recent progress in
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semiconductor technology has made it easy to simulate three-dimensional distribu
tions of deposited energy with reasonable speed and accuracy.

For elastic scattering, the simulation uses partial wave expansion. This method 
uses plane waves connected to the wave function around the atomic potential, and 
has been proven to provide a better approximation even for electrons of very low 
energies than the conventional screened Rutherford method [14]. The differential 
scattering cross-section is given by

(i)

fk(0 ) =  7  У ] ( 2/ +  l)exp(z^)sin^P/(cos0), (2)
л i

where am is cross-section of elastic scattering for the target atom m, ft is the scat
tering cubic angle, Л-(0) is the scattering amplitude, к is the wave number of the 
(incident) electron, 9 is scattering angle, Si is the phase shift of the Ith partial wave, 
and Pi(cosQ) is the Legendre function. The phase shift Si is derived by solving the 
Schrodinger equation for the wave function with the quantized angular momentum 
hy/l(l +  1) and atomic potential, which can be approximately described [15]. The 
total scattering cross-section am and the mean free path A is obtained by integrat
ing (1) as

- / f r - n

=  ^ X l ( 2 i  +  l)sin2(S( (3)

A =  l / £ > m<Tm, (4)
m

where Nm is the number of atoms in in unit volume.
The scattering angle 9 and azimuth ф are derived using the differential scattering 

cross-section (1) and uniform random numbers.
For excitation processes (i.e., inelastic scatterings), Gryzinski formula is used 

in the simulation to derive the differential scattering cross-sections for inner-shell- 
electron and valence-band-electron excitations [12]. The formula is

where ami is the inelastic scattering cross-section, AE  is lost (deposited) energy, 
nmi is the number of electrons in orbital i of atom m, Emi is the averaged binding
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energy of electrons in orbital г of atom ra, and E is the energy of the (incident) 
electron. In the case of valence-band-electron excitation, electrons in orbital i should 
be replaced with valence-band electrons. The scattering cross-section and mean free 
path for the excitation are

=  JEmi JKEdAE (6)

A =  l / ^ ( w m ^ 0- Л (7)
m '  i '

The lost (deposited) energy E\ is derived using uniform random number R (0-1) 
from

R

The scattering angles and energies of incident and scattered electrons can be derived 
using the classical collision model. It should be noted that the energy of scattered 
electrons is to be defined considering the biding energy and the energy of the Fermi 
level.

For conduction-band-electron and plasmon excitations, the differential scatter
ing cross-sections can be derived using the Lindhard dielectric function e(q,u). 
For conduction-band-electron excitation, the differential scattering cross-section is 
described as [16]

da
d(hw) f 4+ — Im - 1

Jq- Q
(9)

where fiw is the energy loss of the (incident) electron, ao is the Bohr radius, and 
hq is the transferring momentum on the interaction. The e(q,w) is the Lindhard 
dielectric function based on random-phase approximation [17].

As phonon excitation has smaller scattering cross-section than the other pro
cesses described above, omitting it does not seem to cause large errors. The total 
cross-section for all scattering processes is obtained by adding cross-sections for each 
process and the mean free path for all processes is derived to be the inverse of the 
sum of inverse mean free paths for each process. Figure 1 shows mean free paths for 
Al, derived by the method above and their experimental values [18]. Table 1 lists 
calculated mean free paths for Si and polymethylmethacrylate (PMMA). Another 
comparison for more complicated electron scatterings is given in subsection 3.1.

The Monte Carlo simulation, which shows good approximation, is only outlined 
here owing to the limited space for this section. Details of the calculation methods 
can be found in the references.
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Figure 1. Inverse mean free path of electrons in Al; experiment [18] and calculation.

Table 1. Calculated inverse mean free path (nm L) of electrons in Si and 
PMMA.

Energy
(eV)

Si PMMA

Elastic Inelastic Total Elastic Inelastic Total

10 1.72 13.2 14.9 6.72 2.65 9.37
100 1.80 9.07 10.9 1.35 7.29 8.64
1,000 0.414 1.17 1.59 0.239 0.959 1.20
10,000 0.0880 0.141 0.229 0.0310 0.114 0.145
100,000 0.00893 0.0165 0.0254 0.00296 0.0132 0.0161

2 .2 . Apparatus and technology trends

As mentioned in the introduction in this chapter, direct writing mainly uses Gaus
sian beams and variable shaped beams. Figure 2 shows schematic drawings of elec
tron optics systems for a variable shaped beam and a Gaussian beam. The elec
tron sources used to be thermal emitters made of LaBe, but thermal field emitters 
(Schottky emitters) using Zr/O /W  are mainly used now because they provide more 
stable beams with smaller sizes and/or larger current. Magnetic lenses are mainly 
used, having mostly replaced electrostatic lenses. A high-resolution objective lens 
is essential to obtain a nanometer-size EB, and high-performance lenses have been 
developed. These lenses are unipolar, but lenses with multipole systems have also 
been recently developed for transmission electron microscopes (ТЕМ), which sig
nificantly reduce spherical aberrations and thus provide higher resolutions. An EB 
lithography apparatus with a high-resolution multipole lens would provide finer 
EBs and thus higher resolutions in EB direct writing, but such an apparatus has 
not been developed yet. Magnetic deflectors are mainly used, though electrostatic
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Figure 2. Schematic drawings of electron optics systems for (a) a variable shaped beam and (b) a 
Gaussian beam.

deflectors are still used to some extent for very-high-speed deflection. (Electrostatic 
deflectors allow us to easily obtain deflection frequencies as high as 100 MHz, but 
they usually cause large noise or drifts in EBs compared with magnetic deflectors.) 
Magnetic deflectors have therefore become predominant and high-frequency mag
netic deflectors operating close to 100 MHz have been developed recently. The field 
sizes of the main deflection are generally 500-jxm square or more, which is sufficient 
for most purposes of direct writing.

Figure 3 shows a more detailed electron optics system for a Gaussian beam [19]. 
This system is equipped with a two-step main-deflector and a two-step sub-deflector, 
which reduce the deviations of beam size in the main- and sub-deflection fields of 
500-|xm square and 20-ц.т square in size, respectively. The acceleration voltage is 
100 kV. Acceleration voltages for EB direct writing used to be ten to several ten kilo
volts, but most of them are now 50—100 kV. The advantages of higher acceleration 
voltages are that they enable smaller beam sizes (i.e., higher patterning resolutions) 
and higher beam stability (i.e., smaller deflection noise and drift). Moreover, a higher 
acceleration voltage reduces pattern widening due to forward-scattering electrons 
in resist film. These advantages are very important for precise high-resolution pat
terning. A higher voltage also causes longer mean free paths and thus longer ranges 
of electron scattering, which is significantly related to the proximity effect (See sub
section 3.1). This means proximity effect correction has to include a wider area (a 
larger number of patterns), and which increases the amount of calculation. How
ever, the amount of total energy deposited in proximity areas does not significantly
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Figure 4. A relationship between beam current and diameter of a Gaussian beam for various 
aperture sizes.

depend on the voltage. A high voltage is therefore not disadvantagous for main
taining high resolutions even when fine dense patterns are delineated in large areas. 
On the other hand, higher voltages result in a smaller interaction between electrons 
and resist, which leads to a reduction of resist sensitivity. They also cause lower 
throughput, which is serious for mass production, and are related to the writing 
conditions of beam current, beam step and so on as described next.

Figure 4 shows an example of the relationships between the beam current and 
the size of a Gaussian beam for various aperture sizes. It is clear that the higher 
throughput (larger beam current) and higher resolution (smaller beam size) are 
mutually exclusive. Another important relationship is that among the beam current,
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beam step, and resist sensitivity. As the maximum deflection frequency depends on 
EB apparatus, the smallest beam step is limited by the frequency, beam current, and 
resist sensitivity. As the beam step should generally be smaller than the minimum 
feature size in order to obtain smooth pattern edges, the beam current may have to 
be reduced because of this relationship. The maximum beam current h  has a simple 
relationship with the beam step d, maximum deflection frequency } m , and area dose 
on exposure D (mainly decided by the resist sensitivity), i.e., h  =  D /w /d 2. This 
means that even when very-high-sensitivity resist is used, small beam currents can 
limit throughput, depending on the beam step and maximum deflection frequency. 
Following the improvement of resolution and sensitivity of resist and considering 
new requirements for applications in the near future, direct writing apparatuses 
will be expected to have higher deflection frequency and smaller beam step as well 
as smaller beam size, higher acceleration voltage, and so on.

2.3. Measurement of beam diameter

Accurate measurement of the diameter of Gaussian beams and keeping the diameter 
constant are essential for reproducible patterning with high pattern-size accuracy. 
The minimum beam sizes of direct-writing apparatus have become as small as from 
two to ten nanometers, and it is not very easy to accurately measure the diameters of 
such small EBs. For an analytical apparatus like a scanning transmission electron 
microscope (STEM), the conventional knife-edge method [20], or observation of 
a magnified image of the beam spot, may be satisfactory ways to measure the 
EB diameter. On the other hand, as it is difficult to equip EB lithography systems 
with large parts below the focal plane because of the stage system for wafers, it is 
not very easy to precisely measure the EB diameter in them. In order to measure the 
diameter in such systems, various knife-edges, such as anisotropically etched crystal 
Si [21], cleaved GaAs crystal, a gold wire [22,23], and an X-ray mask, have been 
used. The measurement itself using a knife-edge is simple: the signal of transmission 
electrons upon scanning the EB across the edge indicates the integrated beam profile 
(Fig. 5). Although its differential, in principle, indicates the shape of the EB, the 
diameter is usually derived from scanning positions cutting certain thresholds to 
avoid effects from noises. For example, 12% and 88% thresholds provide the full 
width at half maximum (FWHM), assuming the beam shape to be Gaussian. Among 
the knife-edges mentioned above, gold wires are often used because gold is less 
affected by contamination, though we may have to look for and use a sharp part on 
the wire for accurate measurement. With this kind of knife-edge measurement, errors 
are introduced due to electrons scattering at the knife-edge. The scattered electrons 
should be reduced as much as possible by using an aperture set below the knife- 
edge. and this requires precise alignment. Figure 6 shows the relationship between 
measurement errors and the detection semi-angles defined by the aperture radii, 
which was obtained by Monte Carlo simulations. The diameter of a smaller beam
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Figure 5. (a) Illustration of setup for beam size measurement using a knife-edge and (b) trans
mission intensity profile obtained by Monte Carlo simulation. (Reprinted with permission from 
[19] by IPAP.)
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Figure 6. Errors of beam size measurement, depending on detection semi-angle, beam diameter 
and thresholds (See text for details). These results are for a sharp Si knife-edge with an EB at 
100 kV and were obtained by Monte Carlo simulation. (Reprinted with permission from [19] by 
IPAP.)
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(at a higher acceleration voltage) tends to be more difficult to measure accurately, 
and the measurement error can be reduced using smaller detection angle. A Si 
knife-edge combined with an aperture made of Та has been developed that allows 
us to use the optimal detection angle and to perform the alignment very easily [24]. 
Moreover, using thresholds at higher transmittances (e.g. 50% and 90%) allows us 
to reduce the measurement error (Fig. 6[b]). This is easy to understand when we 
consider that the signal at lower transmittance involves a larger number (ratio) 
of electrons scattered at the edge (Fig. 5[b]). Another method is to use the cross- 
section of a multilayer film [25], which allows us to derive the beam diameter from 
the transmission intensities for a few slits (made of a light element) in the cross- 
section, assuming the beam shape is Gaussian. This method significantly reduces the
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errors due to deflection noise and suppress the degradation due to contamination on 
the knife-edge, although absolute measurement would not be easy owing to electron 
scattering in the film.

As there are merits and demerits for each method, it may be good to select 
one or more of them depending on the purpose, while considering factors such as 
accuracy, reproducibility, affection from contamination, easiness of use and so on.

2.4. Calculation of EB diameter and shape

Theoretical calculation and estimation of the size of EB are very important for 
EB lithography with nanometer-order resolution because the EB diameter mainly 
decides the resolution of patterning. Factors limiting EB diameter are aberrations in 
the objective lens, diffraction, the finite size of EB source, and Coulomb interactions 
in the EB. In this subsection, the beam diameter on the axis without Coulomb 
effects is mainly discussed. Coulomb interactions, which can be classified into the 
space charge effect and stochastic interactions caused when (two) electrons approach 
each other, become significant for EBs with large current and/or at low acceleration 
voltages, i.e., under high-throughput conditions. On the other hand, they are not 
very serious under the conditions for high-resolution direct writing with small beam 
current at high acceleration voltages.

The following conventional formula based on geometrical optics has been mainly 
used to calculate the EB diameter (FWHM) on the axis:

where Д*, Ds, Dc, and Dg are diameters for diffraction, spherical and chromatic 
aberrations, and the finite size of electron source (demagnified source size), respec
tively, V iy) is the acceleration voltage, eAV  is the broadening of the energy of 
electrons, Cs and С с  are the spherical and chromatic aberration coefficients, respec
tively, a (rad) is the beam semi-angle, I is the beam current, and /?(A /m 2/sr) is the 
brightness of the electron source. Figure 7 shows the calculated diameter of an EB 
on the axis using the formula. The energy broadening еДУ is estimated to be less 
than 1 eV from the root mean square of the broadenings due to the high tempera
ture of the electron emitter (0.6 eV), instability of the acceleration voltage (0.2 eV), 
and the Coulomb effect on energy broadening (the so-called Boersch effect, 0 .5 eV).

D total =  j D i  +  D} +  D* +  D*
1 496

Dd =  0 J b ^ p {n m )
aVV

D =  \ c sa3 (10)
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Figure 7. Beam diameter calculated by root-sum-square method.

Although the formula based on geometrical optics is a simple and easy way to 
derive the beam diameter, it has been pointed out that its accuracy is not good [26]. 
A method including wave optics has been reported to provide a more precise calcula
tion of beam diameters [27]. Electrons, of course, interfere as waves, so that methods 
including the effect of the interference should provide better results, even though 
the actual beams used in EB lithography do not usually provide high coherency as 
the total beam. The formula for deriving beam intensity I(r) on the basis of wave 
optics is as follows.

I(r) =  \r{A(e)}\2 *C(z)*G(x,y)  (11)

Л(0) =  е х р { у ( г02 +  ^С504) } я ( 0 ) ,  (12)

where A(9) is a transmission fimction of the objective lens and aperture, C(z) 
and G(x,y) are Gaussians corresponding to chromatic aberration (a =  {Cc/4.70) 
x (A V /V )) and broadening due to the demagnified source size (cr =  Dg/ 2.35), Л is 
the wavelength of the electron, and H(6 ) is the aperture function, which is unity 
within the aperture. The transmission function and its two-dimensional Fourier 
transform just follow wave optics. The convolution along the z direction is for chro
matic aberration and that along the x and у directions is for the demagnified source 
size. These convolutions are performed because these effects are out of coherency. 
These effects are assumed to be Gaussians as they are in the geometrical optics 
method. This method provides the beam shape (intensity distribution) along the 
x, у and 2 directions. This means the depth of focus, which is derived from the 
broadening of the beam diameter along the z direction, can also be obtained from 
the calculation result. Figure 8 shows intensity distributions and beam diameter 
calculated from the distributions. While fringes due to interferences are seen before 
the convolutions (Fig. 8[a]), they blur with the convolutions (Fig. S[b]). Although 
this method requires a larger amount of calculation than the conventional one, it 
provides more accurate beam diameters and detailed beam shapes.
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Figure 8. Beam shape calculated by using wave optics method (See text for details) and the 
relationship between beam diameter and beam semi-angle.

3. A ccuracy  o f  EB Lithography

Generally speaking, the important accuracies in EB lithography are that of the 
delineated pattern size and that of the pattern position. The former is significantly 
influenced by proximity effect and includes the roughness of pattern edges. The 
latter mainly concerns the overlay of different layers and stitching between different 
deflection fields in EB direct writing. These issues and techniques for improvement 
are described in this section.

3.1. Pattern-size accuracy and proximity effect

Although the pattern size accuracy is related to the writing pattern shape, the dose 
of the writing, EB size, the properties of resist materials, and so on, the most impor
tant factor to obtain high accuracy is the proximity effect, which means additional 
energy deposited by electrons scattered in the resist and/or substrate. Patterns 
demonstrating the proximity effect are shown in Fig. 9. Even though the same dose 
and writing pattern size are used, it is clear that the developed patterns are affected 
by the additional energy due to exposures of surrounding patterns. The quantitative 
basis for estimating/correcting the proximity effect is the exposure intensity distri
bution (EID) function. As the EID is the spatial distribution of energy deposited 
by point exposure at a unit dose, it is easy to obtain experimentally. After exposing 
and developing many points with various liigh doses that are TV* times the standard 
predefined dose, we can obtain the EID by plotting the values of the inverse of Ni 
at the radii of the developed circle. Strictly speaking, we have to use a beam of zero 
in size for this, but when the beam size is small, results should be good enough for
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Figure 9. Micrographs of patterns showing the proximity effect and its correction.

Without proximity 
effect correction

With proximity effect 
correction

deriving the proximity effect. Figure 10 shows an example of EID functions at an 
acceleration voltage of 70 kV [13], which includes both experimental and simulation 
results. The beam diameter is about 7 nm, and the Gaussian with this diameter was 
convoluted with the result obtained by the Monte Carlo simulation described in sub
section 2.1. The simulation results show good agreement with experimental ones. 
Although the EID was thought to mainly consist of two Gaussians: one for forward 
scattering in resist films and one for backscattering from substrates, the resulting 
EID is far from the summation of these Gaussians. This mismatch is larger under 
the conditions for high-resolution lithography (i.e., higher acceleration voltage and 
thinner resist film) and can be roughly compensated using a third Gaussian [28]. 
Although the triple Gaussian still has some errors with respect to the actual EID, 
Gaussians make it easy to calculate correction for obtaining patterns with precise 
dimensions despite the proximity effect (so called, proximity effect correction). The 
cause of the mismatch can be explained by the results of Monte Carlo simulation. 
In the middle radial-distance, the contribution from secondary electrons is much 
larger than that from primary (incident) electrons, compared with the backscat
tering region (See Fig. 10). This means that the mismatch is mainly caused by 
so-called fast secondary electrons [29], which have higher energy than most of the 
other secondary electrons, which have energies of 5-50 eV.

Although the EID at radial distances larger than 0.1 |xm is much smaller than 
that from zero to a few ten nanometers, the contribution from the distances is 
not negligible in actual patterning because the exposure area is two-dimensional. 
Figure 11(a) shows the radial distribution of the maximum contribution (with uni
form dose) from areas of similar troidal shapes having various radii (Fig. 11(b)). This 
distribution is derived by multiplying the EID function (Fig. 10) by r2 because the 
areas are proportional to r2. The contributions of the forward-scattering region and 
backscattering region are large, and the region of fast secondary electrons between
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them is not negligible. Of course, the contributions from backscattering and fast sec
ondary electrons depend on the ratio of the exposed area, but we have to consider 
them to obtain accurate pattern sizes, especially for dense patterns.

Many methods have been investigated or developed for proximity effect correc
tion. Three major ones are introduced here. The first one involves correcting the 
dose for each pattern [30] or for each piece of a pattern after dividing the pattern 
to pieces (Fig. 12[b]). This method was used for the pattern in Fig. 9. Resizing of 
each pattern (Fig. 12[c]) can also be included in this method by assigning a dose
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Designed pattern Pattern division Pattern resizing
& dose correction

(a) (b) (c)

Figure 12. Schematic drawings showing (a) the designed pattern and (b, c) the proximity effect 
correction for it.

of zero to some outer pieces of the pattern. The ways to divide the pattern may 
be a little complicated but proper dose assigned to each piece can be derived by 
calculations of the proximity effect from many surrounding patterns. Although this 
method can provide precise corrections to obtain accurate pattern sizes, the amount 
of calculation becomes quite large. In order to reduce the amount of calculation, 
easier methods have been developed. One is called GHOST [31], which exposes an 
additional defocused pattern that is complementary to the distribution of the energy 
produced by backscattered electrons. As shown in Fig. 13, the complementary expo
sure makes uniform latent images for each pattern independent of the surrounding 
patterns. This method can drastically reduce the amount of calculation. However, 
since additional exposure reduces the contrast of the latent image, patterning resolu
tion and edge roughness become worse. The remaining method is similar to the first 
one and corrects the dose for each pattern considering the amount of backscattering 
electrons from surrounding patterns as a value derived from the area densities of 
the patterns [32]. This method can be implemented into hardware on circuit boards 
in the EB apparatus and thus be used for real-time correction.

For delineating patterns with minimum feature size of less than several ten 
nanometers, more accurate proximity effect correction is necessary in order to obtain 
good uniformity of pattern sizes. The above fast methods have limits for this pur
pose. Moreover, it has been reported that another effect reduces the size unifor
mity/control of small patterns even good distribution of deposited energy has been 
obtained by proximity effect correction. While the rate of dry etching for small 
patterns is known to depend on the size of patterns, which is called aspect-ratio 
dependent etching (or microloading effect), a similar dependency is observed for 
developed patterns in EB lithography [13]. However, this effect in EB lithography is 
more difficult to quantitatively analyze than it is in etching because the effect shows
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Designed pattern and EB writing

Distribution of deposited energy

(a) (b)

Figure 13. Schematic drawings showing dense patterning (a) without proximity effect correction 
and (b) with correction by the GHOST method.
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same development rate. These were calculated using experimentally obtained doses. (Reprinted 
with permission from [13] by IPAP.)

characteristics similar to the proximity effect within short ranges. However, from 
precise simulation of the proximity effect as described above, it is possible to quan
titatively measure the pattern-size dependence of the development rate. Figure 14 
shows simulated distributions of energy deposited in resist for patterns of various 
linewidths that have the same development speed. It is clear that the energy causing 
the same development speed depends on the linewidth. The dependence of the ener
gies with the same development speed on linewidth and background energy (which 
simulates the energy due to proximity effect for dense patterns) is shown in Fig. 15.
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Figure 15. The dependence of deposited energy showing the same development rate on the 
designed linewidth and background energy. (Reprinted with permission from [13] by IPAP.)

Together with the proximity effect, this pattern-size dependent development has to 
be considered when we delineate small patterns in the range of a few ten nanometers 
or less with precise control of pattern size. The pattern-size dependent development 
can be dealt with more simply using the quasi-beam-profile method, which includes 
the effects of development and so on that are outstanding for small patterns, and 
should be considered together with the actual beam size [33].

For detailed investigations such as various background energies, however, we 
should take care for such nonlinear effects as shown in Fig. 15.

3.2. Pattem-edge roughness

When we delineate device patterns, the roughness of pattern edges should be 
reduced as much as possible. This is especially important when we delineate line 
patterns for electronic devices with the minimum feature size of less than 10-20 nm, 
where we may need line-edge roughness (LER) in three sigma (3a) for one side to be 
as small as one nanometer or less because the roughness for the devices is generally 
required to be 5-8% of the linewidth.

In high-speed EB lithography using high-sensitivity resist, stochastic events can 
cause the edge roughness. Stochastic fluctuation on the incident position and scat
tering of each electron causes roughness, which together are known as shot noise 
effects. Moreover, fluctuations in the reaction and diffusion of acid produced by elec
trons affect the roughness of chemically amplified resist [34]. Under the conditions 
for high-resolution EB direct writing, however, the main cause of the roughness 
is material inhomogeneity in resist film. Many electrons for low-sensitivity non- 
chemically-amplified resist (at a high acceleration voltage) result in small enough
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200 nm 200 nm
(a) (b).

Figure 16. (a) SEM micrograph of cleaved cross-section of resist film (Reprinted with permission 
from [35] by IPAP) and (b) AFM image of the sidewall of the resist after patterning (Reprinted 
with permission from [42] by IPAP).

stochastic fluctuations, but higher-order structures from a few to a few ten nanome
ters in size in the resist film can cause inhomogeneous dissolution in developer. 
Problematic higher-order structures in the film of resist are aggregates of the resist 
polymer, which are known to cause LER [35]. The nonlinear effect of pattern-size 
dependent development described in the previous subsection can also be explained 
by such higher-order structures in resist.

Figure 16(a) is an SEM image of aggregates in a cross-section cleaved after 
resist (ZEP-520, Nippon Zeon) had been coated on a substrate. Similar structures 
are also observed on the sidewall of developed resist for a line pattern (Fig. 16 [b]). 
Similar shapes have been observed for various resist materials [36], suggesting that 
the aggregates are the main cause of LER in high-resolution patterning. Some 
approaches to reducing the roughness have focused on improving the resist mate
rials. The uses of a smaller polymer/molecule having small molecular weight [37], 
a cage structure [38,39] or a ring structure [40], and cross-linking among aggre
gates [41] have been reported to be effective ways to reduce the roughness. Patterns 
obtained using some of these are described in subsection 4.1. Moreover, a method of 
EB writing can also reduce the roughness due to the aggregates [42]. This method 
writes along the outline of a pattern with a much higher area-dose than usual 
and thus breaks up the aggregates there. Figure 17 shows an example of the (calcu
lated) distributions of energy deposited in resist for this edge-enhancement method. 
The measured LER of conventional resist (ZEP-520) was actually reduced by 20%. 
Applying this method to two-dimensional patterns is easy, and as shown in Fig. 18, 
precise shape control of corners can be achieved. Although this method is similar 
to that used to improve the contrast of the latent image at the edge [43], it is also 
an effective way to improve the controllability of pattern size/shape and latitude in 
process conditions.

The smallest LER attained using these improvement techniques is still more 
than 1 nm in 3cr for one side. Although it is reported that dry etching of substrates 
can reduce LER compared with the original resist pattern [36], more improvement 
of resist patterns in lithography is needed for delineation with 10-nm resolution.



Electron Beam Direct Writing 361

X (nm)

Figure 17. Calculated distribution of energy deposited in resist for the edge-enhancement 
(EE) method. (Reprinted with permission from [42] by IPAP.)

Calculated distribution of deposited energy

SEM micrographs of resist patterns

Figure 18. Example showing two-dimensional shape control for an unexposed fine line and corners 
using the edge-enhancement writing method.

3.3. Positioning accuracy

The accuracy of pattern positioning is very important for overlay in EB direct writ
ing. Since most (electronic) devices made using direct writing have a layered struc
ture, the positioning of structures relative to each other layer requires accuracies 
as high as the resolutions (i.e., several to a few ten nanometers). For example, fine 
gate electrodes formed on fine channels in field-effect devices require overlay accu
racy smaller than the channel size. Recent developments have achieved positioning



Table 2. Factors for achieving high accuracy and example values (for fine patterning).
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Small deflection noise (after feedback for stage position error) <3nm
Small blanking drift (small effect by charge up) < 3 nm/min
Small stage vibration (before feedback, <20 nnip-p

with stiff structure between column and stage)
High stage-locating resolution 0.62 nm (Л/1024)
Small deflection distortion <10 nm
Stable deflection <10 nm/30 min
Stable environmental temperature <0.1 К
Low environmental magnetic field <0.5 mG (AC)
Smooth mark edge <20 nm (rms)
Small beam step 1-4 nm
Sufficient beam current 0.2-1 nA
Stable gun (emission) <0.4% /h
Small stitching error <5 nm

accuracy as high as 10nm (in 3cr), which will be sufficient for most applications of 
EB direct writing for a while.

The positioning accuracy of EB direct writing has improved with progress in 
EB apparatus technology. A high accuracy can only be achieved by totally refining 
all aspects of an apparatus, environment and fabrication, such as deflection noise, 
noise from power source, beam drift, mechanical vibration, and fabrication of over
lay marks. Even with good performance of most aspects, the accuracy can become 
significantly worse owing to degradation of only one factor. Some of the more tech
nically important factors that should be considered to achieve high accuracy are 
listed in Table 2, which includes their example values (for fine patterning). These 
(and other) factors allow us to obtain small beam drift, high mark-locating accu
racy, and positioning stability with stage movement, which are a few nanometers or 
less for/within writing patterns in one chip, resulting in overlay accuracy as high as 
10 nm [44]. For direct writing, small beam drift over many hours is not as important 
a concern as it is for mask writing; the stability just has to be sufficient for the time 
to write patterns (and mark-locating) in one chip.

The stitching accuracy, which is the positioning accuracy across the boundary 
between adjacent deflection fields, is also important because it affects the shape and 
performance of the device to be fabricated. The improved stability achieved by the 
factors mentioned above and the calibration of deflections with high accuracy are 
resulting in small stitching errors.

4. Nanopatterning and Applications

Nanopatterning with resolutions as high as a few to 5 nanometers using EB direct 
writing has been desired for the fabrication of advanced devices. For example, single
electron devices/circuits [45] working at room temperature require the total capac
itance of each single-electron island to be 1 aF or less, which corresponds to a
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diameter of less than 5nm for Si islands surrounded by SiCb [19]. So, a 5-nm reso
lution is necessary for such devices/circuits. In addition, in order to obtain a voltage 
gain of more than unity at room temperature, further reduction of the capacitance 
as well as smaller capacitance between the island-source/drain than that between 
the island-gate are required [46]. Therefore, a higher resolution on nanopatterning 
(with sufficient reproducibility and positioning accuracy) is desired for making such 
single-electron circuits.

Nanopatterning with such ultimate resolutions requires a very fine EB and a 
high-resolution resist material. For the high-resolution resists used in direct writ
ing, other properties, such as sufficient sensitivity, etching durability, cleanness for 
devices to be fabricated, and small pattern-edge rouglmess, are also important. 
In this section, some high-resolution resist materials and their nanopatterning are 
described first. Next, some applications of nanopatterns to single-electron devices 
and a new technique using EB direct writing for three-dimensional (3D) fabrication 
are introduced.

4.1. EB resist and nanopatterning

Although nanopatterning using inorganic resists (AIF3, etc.) achieved the resolution 
of 2-3 nm many years ago [47], inorganic resists have not been practical because of 
their low sensitivities (on the order of Coulombs per square centimeter). Such resists 
are not only time-consuming to use but also result in noise and drift of the EB dur
ing long writing time and thereby cause poor accuracy of patterning. Chemically 
amplified resists with high sensitivities on the order of 1-10 p.C/cm2 are used for 
high-throughput EB writing. However, the useful resists for EB direct writing with 
high resolutions of a few ten to several nanometers generally have sensitivities of 0.1-  
10 mC/cm2. Of course, high-sensitivity resists with a higher resolution would be very 
useful, but physical limits, such as pattern-edge roughness due to shot noise, could 
degrade the patterning. Moreover, high sensitivity and high resolution are thought 
to be contradictory. In fact, most of reported resists roughly satisfy the linear rela
tionship in a log-log plot; higher resolution resists have lower sensitivities. Therefore, 
it may be difficult to get a resist with both high resolution and high sensitivity.

PMMA and its derivatives are used as standard resists in fine EB direct writing, 
and 3-4-nm patterning of PMMA has been reported [48,49] as shown in Fig. 19. 
While PMMA is a positive resist, some phenol-based resists such as NEB (Sumitomo 
Chemical) are often used as negative resists, which are chemically amplified resists 
and thus have lower resolutions. The principle of patterning with positive/negative 
resists is large exposure dependency of resolving speed of resist in developer. This 
means that developers as well as resist materials are important. For example, the 
contrast of developed/undeveloped areas of ZEP-520 resist (a PMMA derivative 
having higher sensitivity and etching durability than PMMA) can be improved by 
selecting an appropriate developer [50]. The contrast of a resist (7 ) is defined as the
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Figure 19. Micrograph of nano-lines of PMMA resist. (Reprinted with permission from [49] by 
AIP.)

Dose (цС /ст2)

Figure 20. Sensitivity curve of HSQ resist at 100 kV.

slope of the sensitivity curve on a semi-log scale as shown in Fig. 20. High contrast 
is a very important because it generally allows us to obtain smoother pattern edges 
and higher resolutions.

As a way to improve the resolution and reduce pattern-edge roughness, the 
miniaturization of resist polymers/molecules has been investigated. Hydrogen
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Figure 21. Schematic drawing of low-molecular-weight HSQ (left) and micrographs of nano-lines 
of HSQ resist. (Reprinted with permissions from [19,51] by IPAP and AIP.)

silsesquioxane (HSQ) is a kind of siloxane with a small cage structure (Fig. 21 (left)) 
and acts as a high-resolution EB resist. (Although siloxane is inorganic by defini
tion, the reaction of HSQ on exposure is similar to that of organic resists.) This 
polymer with small molecular weight has enabled nanopatterning of 5-7  nm in size 
and small LER of 1-1.5nm (Fig. 21) [19,38,51]. Patterning of 23-nm pitch dense 
lines of HSQ is also reported [52]. Some kinds of calixarenes and their derivatives, 
which are circular molecules about lnm  in size, provide 7-10 nm resolution and 
small LER of 1-1.5 nm (Fig. 22) [40,53]. Another approach to obtaining high reso
lution uses hybridizing inorganic and organic materials [54]; i.e., the inorganic part 
improves resolution and the organic part improves sensitivity. This hybrid resist 
is based on a new principle of patterning, where resist molecules decomposed by 
EB exposure become “more inorganic” and thus have lower solubility in developer. 
With this resist, 5-7-nm patterning has been achieved.

The resolutions of organic resists and resists with organic parts that react on 
exposure are generally limited by traveling of secondary electrons produced by inci
dent electrons in resist film. This is because the reaction energy of the organic parts 
is generally less than the energies of the secondary electrons. Most of the secondary 
electrons have energies of several to several ten electronvolts and travel about 1-  
2nm in resists, as shown by Monte Carlo simulation (Fig. 23). Therefore, the resists 
are thought to have a resolution limit of 2-3 nm even though an EB of 1 nm or 
less in size is used for writing. In order to exceed this limit, the discovery of a new 
principle of reactions in resist or a significantly high contrast is probably neces
sary. As properties desired for new resist materials, small pattern-edge roughness 
of delineated patterns, a high resolution, sufficient sensitivity, and so on, are very 
important. Advances in resist material for EB direct writing with high resolutions 
are expected.
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Incident point of beam

1 nm

10 nm

Figure 23. Trajectories of sec
ondary electrons in HSQ resist 
with an incident beam at 100 
kV, obtained by Monte Carlo 
simulation.

Figure 22. Micrographs of nano-lines of p-chloromethyl- 
methoxv-calix[4]arene resist. (Reprinted with permission 
from [53] by IPAP.)

4.2. Application to nanodevices

The application fields of EB direct writing include fabrications for various 
micro/nanoelectronics technologies, micro/nano-optical/photonic devices, metro
logical devices, nanoelectromechanical systems, biotechnology/biology, material sci
ence/technologies (such as metamaterials), and applied/pure physics using, for 
example, quantum or superconductivity devices. Reviewing all of these fields is 
not possible here. As described in the beginning of this section, highly accurate 
high-resolution patterning using EB direct writing is very important for making 
single-electron devices. Therefore, as examples of advanced applications of EB direct 
writing, we will look at single-electron transistors with precise dimensions [55] and 
single-electron device fabricated with high overlay accuracy [56].

In order to integrate single-electron transistors/devices, reproducible fabrication 
with precise dimensions with minimum feature sizes of 5-10 nm, is desired even for 
low-temperature operation. The fabrication procedure for the single-electron tran
sistors made of Si introduced here includes an oxidation process (pattern-dependent 
oxidation [57]) that shrinks the island size. Thus 10-30-nm wide wires on silicon-on- 
insulator (SOI) substrates can be used to make single-electron transistors working at
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Figure 24. Micrographs of dimension controlled HSQ patterns and Si wires for single-electron 
transistors. (Reprinted with permission from [55] by AI P.)

a low temperature. Moreover, the oxidation of a fine Si wire between two pads auto
matically produces two tunneling barriers and a potential island between the bar
riers, i.e., a single-electron transistor. Improvements of oxidation conditions, LER, 
and so on, as well as further miniaturizing of the device, will lead to operation at 
room temperature. Figure 24 shows the HSQ resist lines and Si wires formed using 
EB direct writing. The linewidths strictly follow the designed widths with 2.5 nm 
steps. Although the Si wires were fabricated to have cross-sections of trapeziums 
(i.e., narrower top and wider bottom) because of the slightly short over-etching 
time, the actual (averaged) width of the Si wires follow the resist linewidths, while 
only the bottom edges are clearly visible in the micrographs. These Si wires become 
single-electron transistors after they are oxidized and covered with gate electrodes. 
Figure 25 shows examples of the electrical characteristics of the transistors, i.e., 
the linewidth dependence of the Coulomb blockade, which is a blockade of electric 
current caused by potential change due to changes in the number of electrons in the 
island. As the width becomes larger, the Coulomb blockade oscillation is less clear 
because the island becomes larger. This kind of consistency between the character
istics and designed dimensions is clearly seen in Fig. 26, which shows the map of the 
characteristics depending on the linewidth, length and oxidation duration. These 
results indicate that EB lithography can provide good consistency and reproducibil
ity on the order of one nanometer and thus controllability of the characteristics of 
this kind of nanoelectronic devices.

Figure 27 shows another type of single-electron device made of Si. This device 
has a T-shaped nanowire and three single-electron islands are formed at the center 
of the branches after oxidation. Two fine gate electrodes were fabricated on two of 
these islands by using overlay lithography with sub-10-nm accuracy. Therefore, the 
electrostatic potential of each island can be freely controlled by using the two fine 
gates and an additional wide upper gate. Figure 28 shows how the signals of electric
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SOI-Si layer
Figure 27. Micrographs of the single-electron device with the T-shaped branch; (left) before and 
(right) after overlaying fine gate electrodes made of poly-Si. (Reprinted with permission from [44] 
by IPAP.)

Upper Gate Voltage (V)

Figure 28. Electrical characteristics of the single-electron device with the T-shaped branch. 
(Reprinted with permission from [56] by IEEE.)

current along two paths depend on the voltages of the upper gate and one of the 
fine gates (lower one). The signals indicate good (independent) controllability of 
the potential of each island, and, moreover, the capacitance coupling between the 
two islands, which is important to construct functional single-electron devices, is 
observed [56].

The good dimension controllability with a high resolution and the high overlay 
accuracy in EB direct writing are very useful for making highly advanced devices. 
Further advances in device design using these advantages and lithography promise 
progress in electronic devices and many other fields.

4.3. Three-dimensional fabrication for nanotechnology applications

EB lithography is expected to be a key aspect of the fabrication of various nanos
tructures for many nanotechnology applications. Considering the many applications 
in the various fields, the adaptation of EB direct writing to 3D fabrication should
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Figure 29. Rotation drive system for 3D nanofabrication using EB lithography. (Reprinted 
from [58] Copyright (2004) with permission from Elsevier.)

0̂ mm
How a sample is rotated.

spur progress in the fields. Here, as a new success in the evolution of EB direct 
writing, 3D nanofabrication using EB lithography is introduced. Since the resolu
tion of EB lithography is close to the size of many molecules, polymers and other 
nano-materials such as carbon nanotubes, 3D structures interacting with such mate
rials in sizes of nanometers would open up a new field in nanotechnology. 3D-EB 
lithography is the promising technology for such purposes.

Figure 29 shows the drive rotating a sample (<5 mm in size) in an EB lithography 
apparatus. The drive was developed for 3D nanofabrication and was built on a pallet 
to be easily loaded into the apparatus [58]. Rotating a resist sample and writing on 
it with an EB from various directions enable us to obtain various 3D structures after 
development. The rotation accuracy of the drive is 1-3 mrad, which is thought to 
be sufficient for many applications. To use the rotation drive in 3D nanofabrication, 
new techniques for focusing of the EB and positioning of the writing patterns on 
3D or rotated samples were developed. For positioning along x and у directions, 
conventional EB lithography for flat wafers uses marks consisting of a trench or 
metal, which changes the intensity of backscattered electrons. However, it is very 
difficult to use them for this purpose when the sample rotates. The positioning 
technique for 3D samples uses transmission electrons and is based on the projected 
image (outline) of the 3D sample, which result in high accuracy in beam positioning. 
The overlay accuracy using this method, measured by writing vernier patterns on 
a sphere, is 20-30 nm [59]. In the case of EB focusing, the conventional method 
for flat wafers cannot be used for 3D samples because it employs an optical lever 
method and thus the optical beam can not reflect from the 3D sample surface into 
the photo detector set in the apparatus. For this purpose, a height measurement 
system consisting of a confocal laser microscope and XY stage is used. Using this 
system, the height map of a 3D sample can be obtained as that relative to the height 
of the marks on the pallet so that the EB can be focused on the sample surface
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Figure 30. Micrographs of the nano-filter (bottom) and illustration showing its fabrication process 
(top). A demonstration of deep nanostructures fabricated by 3D-EB lithography. (Reprinted with 
permission from [59] by IEEE.)

using calculated heights. Although the microscope itself has a height resolution of
0.1 jxm or less, sample transferring causes height errors of 1-2 |xm. However, this 
is not a problem because the depth of focus of the EB is more than 5 |im for a 
small beam semi-angle, which was confirmed by a calculation of the beam shape 
(See subsection 2.4) [60].

Figure 30 shows a 3D structure fabricated by the 3D-EB lithography [59]. This 
is a nano-filter made of PMMA, which has 3D frame structures and arrays of holes 
as small as about 30 nm in size. This nano-filter was fabricated by repeating EB 
lithography and development. The first exposure and development delineated the 
deep square frame structure and the second exposure and development delineated 
the hole array. This clearly demonstrates that this technique can fabricate 3D struc
tures and that it has a 10-nm-order resolution. This kind of deep fabrication of resist 
samples is limited by electron scattering in the sample. The resolution becomes lower 
when deeper structures are formed in one step, as shown by the simulated electron 
trajectories and distribution of deposited energy (Fig. 31). Figure 32 shows another 
demonstration [60]. This is the world’s smallest globe of the earth. The world map 
pattern was written on a PMMA sphere 60-цт in diameter. This nano-globe dis
plays coastlines and rivers, and the land areas have contrast to sea areas due to 
dense line patterns. The linewidth is as small as 10 nm over the whole sample. The 
total exposure time for the whole world map, besides the time for sample rotation, 
development and so on, was less than 2 min. This means that the 3D-EB lithog
raphy enables us to pattern on 3D samples with 10-nm resolution and reasonably 
high speed.

Although the nano-filter and nano-globe were made of resist material, this tech
nique can be extended to 3D nanofabrication for various materials by coating resist 
on 3D samples [61] and 3D etching the samples from various directions. This kind of
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Figure 31. Electron trajectories (above) and distribution of energy deposited in PMMA resist 
(below), obtained by Monte Carlo simulation.

Figure 32. Micrographs of the world’s smallest globe; a demonstration of the 10-nm resolution 
and reasonable patterning speed of 3D-EB lithography. The unlabeled scale bars indicate 3 |xm.

3D nanofabrication using EB lithography is expected to open up a new field of 3D 
nanotechnology, which should be very useful for various fields in nanotechnology.

5. Conclusion

Although EB direct writing has not become a major technology in mass production 
or industry, it has been able to use the benefits from various developments made 
in EB mask writers and high-throughput apparatuses, which are widely used or 
being developed for mass production. This has made it possible to use EB direct 
writing for the development of the next generation of devices, for research on the
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devices of the future, for the fabrication of devices for scientific research, and so 
on. Considering the main advantage of high resolution in EB direct writing, the 
development of high-resolution resist (providing small edge roughness) and lithog
raphy apparatuses featuring high-resolution lenses (with a multipole system) are 
expected. On the other hand, nanotechnology is expected to play very important 
roles in various industries in this century. While bottom-up nanotechnology will 
also be very important in the various nanotechnology fields, I believe that top-down 
nanotechnology, including EB direct writing, will be essential for developments in 
most of the fields. Therefore, as EB direct writing technology evolves further, its 
importance in various fields of nanotechnology/nanoscience will increase.
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The electron beam induced deposition (EBID) originated contamination writing as 
early as 1934, and many studies have been carried out using scanning electron micro
scopes for various gases and conditions, and the technique was found to be very 
successful for a number of applications making variously shaped nano-structures. 
Therefore, EBID is recognized as a very promising nanofabrication technique and 
the amount of work devoted to this field is rapidly increasing. In this chapter, fun
damentals and an overview of EBID are given in [Section Number of FUNDAMEN
TALS]. Recent progress is discussed in [Section Number of RECENT RESEARCH 
ACTIVITIES] which includes consideration of resolution improvement using 200 kV 
scanning transmission electron microscopy, the Monte Carlo-based calculation of a 
deposit shape, nanowiring and electron conductivities, three-dimensional structure 
fabrication, magnetic material deposition, and further trials to improve the range of 
material choices and the fabrication speed.

Keyw ords: Electron beam induced deposition EBID; scanning transmission electron 
microscopy STEM; Monte Carlo; precursor; W(CO)6; secondary electron; dissociation 
cross-section; scanning electron microscopy; Dynamic Monte Carlo profile simulation; 
annular dark field (ADF) STEM; high-resolution electron microscopy; ultra high-vacuum 
(UHV) ТЕМ; nanowiring; conductivity of deposits; Fe(CO)s; ion milling; spherical aber
ration (Cs) corrector.
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1. Introduction

Electron-beam induced deposition (EBID) is a nanofabrication technique in which a 
precursor gas is introduced to a sample, where it is decomposed by a focused electron 
beam, so that a nanosize structure is fabricated in the irradiated regions of the sur
face (Fig. 1). For example, in the case of a carbonyl precursor gas such as W(CO)e, 
the electron irradiation decomposes the gas into W, СО, С, О and various molecular 
species, and W deposition occurs while the volatile materials are pumped out. If 
the electron beam used is well-focused, this technique produces literally nanosize 
deposits. The deposit grows upwards from the surface when the beam is stationed 
at one point, and by moving the beam, a line is produced. In reality, the size of 
the deposit becomes larger than that of the focused electron-beam used for several 
reasons, and the composition and the structure of the deposit can be degraded by

Focused Electron Beam

Precursor Gas Supply

Substrate
Deposit

Figure 1. A schematic illustration of EBID. A precursor gas is introduced to a solid sample, 
and is decomposed by a focused electron beam, so that a nanosize structure is fabricated in the 
irradiated regions.
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many factors (these features of EBID will be explained more in detail in the fol
lowing chapters). However, EBID is recognized as a very promising nanofabrication 
technique and the amount of work devoted to this field is rapidly increasing.

The key features of EBID can be summarized as follows:

(i) The technique uses direct writing. In contrast to lithography techniques that 
use resist, it does not require complicated processing steps such as lift-off.

(ii) The achievable writing size is very small.
(iii) The instrumentation required is rather simple.
(iv) Three-dimensional structure fabrication is also possible.

On the other hand, the current drawbacks of EBID amount to the following:

(i) The deposit is, in many cases, an aggregation of nanocrystallites or an amor
phous mixture of various oxides and carbides.

(ii) The materials available for writing are limited by the existence of appropriate 
precursor gases for EBID.

(iii) In comparison with resist lithography, the EBID process is slow, and so it is 
not suitable for a large area wiring.

(iv) Due to the high penetration depth of the high-energy electrons employed, the 
degree of three-dimensional fabrication possible is restricted.

Of course, many courses of action have been pursued in an effort to overcome 
these difficulties, as we will see in the following sections. Before introducing these 
efforts we will review the fundamentals of the EBID process.

The EBID method originated contamination writing as early as 1934, and so has 
a long history. Therefore, in this book, references are selected as new as possible. The 
reader can easily refer to earlier works in the comprehensive review by Koops [1].

2 . Fundamentals

2 .1 . The column

The main tool used for EBID has been the scanning electron microscope (SEM) 
with an accelerating voltage up to 30 kV. This is because, as is discussed later, 
the deposition is produced mainly by low-energy electrons, such as secondary elec
trons, and their spatial distribution becomes wider as the primary electron energy 
increases. Therefore it was thought that, although the size of the probe electron 
beam itself shrinks for higher energy electrons, such as those used in a transmission 
electron microscope (ТЕМ), the resulting deposit would be larger [2,3]. Needless to 
say, because of the cost and larger size of the microscope itself, and the severity 
of the high-voltage isolation problem in the higher voltage regime, there were few 
attempts to use ТЕМ for this purpose.

For a pillar structure which is fabricated by stationing a beam at a point, the lat
eral size (the radius of the pillar) is dictated by the escape distance of the secondary
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electrons, which is several tens of nm. An nm-size electron probe can easily be 
obtained by field emission (FE) SEM, therefore such an instrument is a reasonable 
choice for many applications. Recently, several groups have reported results that 
suggest that the achievable resolution by EBID can be improved by using ТЕМ at 
an early stage of the deposition process [4-9].

2 .2 . The precursor introduction

The very first instances of EBID resulted from vacuum contamination, so a 
microscopy column with a poor quality vacuum can be used as a precursor for 
EBID, and many practitioners of EBID still use these contaminants as a precursor 
for simplicity [10-15]. However, in order to control the process more precisely, one 
needs to introduce a gas in a more controlled manner. The usual method used is a 
gas introduction system that consists of a precursor vessel, leak-valve, pipes and a 
nozzle (Fig. 2). The precursor tank can be heated to produce an appropriate vapor 
pressure which is high enough to provide an the appropriate speed of the EBID 
process, but is still low enough to be safely introduced to the vacuum chamber of 
an SEM or ТЕМ. For a liquid or a gas phase precursor with relatively high vapor 
pressure, the flow can be limited by the leak valve. The nozzle directs the gas to a 
sample in order to keep the pressure at the sample region sufficiently high, while 
keeping the total amount of gas introduced small. The pipe and the nozzle are also 
heated to several tens of degrees above ambient to avoid the condensation of the 
precursor in the pipe.

Figure 2. An illustration of a gas introduction system for EBID. The system consists of a precursor 
vessel, leak-valve, pipes and a nozzle. The precursor tank can be heated to provide an appropriate 
vapor pressure. The nozzle directs the gas to a sample in order to keep the pressure at the sample 
region sufficiently high, while keeping the total amount of gas introduced into the system low. To 
avoid condensation of the precursor in the pipe, it and the nozzle are also heated to several tens 
of degrees above ambient.
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A simpler gas introduction system is by means of a reservoir, which is essentially 
a container with a small hole directed at the sample. This approach is not suitable for 
liquid or gaseous source, because the flow cannot be accurately controlled, however, 
it is still acceptable for solid sources such as W(CO)e. In some applications, even 
bare precursor material is just placed on a sample and the depositions are performed 
at adjacent regions [16]. In these techniques, the precursor vapor pressure may vary 
with time so accurate control of the deposition condition is difficult. However, since 
it does not require the modification of the SEM or ТЕМ itself, it is still used by many 
researchers, although precautions must be taken to avoid damage to the microscope.

2.3. Dissociation cross-section

The dissociation cross-section is a parameter which indicates the probability of 
dissociation as a function of electron energy. The shape of the dissociation cross- 
section is well-known for simple gases, such as, H2, N2, CHy, CF, etc. for the gases 
often used in CVD [17]. Knowledge of the cross-sections for the gases often used 
in EBID is still limited [18-20], but, commonly, the dissociation cross section has 
the shape shown in Fig. 3. In the low-energy limit, there is a threshold for dissocia
tion, followed by a peak at several tens to lOOeV, and then a rapid decrease as the 
electron energy increases. Because the dissociation cross-section peaks in the low 
energy region, low-energy electrons, such as secondary electrons, play an important 
role in the EBID process, and the knowledge of the secondary electrondistribution 
is critical. Many studies have been performed to describe the secondary electron 
distribution using the Monte Carlo method [21], as described in the next section. 
Recently, however, the importance of the role of primary electrons has been recog
nized [22]. The mean free path of a low energy electron is small, so that it does not 
affect the deposit shape, as we shall see in the following section. Quite recently, the

threshold for dissociation at a few tens of eV, then a peak appears at around lOOeV, followed by 
a rapid decrease with increasing electron energy. The exact shape of the curve depends largely on 
precursor material used.

Peak around 100eV
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dissociation cross-section of WFe has been deduced from its ionization cross-section 
and the roles of primary, backscattered and secondary electrons re-examined. It was 
concluded that primary electrons are also playing an important role, especially in 
the early stages of deposition [20]. This example illustrates that a full knowledge of 
the energy distribution of electrons, and the dissociation cross-section is necessary.

2.4. Electron trajectories inside the substrate and the deposit

Primary electron injected into a substrate is scattered elastically and/or inelasti- 
cally. Elastic scattering is important because, while it does not generate secondary 
electrons, it alters the shape of the secondary distribution. The spatial distribution 
of secondary electrons will be shifted to greater depth for a higher acceleration volt
age of the primary electrons. There are also electrons that backscatter to the top sur
face, then are inelastically scattered and generate secondary electrons which emerge 
from the surface and contribute to the EBID process (Fig. 4). These scattering pro
cesses are complicated so that it requires some sort of simulation to understand 
and reproduce them. The generation of secondary electrons from materials has long 
been a subject of research in connection with the imaging mechanism of SEM. The 
simulation of these processes is usually performed by the Monte Carlo method using 
the fast secondary model [21]. Recently, a Dynamic Monte Carlo profile simulation 
was proposed by Silvis-Cividjian et al [23,24] to simulate deposition by including 
the electron scattering inside the already-grown deposit structure. Figure 5 shows 
a schematic illustration of the program display window during calculation. In order 
to simulate the dynamic growth of a deposit, it is modeled as an aggregation of

Incident electrons

Figure 4. A schematic illustration of secondary electron emission processes that affects the deposit 
shape.
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Figure 5. A schematic illustration of the ЕВШ simulation processes. The deposit is considered 
as an aggregation of cubes. The electron trajectories are calculated by the Monte Carlo method; 
when an electron exits any of these cubes, a new cube is added with certain probability determined 
by the dissociation cross-section. Some of the trajectories are also shown.

cubes. In each step of the Monte Carlo calculation, the position of an electron is 
checked to see whether it is inside or outside any of the cubes. When an electron 
exits from the cubes, the interface from which the electron exits is decided by the 
electron’s trajectory. Deposition occurs at the interface with a certain probability 
determined by the dissociation cross section discussed previously. This technique is 
used to understand various phenomena in EBID and an example will be shown later.

3. Recent Research A ctivities

3.1. Resolution limit Of EBID

Scanning transmission electron microscopy (STEM) is a technique using а ТЕМ 
apparatus, in which an electron beam is focused to less than 0.2 nm at the sample 
position and scanned. It has attracted wide attention in the electron microscopy field 
because, in combination with an annular detector (which called annular dark field 
[ADF] STEM), an image in which the contrast corresponds to the atomic number 
can be obtained [25]. STEM is used by several groups to explore the resolution limit 
of EBID. Figure 6 (left) is an example of such an experiment in which the effect 
of the deposition period was examined by depositing an array of dots for various 
deposition times [9]. The nominal deposition time was increased from 1 ms at the 
upper left to 2.5 s at the lower right increasing with a 25 ms step. Figure 6 (right)
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Figure 6. An example of a resolution experiment using STEM; (left): the nominal deposition 
time was increased from 1 ms at the upper left to 2.5 s at the lower right increasing with a 25 ms 
step, (right): a high-resolution electron microscopy (HREM) image of a W  nanodot which was 
deposited for 275 ms. The observation of (200) and (111) lattice fringes of Si allows the size of the 
dot to be estimated as 3.5 nm. Reprinted with permission from ref. [9]. Copyright 2003, American 
Institute of Physics [1493790822123].

is a high-resolution electron microscopy (HREM) image of a W nanoclot which was 
deposited for 275 ms. In the figure, (200) and (111) lattice fringes of Si are also seen. 
The separations of these fringes are known to be 0.27 and 0.31 nm, respectively, so 
the size of the dot can be calibrated accurately, and is found to be 3.5 nm. In the 
HREM image, no moire like contrasts due to the interference between Si and W 
lattice fringes are observed. This means that the nanodots are amorphous under 
this deposition condition.

Tanaka et al. [8] used an ultra high-vacuum (UHV) ТЕМ, and obtain a W 
1.5-nm dot. By using UHV condition, the volatile materials are more efficiently 
pumped out, thereby reducing oxide and/or carbide contaminations in the deposit. 
This results in a smaller deposit size with a tighter control of the deposition period. 
In Fig. 7 (upper) the dots are deposited at the intersection of the lines, however the 
dots are so small that it is hard to distinguish them form the amorphous substrate 
by HREM (lower left). Only by the ADF-STEM method mentioned above can the 
deposit be imaged (lower right). W.F. van Drop did similar experiments [6] and 
obtained a minimum deposit size of 0.7 nm at full-width half maximum(FWHM). 
In that work, the image was also obtained by ADF-STEM, allowing the imaging of 
EBID deposits at a resolution level that is hard to achieve by the usual methods of 
electron microscopy.

It appears counter-intuitive that high-energy electrons can produce a smaller 
structure in spite of its wider secondary electron distribution on the sample surface. 
This question has been studied by simulating the deposit shapes for two different 
acceleration voltages of 20 and 200 kV using the Dynamic Monte Carlo simulation 
[22] described in the previous section. The primary electron trajectories and outlines 
of deposit are shown in Fig. 8. It is interesting to note that for both cases of 20 and 
200 kV, the deposit profile is well overlapped by the primary electron trajectories. 
It is argued by many authors [3] that the deposition is mainly caused by secondary
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Figure 7. An example of a resolution experiment using a UHV-ТЕМ system. The UHV condition 
enables the fabrication of smaller structures by reducing the amount of oxide and/or carbide 
contaminations in the deposit. (Upper): the dots are deposited at the intersection of the lines. 
(Lower left): The deposited dots are so small that it is difficult to distinguish them from the 
amorphous substrate. (Lower right): The resolution of the EBID method is at a level that is 
hard to image by the usual HREM methods and only ADF-STEM can clearly image the deposit. 
Reproduced with permission from ref. (8] by John Wiley & Sons Limited.

electrons generated by primary electrons. This is reasonable in view of the energy 
dependence of dissociation cross section. However, such low energy electrons will 
not travel a long distance due to their short mean free paths, although they have 
a high dissociation cross-section. Therefore, the overall distribution such generated 
low energy secondary electron is almost overlapped by the distribution of primary 
electrons. This means that the shape of the deposit can be roughly estimated by 
the trajectories of the high energy primary electrons.

3.2. Nanowiring and electron conductivity for device applications

EBID is a rather slow process; therefore electron beam lithography has a great 
advantage for a large structure. However, EBID has a “point-and-shoot” capability, 
so that a wiring can be made at an arbitrary desired point with nm accuracy. This 
ability has broadened the technique’s range of appUcation to include constructing 
wiring to nanosized structures fabricated by different techniques, such as dispersed 
carbon nanotubes (CNTs), in order to measure their properties [26,27]. In such 
applications, the point-and-shoot capability is crucial because the positions of the 
dispersed CNTs are not known in advance. A related application is to fabricate 
wiring to a single quantum dot or ring made by a self-assembled (SA) growth 
technique [28]. Figure 9 is an example of such nanowiring fabricated between a 
InAs quantum ring made by the SA technique and Au electrodes made by optical
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Figure 8. Dynamic Monte Carlo simulation results of the deposit s shapes for two dilTerent 
acceleration voltages of 20 and 200 kV. The deposit profiles and the primary electron trajectories 
are shown and coincide with each other for both acceleration voltages.

Figure 9. An example of nano-wiring fabrication between an InAs quantum ring fabricated by 
the SA technique and Au electrodes made by optical lithography. This arrangement is intended to 
allow the evaluation of the properties of a single quantum structure.

lithography. The properties of these quantum rings had previously been evaluated 
optically because it was not possible to contact to one single dot. Therefore the 
property measured was the average of a large number of quantum rings. By using 
EBID, it should be possible to evaluate the behavior of a single quantum structure, 
and even an integrated device might be possible in the near future.

The conductivity of deposits made by EBID has been studied by many authors. 
The best resistivity value reported for EBID deposits is one order of magnitude 
higher than those usually reported for bulk values. Recent references in are summa
rized in Table 1. A similar table for earlier works is given in the review by Koops [1].
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Table 1. Electron conductivities of deposits fabricated by various 
precursors.

Material Precursor Conductivity Reference

1. W W (CO)6 0.01 Q cm [29,30]
2. W W F6 600 pfl cm [31]
3. Au Me2Au(tfac) 0.01 П е т [32]
4. Au AuClPF3 22 цО, cm [33]
5. Cu HFA • ECu • EVTMS 3.63 Q cm for 50 keV [34]
6. Pt CpPtMee 1 f2cm [33]
7. Co Сог(СО)8 2 k ficm [35]

Table 2. References to deposits exhibiting non-Ohmic conductivity.

Material Precursor Conductivity Reference

1. Au/Pt Me6Au(tfac)/CpPtMe6 Poole-Frenkel Formula [37]
2. Pt CeHiePt Variable Range hopping [38)
3. Pt Мез Me Variable Range hopping [39]
4. Pt CpPtMe3 Coulomb blockade [40]

The values obtained are strongly dependent on the deposition conditions, such as 
the beam current, and also depend on the quality of the vacuum in the system. For 
example, Hiroshima et al. reported that the conductivity can further be improved 
by reducing the contamination level by O2 plasma cleaning [36]. Besides deposits 
showing metallic conductivity, the preparation of non-metallic EBID deposits are 
starting to be reported and are summarized in Table 2.

Recently, it is was reported that deposition also occurred along the periphery 
the beam raster area and this was evaluated by time-of-flight secondary ion mass 
spectrometery (TOF-SIMS). [41]. These delocalized deposits will cause a leakage 
of current, and may become crucial as the size decreases. These effects need to be 
evaluated concurrently for EBID to become a nanowiring tool.

3.3. Three dimensional nanofabrication

As mentioned in an earlier section, stopping the beam at one position on the sample 
produces a pillar structure aligned along the beam direction. This occurs because 
the deposit acts as a substrate for incoming electrons, so that further growth occurs 
on top of previously deposited material. Effectively, once the deposit has started to 
form, the substrate is no longer needed. A typical example of this behavior is shown 
in Fig. 10, where the beam is scanned from a substrate into a vacuum region but 
deposition continues as the deposit acts as the substrate for the further deposition 
[42,43]. The lateral shape of it can be controlled freely, as shown in this figure,
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Figure 10. Self supporting nanostructures fabricated by a lateral beam scan from a carbon sub
strate. (Right: reprinted with permission from ref. [42] by Blackwell Publishing; Left: reprinted 
with permission from ref. [43] by AVS The Science Sc Technology Society [1493781336679].

Scan speed (a) 0.8nm/s (b)1.0nm/s (c)4.0nm/s (d)6.0nm/s (e) 24.0nm/s

Figure 11. The growth angle dependence on the beam scan speed. SE images of the deposit by 
200 kV STEM with various scan rate with 30 degree tilted images. As the scan rate increases, the 
lessens and eventually becomes negative in accordance with the initial downward growth due to 
high-energy electrons. Reprinted with permission from ref. [42]. Copyright 2004, American Institute 
of Physics [1493790591191].

where a circle and a square was formed. When the scan speed is slow, the deposit 
also grows upward. The growth angle is determined by the lateral scan speed and 
the vertical growth rate [44-46]. The vertical growth rate is complicated by the fact 
that for high-energy electrons, a deposit initially grows downwards due to the high 
penetration depth of the electrons. It is also affected by the precursor supply which, 
if it is surface diffusion limited, results in a deposition rate that is initially high and 
then gradually reduced falls, as seen in Fig. 11(a).

When the beam is slowly scanned on a substrate, the pillar growth of a deposit 
happens at the same time as that of a new deposit on the sample surface produced by 
the highly penetrating primary electrons. This deposit grows in the angled manner 
described above as the deposition proceeds while the growth angle of the initial 
deposit lessens. Eventually, it forms a periodic structure, such as that reported and 
studied by Bert et al. {47].
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The patterning of nanometer-sized magnetic structures has attracted much atten
tion because of its potential applications, such as ultrahigh density magnetic record
ing, nanometer-sized magnetic devices and memory cells. Furthermore, for funda
mental understanding of magnetic properties in nanostructures, the fabrication of 
desired shapes with nanometer scale accuracy is quite important. For these pur
poses, gases such as, Co2(CO)s, Fe(CO)s are used. Boero et al [35] used Co2(CO)s 
to make a Co wire deposit which consisted of Co nanoparticles placed between Au 
electrodes spaced 5 |xm apart to make a sub-micrometer Hall device. Lau et al [48] 
also used Сог(СО)з to make Co-containing nanostructures and measured their 
current-voltage (I-V) characteristics together with magnetic properties by means of 
the magnetic force microscopy (MEM) mode of scanning probe microscopy (SPM). 
They observed some domains that appear to be related to topographical features 
of the sample. Takeguchi et al [49,50] reported that deposition using Fe(CO)5 fol
lowed by a 600°C heat treatment produces a single crystalline alpha-iron magnetic 
deposit, and they also measured its magnetic properties by an electron holography 
technique. Due to the high spatial resolution of electron holography, the relation
ship between the magnetic field and the deposit shape is clearly seen in Fig. 12. 
This example indicates that it is possible to fabricate a magnetic material in any 
shape with 10-nm resolution, and further shows that electron holography is the

3.4. Nanosize magnetic materials fabricated using EBID

Figure 12. Nano magnetic structures fabricated using a Fe(CO)s precursor. (A): an SEM images 
of the deposits, (b) an electron holography image of one deposit, (c) a reconstructed image of (b) 
indicating the clear relationship between magnetic field and the deposit shape. Reprinted with 
permission form ref. [48] by IOP Publishing Limited.

f ?
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Figure 13. (a) Side view of W  pillar deposited on GaAs substrate before low energy ion milling. 
W  masks with different heights were fabricated by changing the deposition time: A, 30s; B, 60s; 
C, 90s; D, 120 and E, 150s. (b) The same region after a total of 10 min of ion milling at 2 kV. The 
white line indicates the position of the initial GaAs substrate surface, showing that the uncovered 
GaAs region was milled away by ion milling while the masked region remained. (Inset): Magnified 
image of pillar В after 10 min of ion milling. The size of the interface of the W  mask and GaAs 
is about 8.5 nm, which is achieved by stopping the ion milling the correct time. Reprinted with 
permission from ref. [52] by The Institute of Pure and Applied Physics.

perfect tool to measure the magnetic properties of nanosize deposits fabricated 
by EBID.

3.5. Combination with low-energy ion etching

As we have seen, with respect to the ability to control the size and position of the 
deposit, EBID is achieving a sufficient level of performance. However, the use of a 
particular material in EBID still largely depends on the existence of an appropriate 
precursor gas. The gas needs to have an appropriate vapor pressure to introduce 
into a vacuum and, for safety, a low toxicity level and low flammability are desirable. 
The structure of a deposit is usually an amorphous or amorphous/polycrystalline 
mixture made of various oxides and carbides when tungsten carbonyl is used as the 
precursor gas [51], and is an aggregation of diamond-like carbon when phenanthrene 
(СнНю) is used [52]. Although these deposits have some electron conductivity, 
they are not suitable for device applications which require well controlled, highly 
crystalline materials. One possible approach to overcome this difficulty is to use a 
nanofabrication technique combining EBID and low-energy ion milling. The impetus 
for this idea was rooted in work in which the EBID deposits are used as a mask 
for reactive ion etching (RIE) [29,30,53]. In one example [54], nanosize deposits 
fabricated on top of a crystalline substrate by EBID are used as masks for low- 
energy ion milling, so that the substrate region covered with the deposits forms 
nanostructure. Figure 13(a) illustrates the side view of W nano-pillars fabricated 
on GaAs by EBID. These pillars were used as masks for low-energy ion milling, and 
were fabricated by changing the deposition time; A 30s В 60s, С 90s D 120, and E
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150 s, respectively. Figure 13(b) illustrates the same region after a total of 10 min. 
of ion milling at 2 kV. The white line indicates the position of the initial GaAs 
substrate surface showing that the uncovered GaAs region was milled away by the 
ions while the masked region remained intact. In order to obtain a nanostructure, 
the important parameter to consider is the time to stop the ion milling, not the size 
of the W mask, nor the height of the mask used. The inset in Fig. 13 is a magnified 
image of the pillar В at 10 min. ion milling, indicating that the interface of the W 
mask and GaAs is about 8.5 nm. This structure was achieved by stopping the ion 
milling at appropriate time starting with a larger diameter W mask. The use of a 
smaller mask diameter is still very important in order to make small structures that 
are very close to each other. For example, two fine nanodots that are close to each 
other cannot be resolved without a fine mask of a similar spacing. However, it is 
also significant that a nanostructure, such as a nanopillar that is less than 10 nm in 
diameter, can be fabricated by this method with a much larger diameter W mask 
if the milling process is terminated at the correct time.

3.6. A multi-electron-beam source and an aberration corrector

The structures fabricated by EBID we have examined so far are mainly for research 
purposes, and hence the relatively slow fabrication speed has not been a serious 
problem. However, considering that this technology has the potential to become 
a viable lithography technique for a fabrication node featuring less than 20 nm 
node in the near future, the improvement of the fabrication speed of EBID will 
soon become a crucial problem. To overcome this difficulty, Bruggen et al. [55] 
have studied a multi-electron-beam source. In that system, a Schottky FEG gun 
electrode configuration is changed such that the gun lens is replaced by one that 
includes an aperture/lens array making 100 beams traveling through a single column 
to fabricate sub-10 nm structures simultaneously.

Another way of solving the fabrication speed problem is to increase the beam 
current. The lenses of probe forming system suffer from spherical aberration (Cs). 
This sets a limit to the relationship between the beam current and the probe size. 
By correcting the Cs, a much wider area of the objective lens can be made usable 
without the effect of aberrations, meaning that a much larger aperture is available 
for a higher current beam, while keeping its probe size even smaller. Such a Cs cor
rection for STEM has been established at several laboratories, and exciting results 
are being produced [56-58]. Recently, an ultrahigh-vacuum third-order Cs corrector 
for a STEM was installed at the National Institute for Materials Science (NIMS), 
Japan, for the purpose of EBID. The Cs corrector is of the dual hexapole type, 
often called the Rose/Haider type [59,60], which is commercially available (CEOS 
GmbH). A schematic drawing of the corrector is shown in Fig. 14. It consists of 
two 12-poles with different dimensions, two transfer lenses, and two sets of deflec
tors. The 12-pole makes rotatable hexapole-field that creates negative Cs when it
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Figure 14. A schematic drawing of the Cs corrector for the probe-forming system of a STEM. It 
consists of two 12 poles that make hexapole fields, connected by a transfer lens doublet.

deforms the beam into three-fold shape. Another 12 pole brings the beam back to 
the original shape while the negative Cs remains. The application of the instru
ment to EBID has not yet taken place, but, as Table 3 summarizes, the expected 
improvement in the beam current performance is about a factor of 10 times higher, 
giving us hope that the machine will become a promising tool for EBID.

Table 3. A comparison of estimated probe currents between Cs-corrected and non 
Cs-corrected STEM at 200 kV for various probe sizes.

Cs corrected probe current uncorrected probe current

Prob size(A) 2 5 10 2 5 10
FWHM(A) 2.2 5.2 10 2.6 5.6 10
D50(A) 2 4.8 9.8 2.6 5.4 10.2
D75(A) 2.6 6.8 14 4 7.8 14.6
D90(A) 3.4 8.8 18 5.4 10.2 19
D95(A) 3.8 9.8 20 6.4 12 21.8
Prob Current
7 x 108 A/Strcm2 1.6 9.9 39.8 0.143 0.895 3.85
1 x 108 A/Strcm2 0.23 1.41 5.69 0.02 0.13 0.55

Cs =  1ц, m Cs = 0.5 mm
or =  40 mrad a = 12 mrad
Df =  —1.9 nm Df = -42 .5  nm
Cc =  1.1 mm Cc = 1.1 mm
A E  =  0.7 eV AE--= 0.7 eV
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3.7. Other applications and research activities

The applications of EBID are spreading widely, however, due to the page restriction, 
only a few examples were mentioned in earlier sections. Lithography mask repair is 
one of the oldest applications of EBID, and is still being improved. It is now used for 
mask generation for the 32-nm technology node [61]. Another typical application is 
as a field emission source [62]. Other newly-developed uses of EBID include wiring to 
a single molecule [63] to measure the conductive property of the material, soldering 
of CNTs [64], making photonic crystals [65,66], single electron transistors [67], and 
free electron lasers [68]. Details of these applications can be found in the appropriate 
references.

4. Conclusions

In this chapter, an overview and recent applications of EBID are briefly out
lined. The technique has a long history. However, recent advances using SEM and 
TEM/STEM equipment have broadened the potential of the method in nanotech
nology, and the number of applications is rapidly increasing in various fields. Just 
a glance at the applications already demonstrated leaves one with no doubt that 
EBID will advance vigorously into the future.
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This article gives an introduction to the principles and practices of high-resolution 
electron-beam-induced deposition (EBID). In EBID, a small focused electron beam 
is used to locally dissociate a precursor onto the surface of a substrate giving rise 
to a small deposit. Recently it has been discovered that the size of the deposited 
structure can be as small as one nanometer allowing EBID to be used to fabri
cate very small nanostructures of arbitrary shape. EBID provides an alternative to 
more traditional fabrication methods such as electron beam lithography (EBL) and 
ion beam induced deposition (IBID). EBID is a direct write technique requiring no 
pre-deposited resist or development and it can be applied to planar and nonplanar 
surfaces. This article reviews all aspects of the technique including instrumentation, 
gas-solid reactions, electron-beam specimen interaction, deposition parameters and 
deposit composition. Special attention is devoted to factors that must be under
stood and controlled in order to achieve a resolution of 1 nm. Examples of very 
small nanostructures fabricated by performing EBID with high-energy subnanome
ter focused electron beams (200 kV) are demonstrated. The chapter compares and 
contrasts EBID with other fabrication techniques and discusses current and future 
applications for the technique.

K e y w o r d s : Electron-beam-induced deposition; nanofabrication; gas-solid reactions; envi
ronmental cell; fabrication; electron probe; probe formation; precursors; deposit; compo
sition of deposit; electron-specimen interactions; secondary electrons; elastic scattering; 
inelastic scattering; dissociation.

‘ Corresponding author: Center for Solid State Science and School of Materials, Arizona State 
University, Tempe, Arizona 85287-1704, USA; crozier@asu.edu

mailto:crozier@asu.edu


400 P. A. Crozier and C. W. Hagen

CONTENTS

1. Introduction and Background 400
2. Basic Principles and Examples 401
3. Instrumentation 405
4. Factors Determining the Resolution of EBID 407

4.1. Formation of subnanometer electron probes 407
4.2. Interaction of electrons with molecular precursors on surfaces 409
4.3. Interaction of electron probe with substrate 411

5. Deposition Parameters for High Resolution EBID 415
6. Deposit Composition 417
7. EBID Applications 424
8. Comparison with Other Techniques and the Future of EBID 424 
Acknowledgments 426 
References 426

1. Introduction and Background

In electron-beam-induced deposition (EBID), a small focused electron beam is used 
to dissociate a gaseous precursor adsorbed on a substrate surface. The precursor 
molecule can fragment into a volatile and nonvolatile component giving rise to 
local mass deposition. A similar technique, using a focused ion beam, is known 
as ion beam induced deposition (IBID) and is used routinely in focused ion beam 
(FIB) systems for inspection and repair of devices in the semiconductor indus
try. When 157 nm lithography was being developed, it was found that the gallium 
ions implanted in the IBID mask repair process were absorbing UV light. This 
problem led to an interest in EBID as an alternative mask repair technique. The 
technique has not been widely used for device fabrication and until recently it 
was assumed that the EBID resolution was limited to 10-15 nm. However, recent 
experimental and theoretical work has shown that, if high-energy electron beams are 
employed, structures as small as 1 nm can be created with this approach. Compared 
to the demonstrated resolution of resist-based lithography of about 10 nm, this is 
an improvement of an order of magnitude. Moreover, the possibility of employing 
multiple electron beams in parallel may make large-scale parallel processing more 
feasible within reasonable times [1,2]. EBID is a direct write technique requiring 
no pre-deposited resist or development and it can be applied to any surface. These 
advantages have stimulated renewed interest in EBID because of the potential appli
cations for high resolution nanofabrication.

Electron-beam-induced deposition has always taken place inside electron beam 
instruments as a result of the interaction of the electron beam with the hydrocar
bon vapors associated with vacuum pumps. The effect was usually unintentional 
and is often referred to as contamination. Contamination has been a source of con
siderable irritation to electron microscopists because the growing layer of deposited

A



High-Resolution Electron-В earn-Induced Deposition 401

material can significantly hinder sample observation. The first reports giving the 
correct interpretation of contamination in the electron microscope were published 
by Watson [3,4]. He recognized that contamination was caused by hydrocarbon 
adsorbed onto a substrate with subsequent polymerization by the electron beam 
as had been reported earlier during electron and ion irradiation [5]. Essentially the 
electron beam dissociated hydrocarbon vapors from the microscope pumping sys
tem leaving deposits on the sample. Though considered an annoyance for materials 
characterization, it was recognized that such an effect could be exploited to fabri
cate small structures. Christy used the technique to deposit thin insulating polymer 
films in the presence of a silicone oil vapor [6] and superconducting tin films from a 
Stannous chloride precursor [7]. Others followed and used the technique to fabricate 
a variety of small structures [8-10].

Since this early work, there has been ongoing research exploring and develop
ing EBID as a direct writing technique [e.g. 11-14]. Most of the work has been 
carried out with electrons in the energy range 10-20 кV in instruments with archi
tectures based on the scanning electron microscope (SEM). However, there are still 
many outstanding scientific questions that must be explored before EBID can be 
fully exploited as a tool for routine nanofabrication. The purpose of this article is 
to introduce the reader to the basic concepts of EBID and to illustrate its appli
cation to the fabrication of nanostructures. The article gives special emphasis to 
high-resolution EBID and explores some of the fundamental issues associated with 
fabricating structures smaller than 10 nm. A comprehensive review of EBID has 
been prepared by one of the authors and readers who seek more in depth treatment 
of the topic are referred to this review [15].

This article has been arranged to emphasize the critical issues involved in high 
resolution fabrication. Examples are presented demonstrating the ability of EBID to 
fabricate small structures of arbitrary shape. The primary requirement for high res
olution fabrication is the ability to form a small focused electron beam. The critical 
factors in electron probe formation are described and illustrated. The dissociation 
processes taking place when electrons interact with adsorbed precursor molecules 
are discussed. Secondary electron generation and emission processes play a major 
role in determining the deposition rate and the resolution of the deposition process. 
The relationship between the spatial distribution of emitted secondary electrons 
and the spatial resolution of the deposit is described. The influence of deposition 
parameters on the deposition rate and composition are also considered.

2. Basic Principles and Examples

Electron-beam-induced deposition takes place when an electron beam dissociates a 
gaseous precursor resulting in the deposition of solid material onto the surface of 
a substrate. It is a special form of chemical vapor deposition where the location of 
the deposition is controlled by a focused electron beam rather than the substrate
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Figure 1. Schematic diagram of electron beam induced deposition. The focused fast electron 
excites an adsorbed precursor molecule (left panel). The excited molecule dissociates into volatile 
and non-volatile components. The volatile component escapes and leaves behind the non-volatile 
deposit (right panel).

temperature. A schematic diagram of the process is shown in Fig. 1. Precursor 
molecules may adsorb onto the surface of a support with a surface density per unit 
area of N. During electron irradiation, there is a finite probability that an adsorbed 
molecule in or directly around the electron beam will enter an excited state as shown 
by the star in Fig. 1. This excited molecule will be unstable and may relax through a 
dissociation process generating a volatile and non-volatile component. The volatile 
component escapes into the vacuum and the non-volatile component remains on 
the substrate surface. This process can then repeat as new precursor molecules are 
dissociated by additional electrons allowing the thickness of the deposit to increase. 
If the electron beam is highly localized (as shown in the Fig. 1), the resulting deposit 
will also be highly localized allowing structures to be fabricated with nanometer 
resolution.

One advantage of EBID is that it is easy to control the location and dwell 
time of the electron beam making it well suited for fabricating nanostructures 
of arbitrary shape. Figure 2 shows ал example of nanowriting in which the Ari
zona State Unversity logo has been written on a 30 nm thick SiaN4 substrate with 
2nm dots of Pt containing deposits. The precursor used to fabricate this struc
ture was Р^СНз)зСНзСбН4 and the letters were written with a 200 kV electron 
beam focused to about 0.3 nm. These structures were generated in an environ
mental scanning transmission electron microscope (ESTEM) equipped with a field 
emission electron source [16]. Each letter is only 20 nm wide and the entire logo 
is well resolved. More complex structures of variable height are possible on any 
substrate. Figure 3 shows an example of a map of the world (the “nanoworld” ) 
fabricated with a tungsten-based precursor on a SisN4 substrate. The nanoworld 
is only 230 nm across and the writing algorithm was programmed to increase the
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Figure 2. Z-contrast image of Arizona State University logo (ASU) drawn with a Pt-based pre
cursor in which letters of 20 nm are clearly resolved. The letters are formed with 2 nm dots.

230 nm

Figure 3. Nanoscale topographic map of the world drawn using EBID and a W  precursor. The 
structure is imaged in Z-contrast STEM and the temperature color scheme is used to represent 
amount of mass deposited (black =  no mass, white is greatest mass). Note the map shows the 
Himalayas, Rockies and Andes mountain ranges.

vertical height of the structure for selected mountain ranges. The image has been 
color coded to indicate the height of the structures and nicely demonstrates the 
presence of the Himalayas, the Andes and the Rocky mountains in the nanoworld. 
Fabrication of self supporting structures and deposition onto non-planar substrates 
has also been demonstrated [17-20].



(С)

Figure 4. Z-contrast images showing arrays of 4.0 nm (a) and (b) 1.0 nm W  containing dots 
fabricated with a W(CO)6 precursor. For the smallest dots, a variation in size and position is 
visible, (c) Average image (left) from the dots in (b) with arbitrary units along the z-axis. The 
average intensity profile (right) through the center of the dot has a radius at full width half 
maximum (FWHM) is 0.5 nm corresponding to 1 nm dot size. (Reprinted with permission from 
[22] by American Chemical Society).

Recent experim ents and calculations have shown that rem arkably high resolution  
can be achieved if E B ID  is perform ed under the correct conditions. C arb on  con

tam ination dots as small as 3 .5  nm  have been fabricated in an S E M  using a 20 k V  
electron beam  [21]. G oing to higher accelerating voltage can yield subnanom eter  
dots. Figure 4 shows Z-contrast S T E M  images o f periodic arrays o f W  contain 

ing dots fabricated with E B ID . Detailed analysis o f the deposits in Figure 4b  show s  
that they have an average size of about 1 nm  with the sm allest deposits being ab o u t

0 .7  nm  [22]. Such features are an order of m agnitude smaller than features fabri

cated with more conventional E B ID  instrum entation. M oreover, even though the  
precursor pressure and deposition tim e were constant, there is a significant fluctua

tion in the im age intensity o f the deposits. T his fluctuation arises from  the P oisson  
statistics associated with the sm all number o f precursor molecules dissociating under  
the electron beam  during the short exposure tim e required to m ake such a sm all 
object [23].
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Figure 5. Basic schematic diagram of typical EBID instrumentation showing important 
components.

3. Instrumentation

Instrumentation for performing high-resolution EBID relies essentially on the elec
tron optical architectures developed for high-resolution electron microscopes mod
ified to allow gaseous precursors into the region around the sample. A simplified 
schematic diagram of a typical arrangement is shown in Fig. 5. It consists of an elec
tron source, a focusing lens, a gas source, a scanning system and electron detection 
and imaging systems. The instrument must be operated under high vacuum condi
tions and for high-resolution EBID, it should be equipped with a high-brightness 
field-emission gun and a high-resolution objective lens. A flexible beam positioning 
and blanking system is also required so that patterns of arbitrary shape can be eas
ily generated. In practice, modern systems are much more complicated with many 
electron lenses and alignment coils being necessary to ensure high electron opti
cal performance. Many EBID systems are modified scanning electron microscopes 
(SEM) operating at accelerating voltages of 10-20 kV. The imaging detectors on 
such instruments are capable of detecting secondary electrons and backscattered 
electrons allow the morphology of the EBID structures to be visualized after fabri
cation [24]. The instrument may also be equipped with an energy-dispersive x-ray 
spectroscopy (EDX) permitting elemental analysis to be performed on the deposit
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[25]. These detectors provide important tools for characterizing the deposit and 
provide important feedback for optimizing the deposition conditions.

The highest resolution EBID work is currently being conducted on scanning 
transmission electron microscopes (STEMs) [e.g. for discussion of STEM see 26,27]. 
These instruments typically operate at 100-300 kV and are capable of forming 
probes as small as 0.1 nm in size. The imaging detectors on such instruments 
usually detect the scattered transmitted electrons and these signals are used to 
form atomic-resolution bright-field or Z-contrast images. (The Z-contrast image in 
STEM and the backscattered image in SEM are sensitive to atomic number changes 
in the samples). The STEMs are usually equipped with EDX and electron energy- 
loss spectroscopy (EELS). EELS is particularly well suited to light element analysis 
and is very useful for monitoring the carbon content of deposits provided that thin 
film substrates are employed [28]. The powerful nanocharacterization techniques 
available in modern STEMs are critical for developing a deep understanding of the 
fundamental processes taking place during high-resolution EBID.

There are many different systems for introducing precursor gases into the region 
around the substrate. A critical requirement for all gas systems is that they maintain 
a reasonably high gas pressure around the writing area while at the same time 
minimizing the gas pressure reaching the field-emission electron sources. In many 
EBID instruments, gas is often introduced using injection systems similar to those 
used in focused ion beam instruments (see Fig. 5). An injection needle is brought 
into close proximity with the substrate surface and the precursor is allowed to flow 
from the tip of the needle into the sample area [29]. This approach is advantageous 
because it introduces a relatively small volume of gas into the system and usually 
does not require extra pumping capacity. One disadvantage is that the exact pressure 
across the sample is not well known and it varies with distance from the injection 
point. However, the pressure does not vary by much within a distance of several 
microns of the injection point making the gas pressure essentially constant over 
the areas typically used to fabricate nanostructures. In practice, even though in 
principle the deposition rate can be calculated from the gas pressure, it is usually 
determined empirically so that it is not really necessary to know the true pressure at 
the writing area. Another disadvantage is that the non-cylindrical symmetry of the 
syringe-type gas supply system causes the growth of 3D-structures to be dependent 
on the scan direction of the electron beam with respect to the gas flow direction [30].

Other methods for creating an environmental cell around the sample involve the 
use of differential pumping systems and windowed cells [31]. The FEI F20 Tecnai 
environmental STEM used to generate many of the high resolution EBID patterns 
shown here is based on a differentially pumped system [16]. This system is more 
flexible and allows the substrate to be exposed to higher gas pressures although it 
is a more expensive configuration. The Tecnai operates at 200 kV and is capable of 
forming electron probes as small as 0.2 nm. It is equipped with a Gatan Imaging 
Filter for EELS analysis and a Z-contrast detector and is ideally suited to the in situ



High-Resolution Electron-В earn-Induced Deposition 407

study of high resolution EBID. Other gas handling systems are described elsewhere 
[11,32,33].

4. Factors Determ ining the Resolution o f  EBID

To develop a deeper understanding of high-resolution EBID, it is necessary to con
sider the fundamental processes taking place in more detail. The properties of the 
deposit are strongly influenced by the complex electron-solid-gas interactions taking 
place in the deposition chamber. Although low-resolution EBID (10-15 nm or larger 
scale) has been discussed extensively in the literature there are many outstanding 
questions about the physical processes taking place during high-resolution EBID. 
These questions are still the subject of ongoing investigations in many laboratories 
around the world but a physical picture is emerging that may help to point the 
way forward for control of fabrication. Although many processes take place simul
taneously during EBID, it is helpful to consider each process separately in order 
to develop an appreciation for the critical parameters controlling the fabrication of 
nanostructures. Interactions, between the gas layer and the solid, such as adsorp
tion, desorption, and diffusion are not discussed in this section, as they will have 
more impact on the growth rate than the resolution. Three important processes 
controlling the resolution of the deposit are discussed in this section: electron probe 
formation, electron precursor interactions and electron substrate interactions.

4.1. Formation of subnanometer electron probes

The ultimate limit on the size of the EBID feature is determined by the electron 
probe size. Consequently high-resolution EBID can be performed only on instru
ments capable of forming small, intense beams of electrons. For much of the work 
described in this chapter, the electron probes are typically in the size range 0.3-2 nm 
and carry currents from 0.03-1 nA. The formation of such intense probes requires 
the use of a high-brightness electron source and at present only field-emission gims 
(FEG) can fulfill this requirement [34]. The brightness of the electron source deter
mines the amount of current that can be put into the small probe and this current 
may control the deposition rate in the sample. Ideally we want to have a very high 
beam current in order to fabricate structures as rapidly as possible.

For EBID applications, the electrons emitted from the source are typically accel
erated to between 20-200 kV and then focused onto a substrate. The spatial extent 
of the electron probe is controlled primarily by the focusing lens (usually called the 
objective lens) and a probe forming aperture. A schematic illustration of a typical 
arrangement is shown in Fig. 6(a). In order to calculate the current distribution 
within the electron probe it is necessary to use a wave mechanical treatment for the 
electrons. To simplify the mathematics, we assume that the field emission source is 
infinitesimally small and far enough away from the illumination aperture allowing 
the electron wave striking the aperture to be approximated as a plane wave. In this
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(a) Probe Forming 
Aperture Substrate

Electron 
Plane Wave

Figure 6. (a) Schematic diagram of electron probe formation and (b) intensity distribution calcu
lated using a wave mechanical model for typical conditions in a modern STEM. Important param
eters for calculation are electron energy of 200 kV and spherical aberration coefficient =  1.2 mm.

picture, the electron wavefunction W  striking the aperture can be written as

W = Ae-ikr, (1)

where к is the electron wavevector, r the position of the electron and A  is a nor
malization constant [35]. The electron wavevector is given by 2 n/\  where Л is the 
electron wavelength. After passing through the aperture, the electron propagates 
through the objective lens and is focused onto the object. The lens introduces phase 
shifts into the electron wave resulting in the generation of a convergent wave which 
comes to focus on the substrate. The wave function at the substrate Фй is related 
to the electron current distribution I(r) through

о д (2)

where the ’ stands for the complex conjugate.
A cross section through a current distribution for typical conditions used for 

ultra-high-resolution EBID is plotted in Fig. 6(b). Notice that the probe consists 
of a central maximum and a more extended tail consisting of maxima and minima.
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Although most of the current is contained in the central maximum, a significant 
fraction may be present in the tails. Calculations show several important factors 
about the electron probe distribution which are relevant to EBID:

- (i) There is an optimum aperture size required to minimize the diameter of the 
central maxima. The optimum aperture size is controlled by the aberrations in 
the objective lens (usually spherical aberration).

(ii) Increasing the aperture size will give higher beam current but will also transfer 
a greater fraction of electron intensity into the probe tails and thus increase 
non-local deposition in nanofabrication.

At present the smallest focused probes are formed in instruments with high 
accelerating voltages (about 200 kV) and high performance objective lenses (spher
ical aberration coefficients of 1 mm or less). These conditions are typically found 
in transmission electron microscopes and to date the smallest EBID structures of 
about lnm  have been fabricated in these instruments [22,36-38]. Aberration cor
rectors are currently available for modern TEMs and the smallest probe created to 
date is about 0.07 nm [27]. More traditional EBID systems based on SEM architec
tures, operate at much lower accelerating voltages (typically 5-20 kV) and produce 
electron probes in the range 2-5 nm. Modern SEMs equipped with field-emission 
electron sources are now capable of forming probes of 1 nm in size and EBID struc
tures down to 3.5 nm have been fabricated [21]. In the next section, it will be shown 
that extremely small probes (less than 0.5 nm) may not improve the resolution 
of EBID because the broader spatial distribution of emitted secondary electrons 
strongly influences the size of the EBID deposit. However, aberration correction 
will permit dramatic increases in the current which can be put into subnanometer 
probes and offers the potential to significantly reduce the deposition time. Aber
ration correctors are also being developed for SEM type instruments and should 
permit similar improvements in spatial resolution and deposition rates.

4.2. Interaction of electrons with molecular precursors on surfaces

In order for solid material to deposit on the surface of the substrate, the gaseous pre
cursor must dissociate into fragments with at least one non-volatile component. The 
primary electron beam initiates the process that leads to this dissociation although 
it is now widely recognized that only a small fraction of dissociations will result from 
direct collisions between the primary electron and the precursor molecule. In simu
lation and modeling of EBID, it has generally been assumed that dissociation takes 
place after ionization of the precursor. Figure 7 shows the ionization cross section 
for the common precursor germane (GeH î) plotted as a function of incident electron 
energy [39]. The ionization cross sections for gas molecules typically follow a Bethe 
type behavior [40] with no ionization taking place below the ionization potential and 
the cross section reaching a maximum between 50-100 eV (for data on molecular
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Figure 7. Ionization cross section as a function of electron energy T  for germane (GeH4 ) molecules 
calculated using the binary encounter model. Behavior is typical of many gas scattering exper
iments showing a peak in the ionization cross section in the range 50-100 volts. See refer
ence [39] for details. Data available on NIST website at http://physics.nist.gov/PIujsRefD ata/ 
Ionization/Xsection. html

ionization cross sections see h ttp ://p h ys ic s .n ist .g o v /P h y sR e fD a ta /Io n iza tio n / 

X section.htm l). The behavior shown in Fig. 7 is typical of most gas molecules, 
they show the same behavior with the maximum in the range 50-100 eV.

Beyond the maximum, the Bethe ionization cross section falls as approximately 
ln(E)/E, where E is the electron energy. Consequently, the cross section for ion
ization by a 200 kV electron will be as much as 3 orders of magnitude lower than 
the value obtained at the maximum of about 50-100 eV. The substrate emits low- 
energy secondary electrons in response to irradiation by the primary electron beam 
(as discussed in the next section). These low-energy electrons are much more likely 
to dissociate the precursor molecule than the high-energy primary electrons because 
of their high dissociation cross sections. (This is why the first step in simulating the 
EBID process requires detailed knowledge of the distribution in space and energy 
of secondary electrons leaving the surface of the substrate).

While there is general agreement that low-energy electrons play a significant role 
in direct precursor dissociation, there is considerable uncertainty over the dominant 
mechanism for dissociation. So far we have assumed that data from electron-gas 
scattering experiments can provide guidance for the dissociation processes taking 
place during EBID. However, in EBID, observations performed at different tem
peratures show that almost all of the deposited material comes from dissociation of 
molecules adsorbed on the surface of the substrate [41]. It is not clear how applicable 
the data derived from gas scattering is to molecular dissociation on substrates. Sur
face science studies suggest that ionization of the precursor molecules may not be 
a necessary step for molecular dissociation to take place. For example, dissociative 
electron attachment occurs when a low-energy electron attaches to a molecule and 
triggers dissociation [42,43]. Such processes can take place with electrons of energy

i

http://physics.nist.gov/PIujsRefData/
http://physics.nist.gov/PhysRefData/Ionization/
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less than 5 eV. Moreover, the high local density of adsorbed molecules on the surface 
can result in fragments created in this electron excitation process having further col
lisions with neighboring adsorbates leading to additional molecular fragmentation. 
Recent work on organic films shows that significant dissociation takes place with 
low-energy electrons and UV light [44]. The cross sections for molecular dissoci
ation from these mechanisms are comparable with or greater than the ionization 
cross sections and suggest that secondary electrons with energy below the ionization 
potential may play a significant role in precursor dissociation. This would be consis
tent with the observation of photo-enhanced CVD where it has been demonstrated 
that light can significantly accelerate the deposition process [45]. Further funda
mental work is required to elucidate the various mechanisms by which low-energy 
electrons can dissociate adsorbed molecular precursors.

4.3. Interaction of electron probe with substrate

The primary electrons have energies of 20-200 kV and travel with velocities up to
0.8 times the speed of light. As these electrons approach and enter the substrate 
they interact with matter and various excitation and relaxation processes take place. 
Typically after the primary electron is scattered, the concomitant relaxation pro
cesses taking place in the substrate can result in electron, photon or atom emission 
from the surface. A schematic diagram of the more important processes taking place 
when the fast electron enters the substrate is given in Fig. 8.

When the electron enters the sample it can undergo two fundamentally different 
scattering processes [24,28]. With elastic scattering, the electron interacts with the 
atomic nucleus or crystal lattice and relatively small energy transfers take place 
because of the large mass difference. Elastic scattering is the process that gives 
rise to electron diffraction, phonon scattering and backscattering. With inelastic 
scattering, the electrons can also be scattered by the electrons in the solid and in 
this case, because the masses are equal, very large energy transfers can take place. 
Inelastic scattering events excite the atoms of the solid and give rise to ionization. 
The ionized or excited atoms are unstable and relax through either emission of 
photons (light or x-rays) or through emission of additional electrons (e.g. secondary 
or Auger electrons).

Elastic scattering has a larger angular distribution compared to inelastic scat
tering and it is the main process through which spreading of the primary beam 
occurs as the focused electron beam propagates through the substrate. Electronic 
excitations resulting from inelastic processes play an important role in EBID in two 
distinct ways. First, as described in the previous section, electronic excitation of pre
cursor molecules is the primary path for dissociation. Secondly, electronic excitation 
of atoms in the substrate gives rise to the emission of low-energy secondary electrons 
from the surface which have a much higher probability for dissociating precursor 
molecules than high-energy primary electrons. Consequently the secondary electrons
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Incident electron, Ec

Photons

Sample

Diffraction
(elastic)

Auger electrons 
(>50 eV)
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electrons 
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phonon
scattering

Electronic
excitation
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Figure 8. Schematic illustration of typical beam-specimen interactions taking place when a fast 
electron penetrates the substrate.

emitted from the surface of the sample are responsible for most precursor dissocia
tion. Foi this reason, it is critical to have information about the spatial distribution 
of secondary electrons emitted from the surface since this will strongly influence the 
spatial resolution of the deposit.

Developing an understanding of the spatial distribution of secondary electrons is
not easy but some qualitative insights can be gained by consideration of the energy
dependence of both the electron mean free paths in solids and the dissociation cross
sections. Foi simplicity it can be assumed that the dissociation cross section has a
maximum for electrons with energies in the range 10-50 eV. Figure 9(a) shows the
energy dependence of the mean free path for an electron traveling through a solid
based on the the universal curves of Seah and Dench [46]. These curves show that
the mean free paths for low-energy electrons are typically less than a nanometer.
Figure 9(b) shows a possible geometry for a dissociation event. Only those secondary
e ectrons traveling close to the surface will participate in dissociation. Secondary
e ectrons traveling paiallel to surface are likely to travel up to one mean free path
from the primary beam before being scattered out of the surface. This suggests
that the spatial extent of secondary emission of most importance for EBID will be
on the order a few mean free paths on either side of the primary beam (i.e. a few 
nanometers or less).
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(a)

SE Energy (eV)

Figure 9. (a) Mean free path of electron traveling through a solid as a function of electron energy 
(after Seah and Dench, 1979). (b) Schematic diagram illustrating relationship between spatial 
distribution of emitted secondary electrons and the secondary electron mean free path.

T o obtain  a more fully quantitative representation o f the spatial extent o f the 
deposit and the likely deposition rate it is necessary to perform M onte Carlo sim

ulations in which m ultiple scattering processes are taken into account. A  detailed 
treatm ent o f M onte Carlo m ethods is beyond the scope o f this chapter and the 
reader is referred to the m any good articles and books on this subject for E B ID  and 
S E M  applications [47-52]. In the M onte Carlo treatm ents, a possible trajectory o f 
an individual electron is generated from knowledge o f the relative scattering prob

abilities for the different processes that can take place. T h e electron is allowed to 
scatter m any times until alm ost all o f the incident electron energy is depleted and 
its trajectory is tracked in the com puter. Secondary electrons generated by the pri
m ary scattering events are tracked in a similar manner. This process is repeated for 
m any incident prim ary electrons until a  statistically relevant picture o f the spatial 
scattering distributions are obtained.

M ost o f the M onte Carlo simulations available for electron scattering have been  
developed to predict the resolution o f S E M  images and excitation volumes generat

ing x-ray spectra. However, for E B ID  it is necessary to know the energy distribution  
of the electrons leaving the surface since the dissociation cross sections are strongly  
dependent on electron energy. It is usually assumed that the secondary electrons 
generated during the exposure process are generated at the same location where the 
inelastic electron interaction took place. In reality, however, this interaction process 
is a de-localized process, with the delocalization being inversely proportional to the 
energy loss. A s  a result, all processes initiated by this energy loss, like the dissocia
tion of a precursor m olecule by a secondary electron, are also delocalized. Its effect 
on the E B ID  fabrication resolution was quantified by Silvis-Cividjian et. al and it 
was foim d that the delocalization does not broaden the spatial secondary electron
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profile by more than 0.05 nm and therefore does not impose a fundamental limit to 
the EBID resolution [51].

Several treatments have been developed in order to simulate the EBID process 
over a range of accelerating voltages and substrate thicknesses [50-52]. Here we 
quote from a recent publication from one of the authors. Figure 10 shows the simu
lated spatial distribution of emitted secondary electrons and dissociated hydrocar
bons on the surface of a Cu film. The calculation assumes that the film is perfectly 
smooth and thicknesses of 10 and 1000 nm have been considered (i.e. the thin film

Radius r (nm)

(b)

Radius r (nm)
Figure 10. (a) Monte Carlo simulation showing the spatial distribution of emitted secondary 
electrons from a smooth Cu surface with a 200 kV electron beam of infinitely small size for a 10 nm 
(thin line) and 1000 nm (thick line) Cu film, (b) shows the number of dissociated molecule/primary 
electron (PE) as a function of position from the primary beam. 50% of the deposited mass lies 
within a diameter of 1 nm in both cases. (Reprinted with permission from [52] by FAMS, Inc., 
Mahwah, N.J., USA.)
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and bulk cases). These calculations were undertaken specifically to explore the res
olution limit of EBID so 200 kV electron were employed. The analysis shows that 
50% of the secondary electron emission is contained in diameters of 3 and 4.7 nm for 
10 and 1000 nm thick samples respectively. Similarly, 50% of the deposited mass is 
contained in disks of diameters of 0.86 and 1 nm respectively (Fig. 10[b]). This cal
culation gives a more rigorous explanation of how 1 nm resolution can be achieved 
using high-energy electron beams. It also demonstrates that the high resolution is 
not only present in thin foils used in ТЕМ experiments but should also be achiev
able in bulk films. The diameter of the disk containing 50% of the mass increases by 
only about 15% in going from a thin film to a bulk substrate although the tail in the 
distribution is more pronounced in the thicker sample. Experimental measurements 
with 200 kV electrons comparing the size of dots deposited on thin and thick films 
have also shown that the size is not a strong function of substrate thickness [36].

The lack of a strong dependence of the deposit size on substrate thickness can be 
understood by noting that the high-energy electron beam penetrates deep below the 
substrate surface before significant spreading takes place. This means that the pri
mary electron beam remains very small close to the substrate surface. The majority 
of the secondary electrons leaving the surface are generated within a few mean free 
paths of the surface. Consequently, when high-energy primary electrons are used, 
the spatial distribution of emitted secondary electrons should not have a strong 
thickness dependence provided that the sample is significantly thicker than a few 
mean free paths.

5. Deposition Parameters for High Resolution EBID

The rate at which material is deposited in EBID will be influenced mainly by precur
sor pressure, beam current, substrate temperature and secondary electron emission 
characteristics. The deposition rate R at position x on the substrate, expressed as 
volume per unit area per second, can be written as:

where N(x) is the density of adsorbed precursor molecules on the surface, cr(E) is the 
dissociation cross section for electrons of energy E and V is the volume of the non
volatile component of the dissociated precursor species. The term f(x,E) is the flux 
of electrons with energy E at position x and includes the flux of primary electrons 
and the flux of emitted secondary and backscattered electrons. In principle, the 
energy integration is performed up to incident electron energy E0 but because of 
the strong peaking of a(E) at lower energies, the high energy tail does not make a 
large contribution to the deposition rate.

Practical application of eq. (3) to simulate real EBID structures requires accu
rate knowledge of the physical quantities involved. As we saw in the previous section, 
accurate prediction of the secondary electron contribution to f(x,E) requires the use

E

(3)
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of Monte Carlo techniques. However, the terms involved in eq. (3) can provide a 
basis for exploring the role of different experimental parameters on the EBID process 
especially in the early stages of deposition. The initial density of precursor molecules 
on the surface N(x) will be determined by the partial pressure of precursor in the 
gas phase and the temperature of the substrate. The sticking coefficient will depend 
on the interactions between the precursor and substrate and it will determine the 
average time that a precursor molecule will reside on the surface. For many precur
sors employed in EBID, the sticking coefficient drops with increasing temperature 
decreasing the density of precursor molecules on the surface. The reduction in N (x) 
associated with increasing temperature can be offset by increasing the pressure in 
the cell.

For a flat substrate, the secondary electron emission flux is directly proportional 
to the primary electron flux. Consequently the probability of precursor dissociation 
depends directly on the beam current. For example, the Monte Carlo simulations 
of Fig. 10(b) show that approximately 50 precursor molecules are dissociated for 
every 106 primary electrons. This is roughly in agreement with experimental values, 
which range from 105 to 107 electrons needed to dissociate 50 precursor molecules, 
depending on the precursor gas used. In a typical high resolution EBID experiment, 
the electron beam current is 0.01-0.1 nA. Assuming a primary electron arrival rate 
of 108 per second yields an approximate dissociation rate of 5000 molecules/s. For a 
nanometer sized deposition feature, such a dissociation rate would rapidly deplete 
the local supply of adsorbed precursor in the irradiated area. However, the con
centration gradient resulting from local dissociation will result in fresh precursor 
diffusing into the irradiated area. The depleted area can also be replenished directly 
from the gas phase. For example, the number of molecules bombarding a unit area 
per second, ip, is readily obtained from [53]

ip — 3.513 • 1022- t-n ! ( ш cm~2 s_1), (4)
y/MT  V '

where p is the precursor pressure in Torr, M the molecular weight, and T the gas 
temperature in K. For a typical precursor pressure of 0.01 Torr, and W (CO)g as a 
precursor (M =  352) at room temperature, this results in each nm2 of the surface 
being bombarded approximately 11000 times/second. So the local bombardment 
rate should be sufficient to replenish the precursor species and effectively keep N (x) 
constant provided the sticking coefficient is above 0.5. However, at this gas pressure, 
increasing the beam current by more than a factor 2 may not cause the deposition 
rate to increase by the same factor because the precursor species will be dissociated 
at a greater rate than they can be replaced from the gas phase. In this case, the 
deposition rate is limited by the supply of precursor and significant increases in the 
deposition rate require corresponding increases in precursor pressure.

As the deposition continues at one point, the deposit will grow vertically and 
develop into a pillar. At this stage, secondary electrons can also be emitted from
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the sides of the pillar causing the deposit to grow laterally as well as horizontally. 
The rate of mass deposition significantly increases because growth occurs over a 
much larger area. This pillar continues to broaden and is ultimately limited by the 
secondary electron escape depth for the deposited material. In practice this gives 
rise to the formation of pillars 10-20 nm in diameter [54].

6. Deposit Composition

The most important parameter controlling the composition of the deposit is the 
choice of precursor. The requirements for EBID precursors are very similar to 
those employed in traditional chemical vapor deposition. The molecules should be 
designed to dissociate into volatile and non-volatile components. If the precursor 
comes directly from a solid or liquid source, the vapor pressures should be high 
enough to ensure adequate mass transport from the precursor vessel into the depo
sition chamber. As described in the previous section, vapor pressures of about 0.01 
Torr allow depositions to be performed at adequate speed under typical conditions. 
They should be easily decomposed by electron irradiation but their thermal decom
position temperatures should be greater than 200°C so that EBID depositions can 
be performed on moderately heated substrates to reduce contamination. Ideally the 
precursor should be safe to handle and should not corrode or damage the inside 
of the instrument. The precursor should have a reasonable sticking coefficient on 
the substrate but should also be relatively easy to pump out of the system when 
the deposition is complete. Table 1 gives a list of commonly used EBID precursors 
(along with their vapor pressures).

The molecular design of CVD precursors has received considerable attention in 
the literature because of its importance in the fabrication of compound semicon
ductors [e.g. 55]. Many of the considerations that apply to thermal dissociation 
also apply to dissociation via electron irradiation. Ideally, the molecule should be 
designed so that it breaks into only two components; a nonvolatile component with 
the desired deposit composition and a volatile component which carries away all 
other species in the gas phase. Some CVD precursors work very well in EBID and 
seem to yield products that are similar during both electron and thermal dissoci
ation. For example, D2GaN3 can be successfully used to grow almost completely 
pure GaN deposits through the reaction [38]

D2GaN3 +  e~ — GaN(solid) +  D2 +  N2.

Figure 11 shows a Z-contrast image of a two dimensional periodic ordered array 
of GaN dots on a Si substrate fabricated using this precursor. The dots have a 
full width half maximum of about 4 nm and an approximate height of about 5 nm. 
High spatial resolution electron energy-loss spectra taken from these deposits show 
the presence of only Ga and N. The near-edge structure on the EELS ionization 
edges can be used to fingerprint the electronic structure of a compound. The EELS
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Figure 11. (a) Z-contrast image of a two-dimensional periodic array of GaN dots. Insert shows 
line profiles through the Z-contrast images showing FWHM of 4 nm. (b) Surface plot of array of 
dots showing the height of dots derived from the ADF image intensity. Average dot height 5 nm. 
(c) High spatial resolution electron energy-loss spectrum taken from deposit showing presence 
of Ga and N. Insert shows near edge structure on nitrogen К-edge which matches that of GaN. 
No evidence of impurity species such as carbon are present. (Reused with permission from P.A. 
Crozier, Applied Physics Letters, 84, 3441 (2004). Copyright 2004, American Institute of Physics.).

nitrogen signal shows a near-edge structure which matches that of GaN [56]. There 
is no evidence for the presence of impurity species such as carbon. A similar reaction 
accompanies the dissociation of digermane i.e.

Ge2H6 +  e " —> 2Ge(solid) +  ЗН2

to yield solid Ge [57]. These precursors are ideal in the sense that the dissocia
tion products during electron irradiation are similar to those produced by thermal 
dissociation.

Unfortunately, many other precursors that give pure deposits during thermal 
dissociation give rise to undesirable additional material in the nonvolatile compo
nent during electron dissociation. This is particularly true of precursors containing 
carbon. For example, W(CO)e will undergo thermal decomposition through the 
following reaction

W (CO)6 4- heat -> W (CO)6_n +  nCO

The carbonyl groups remaining in the film are easily removed through relatively 
gentle heating to 200°C to yield a reasonably pure film of W. However, during 
electron irradiation, the non-volatile component contains a very high concentration 
of carbon (typically greater than 80% carbon). This carbon is not in the form of
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Figure 12. Electron energy loss spectra recorded from Pt deposits on a thin film of Si3N4. The 
spectrum shows the presence of carbon and Pt in the deposit and Si and N from the substrate. 
EELS is a convenient method to determine the carbon content of small deposits.

sim ple carbonyl groups and cannot be removed through heating. This phenomenon  
o f forming a tenacious carbon com pounds in the deposit seems to be alm ost universal 
when carbonaceous precursors are used. Figure 12 shows the energy-loss spectra  
recorded from deposits created with Р ^ С Н з ^ С Н з С б Щ  onto a Si3N 4 support. T h e  
spectra show not only the expected P t, N  and Si signals but also a large С  signal 
indicating that approxim ately 9 0 %  of the deposit is C . T his is very similar to the 
С / P t  ratio in the original precursor molecule o f 9 :1 . T h e high carbon content is 
related to the ability of the electrons to aggressively excite and activate m any o f the 
atom s in the precursor molecule m aking it easy to create stable forms o f amorphous 
carbon with a high graphene com ponent. T he non-selective nature of the excitation  
processes taking place during electron irradiation makes it very difficult to control 
the form ation o f these energetically favorable forms of carbon.

In high-resolution E B ID , even when precursors are used that do not contain  
carbon, significant carbon content m ay be found when the deposits are analyzed. 
T h is carbon com es from hydrocarbon species present in the vacuum system  and on 
the surface o f the substrate. These hydrocarbons effectively provide a second source 
o f precursor and are also easily dissociated by the electron beam  giving rise to the 
form ation of carbon containing deposits. A  focused electron beam  is very effective at 
concentrating this form o f carbon and the effect gets increasingly more pronounced 
as the probe size decreases. Controlling hydrocarbon contam ination is essential in 
order to reduce the fraction of carbon in high-resolution E B ID  deposits. If com posi
tion control is im portant, an ideal solution to reduce this carbon contribution is to 
work only with clean substrates in ultrahigh vacuum (U H V ) conditions with a fully 
bakeable system . In m any practical cases, a U H V  system  is not available but every 
effort should be m ade to keep the vacuum  system  free from hydrocarbon contami

nation. T h is can be achieved by using oil free pum ps, baking the system  or purging
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Table 2. Carbon concentration of Pt deposit 
under different conditions

Extra Gas Temp (°C) С/P t Ratio

none 150 10
H2 150 10
H2 200 10
H2 250 10
H2 300 5
H2 310 No deposition

with ultrapure nitrogen. Hydrocarbons can be removed from the substrate surface 
by heating in vacuum and plasma cleaning. Many of the hydrocarbons responsible 
for contamination are volatile and will easily desorb from the surface during heating. 
For this reason, lower carbon concentrations will often be obtained if deposition is 
carried out on a substrate heated to 150°C or higher. In addition to cleaning the 
substrate by heating in vacuum, it may also be beneficial to heat in reactive gases 
such as hydrogen or water.

The composition of the deposit can be modified by combining the precursor 
with an additional reactive gas or through post-deposition processing. Table 2 
shows the carbon concentration of platinum containing deposits synthesized with 
Р^СНз)зСНзСбН4 and H2 at different temperatures. The С/P t concentration 
is determined using high spatial resolution EELS as shown in Fig. 12. For low- 
temperature deposition, the presence of hydrogen does not change the carbon 
content of the deposit (which is close the carbon concentration in the original 
precursor molecule). However, the carbon content drops by a factor of two when 
the deposition temperature reaches 300°C, presumably because hydrogen starts to 
gasify the carbon. Unfortunately, for this particular precursor, this high tempera
ture is also accompanied by a significant reduction in the deposition rate because 
the surface residence time is shortened causing a drop in the average density of 
precursor molecules on the surface. This is dramatically illustrated in the last entry 
of Table 2 where increasing the deposition temperature to 310°C reduces the depo
sition rate to zero.

Post deposition processing can also be employed to modify the composition of the 
deposit. Electron irradiation has been used to selectively remove carbon from EBID- 
grown Pt nanowires [58]. Thermal treatments in oxidization environments can also 
be employed to remove carbon. However, great care has to be exercised when using 
post deposition processing on high-resolution nanostructures. Such structures can 
be easily modified with aggressive heating or irradiation techniques. Figure 13 shows 
the changes that take place in the ASU logo during aggressive heat treatment in air 
to remove carbon. The structure was fabricated under the conditions used for Fig. 2 
and had a carbon content of 90%. Low temperature post-deposition treatments
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Figure 13. Morphological changes taking place in ASU logo during thermal treatment in air at 
800° С after (a) 10 minutes and (b) 20 minutes.

did not prove effective for removing the carbon presumably because of the high 
percentage of graphitization that was present. Treatment in air at 800°C successfully 
removed all carbon and transformed the deposit into pure Pt. However, as Fig. 13(a) 
shows, even after 10 minutes of heating at 800°С the nanostructure undergoes 
significant coarsening and is substantially degraded. After a further 10 minutes, 
the nanostructure is completely destroyed by Ostwald ripening of the remaining 
Pt metal. Sometimes post thermal processing can also lead to the formation of 
compounds such as carbides in the deposits [59,60].

Composition control remains an important topic of ongoing research in the EBID 
community and the above discussion demonstrates that many different approaches 
can be adopted to modify the composition of the deposits. However, more exper
iments are required to map out the influence of experimental conditions for each 
combination of substrate and precursor.
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7. EBID Applications

Most applications of EBID are found in mask repair and in the fabrication of nanos
tructures for nanoscience. With the continuing miniaturization of devices, the price 
of lithography masks is increasing exponentially. And with the feature sizes on the 
masks getting smaller it is inevitable that they contain defects. Therefore it is of 
major importance to have techniques to repair these defects. IBID has been used 
extensively for mask repair, but in specific applications the unavoidable implanta
tion of gallium ions is problematic and EBID may offer an attractive alternative. 
But also where sub-20 nm features are wanted, EBID might be preferred over IBID 
because of its superior fabrication resolution. EBID has been used occasionally for 
mask fabrication in reactive ion etching processes. Craighead and Mankiewich [61], 
for instance, made such masks in contamination lithography using a 2nm elec
tron probe, and obtained arrays of 7nm silver particles and 10 nm gold-palladium 
particles.

EBID has also been used for the fabrication of scanning probe microscopy tips, 
field emitters and field emitter arrays, electrical contacts, resistors, and templates. 
For example, the fabrication of small diameter, and high-aspect ratio, tips for scan
ning tunneling microscopes (STM) [62] and the fabrication of supertips on commer
cially available pyramidal SisN4 atomic force microscopy (AFM) tips to improve 
imaging of narrow and steep features on surfaces [63]. Utke et al. successfully used 
EBID from а Со2(СО)в precursor to deposit high-aspect ratio magnetic tips on 
AFM tips, for magnetic force microscopy [64]. Field emission tips have been made by 
Schossler et al [65] and later Schossler and Koops [66] even fabricated a nanostruc
tured integrated reliable high-brightness field-emission electron source, including 
the emitter, a resistor and the extraction electrode. A combination of FIB etching 
and EBID has been used to make field emitter arrays (FEA) of Pt tips deposited in 
gate holes [67]. High-resolution EBID can be used to make tiny electrical contacts 
to single molecules [68,69], or make templates for the growth of controlled arrays 
of semiconductor quantum dots [21]. A single electron transistor composed of three 
EBID dots with 20 nm spacings was reported by Komuro and Hiroshima [70,71].

What other applications could one think of for EBID? The technique may be 
useful in the controlled fabrication of catalysts, in nanosoldering, and in the fabri
cation of stamps for nanoimprint lithography.

8. Comparison with Other Techniques and 
the Future of EBID

What are the prospects for EBID? To answer that question one has to compare 
EBID with other available lithography techniques, mainly resist-based electron 
beam lithography (EBL) and IBID in dual beam systems.

The best resolution obtained in EBL is about 6nm. It has been demonstrated 
that EBID can do better, even down to sub-mn. However, there is not really a
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fundamental difference between EBL and EBID. In EBL a polymer resist layer is 
used, but if this layer is sufficiently thin, there is not much difference anymore with 
an adsorbed monolayer of precursor molecules. Consequently, in future, EBL and 
EBID should eventually have the same resolution.

It is usually believed that the writing speed in EBL is much faster than in EBID, 
being an advantage for EBL. Typical exposure doses are 1 mC/cm2 in PMMA-based 
EBL for 10 nm features and lC /cm 2 for EBID of lnm  features. However, when 
smaller structures are exposed the shot noise, i.e. the statistical variation in the 
number of electrons in the beam, becomes important. The signal-to-noise ratio S/N 
is proportional to the square root of the number of electrons in the beam, which can 
be expressed as S/N =  (D* A /e )1/ 2, where D is the exposure dose, A the area of the 
beam spot and e the elementary charge. The S/N ratio decreases with decreasing 
spot size A and therefore, to keep the S/N ratio sufficiently large, e.g. >100, the dose 
has to increase correspondingly to compensate for the smaller area A. For a 1 nm 
area, the minimum dose to stay away from the shot noise limit is about 0.2 C/cm 2. 
This is more than two orders of magnitude larger than the usual EBL doses and it 
is not too far away from the typical doses used in EBID. Thus, for nanostructures 
the writing speeds of EBL and EBID are not too different.

EBID has the advantage of the direct deposition, where EBL consists of a large 
number of process steps (resist spinning, bake-out, exposure, development, deposi
tion, lift-off) before the actual structure is obtained. Also, EBID can do 3D lithog
raphy on any substrate topography. EBL is limited to flat substrates only. EBID 
also allows in situ inspection of the fabricated structures, where EBL-made struc
tures can be inspected only after all process steps have been completed. A clear 
advantage of EBL is that the composition of the resulting structures is well defined, 
whereas this is certainly not the case yet in EBID.

Now EBID is compared to its other contender, IBID. Both can fabricate 3D 
structures on any kind of substrate, and therefore they are quite comparable in 
that sense. EBID can achieve sub-nm resolution whereas the resolution of IBID is 
typically 10-20 nm. This is mainly due to the probe size of the focused ion beam, 
which is typically 7 nm in imaging mode, i.e. at very low currents. To obtain more 
current it is necessary to increase the probe size. Milling speed is usually considered 
more important than resolution, and therefore FIB systems are not optimized for 
high-resolution work. However, ion probe sizes in FIB’s are not limited by diffrac
tion, so in principle a sub-nm spot is possible, except that the current in such a small 
probe would be extremely small. That would change, though, if higher-brightness 
ion sources become available, and at present considerable research is being per
formed to develop such sources. So, there is no fundamental difference in resolution 
between EBID and IBID, it is only that the latter technique has not been fully 
developed yet.

EBID has the advantage that there are no heavy ions involved, to be implanted in 
the substrate. For some applications, the implanted gallium ions in FIB processing
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turn out to be a real problem. However, if one could develop high-brightness gas- 
ion sources (for example, with Ar, or He ions) this problem would be solved and 
this advantage disappears. Of course using heavy ions can also be an advantage, 
because it enables physical sputtering of substrates, something that cannot be done 
with electrons. In EBID one could also remove material, but only by chemical 
etching using precursor etching gases. The deposition speed of IBID is approximately 
10 times higher than in EBID for reasons that are not really understood at present. 
This is an advantage of IBID compared to EBID as long as EBID is not parallelized 
by using multiple beams [1,2]. Another poorly understood observation is that IBID 
usually results in higher-purity deposits than EBID.

What will be the far future of EBID lithography? In the long run EBID and EBL 
will have the similar resolutions and writing speeds. EBL will probably be the most 
important lithography technique for 2-dimensional structures on flat substrates, but 
EBID will be useful for 3-dimensional lithography on other topographic surfaces. If 
the fundamental limit on the resolution of IBID is imposed by the ion probe size, 
this can be solved by improving the ion sources and the ion optics. The gallium 
contamination problems can be eliminated by the development of gas-ion sources. 
Then there will be no fundamental difference between IBID and EBID.

At present, however, EBID has a higher resolution than EBL and IBID and it is 
capable of fabricating 3-dimensional structures with the extreme resolution of 1 nm, 
free of gallium, on any kind of substrate. The main challenge, for now and for the far 
future, is to improve the purity of the deposits. It is of major importance to develop 
a few key processes for EBID which result in pure deposits. But considering how 
long it took to develop PMMA-based EBL for the semiconductor industry, there is 
hope to develop EBID also into a full-grown lithography technique.
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FOCUSED ION BEAMS AND INTERACTION WITH SOLIDS
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A focused ion beam (FIB) was successfully applied to prepare cross-sectional samples 
for transmission electron microscopy (ТЕМ ), scanning ТЕМ  (STEM ), scanning elec
tron microscopy (SEM ), and scanning ion microscopy (SIM). The FIB milling has 
been prospectively applied also to nanofabrication. The FIB allows to mill with high 
accuracy in positioning, being in contrast with a broad ion beam with poor accuracy. 
Controlling beam conditions of ion pixel-dose (or pixel dwell time) and FIB scan
ning direction/velocity, and sample tilt/rotation, we can extend the FIB milling from 
cross-sectioning to three-dimensional (3D) fabrication. We review inherent charac
teristics of the FIB milling such as positioning accuracy, milling speed, uniformity of 
cross-section, beam damage, and secondary electron emission. Discussions are mainly 
held from a viewpoint of interaction of ion beam with solids.

K e y w o r d s : Focused ion beam (FIB); scanning ion microscope (SIM); sputtering; elas
tic collision; inelastic collision; cross-sectioning; beam damage; channeling; and micro- 
sampling.
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1. Introduction

Focused ion beam (FIB) is a focused beam (in diameter from a few nm to a few 
|xm, with currents from 1 pA to several tens of nA) of positive ions with energies 
ranging from a few keV -  50 keV. The FIB plays a role of primary beam in scanning 
ion microscope (SIM), which produces images of sample surfaces using secondary 
electrons emitted from the sample, like an electron beam in scanning electron micro
scope (SEM). The SIM imaging plays an important role in a whole series of pro
cesses from specifying the milling area, to monitoring the milling in real-time, and to 
visually confirming the completion of milling. Being ‘stress-free’ in addition to ‘site- 
specific’ , the FIB-milling has been successfully applied to prepare cross-sectional 
samples for electron microscopes such as transmission electron microscope (ТЕМ), 
scanning ТЕМ (STEM), and SEM.

FIB-assisted deposition (FIB-AD) and FIB-assisted etching (FIB-AE), which 
bring about material deposition and enhanced material removal, respectively, are 
similar in that the FIB interacts with a gas phase chemical precursor adsorbed on 
the sample surface. For device repair, the FIB-AD and the FIB milling have been 
actively used to wire conductive Unes and disconnect them, respectively.

FIB-milled sections are typically shown in Figs. l(a )-(d ) for the following various 
samples: (a) and (b) a silicon (Si) device, (c) a diatom [1], and (d) a human hair [2]. 
Another example is about 0.1 [im-thick sample preparation at specified position for 
ТЕМ and STEM. Figure 2 shows an STEM image of the thin section prepared at the 
just center of one particle with X-ray mapping images taken using an EDX (Energy 
Dispersive X-ray) spectrometers. The particles are color magnetic stratified particles 
for color printers. There are no technique to cut out thin samples with such a high 
positional accuracy and stress-free except for the FIB milling. Main characteristics 
of the FIB milling are itemized below.

(i) Site-specific milling or cross-sectioning with high positional accuracy
(ii) Stress-free milling

(iii) Non-thermal and directional milling using ion beam sputtering
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Figure 1. Typical examples of the FIB-milled sections for various samples: (a) and (b) a silicon 
(Si) device, (c) a diatom (Courtesy of T. Nagumo of The Nippon Dental University), and (d) a 
human hair.

(iv) Little restriction on sample materials (i.e., hard/soft and/or fragile/ flexible 
materials)

Visual processing from the set of milling area to the confirmation of milling per
formed in one FIB apparatus.
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Figure 2. STEM specimen (about 0.1 jim in thickness) FIB-prepared from one of color mag
netic particles used in color printers: (a) STEM image and (b)-(e) X-ray (Fe-K, O-K, Si-K, 
and Ti-K) mapping images taken using an EDX (Energy Dispersive X-ray) spectrometers (probe 
diameter «0 .5  nm, acquisition time =  8 min, and beam accelerating voltage =  200 кV): The par
ticles were embedded in a resin and one of the particles was sectioned just at the center of the 
particle using FIB-milling.

All the processes of FIB-milling, imaging, and material deposition are strongly 
managed by nature of the ion-solid interactions. We review inherent characteris
tics of the FIB milling such as positioning accuracy, milling speed, uniformity of 
cross-section, and beam damage. Discussions are mainly held from a viewpoint of 
interaction of ion beam with solids. On the FIB technologies and their applications, 
there are other valuable review articles [3-7], special issues [8], and books [9,10].

2. Focused Ion Beam

The FIB optical system [11] basically consists of a liquid metal ion source (LMIS), 
two electrostatic lenses (i.e., condenser and objective lenses), beam limiting aper
ture, and beam deflector as shown schematically in Fig. 3. The ion source is a 
needle-type LMIS (see Fig. 4), of which the needle tip is 2-5 |im in radius and is 
wetted with the molten source material of gallium (Ga). When positive voltage 
applied to the needle with regard to the extractor electrode rises to several kV, a 
high electric field is formed at the wetted needle tip and causes the liquid Ga to 
form a point source in the shape of a “Taylor cone.” The conical shape results from 
a balance between the electrostatic and surface tension forces. The source mate
rial is extracted as ions from the cone top under the high electric field of about 
1010 V/m . The liquid Ga flows from the source reservoir to the needle top to con
tinuously replace the evaporated ions. The gallium is most popularly used as the
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Figure 3. Schematic diagram of an FIB optical system.
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Figure 4. Schematic diagram of a needle-type LMIS.

source material because of the following reasons: the low melting point of 29.8°C, 
the low vapor pressure (<10-6 Pa) at the melting point, the good wet-ability with 
tungsten (W) needle, little chemical reaction with the W needle, and the easy han
dling. Another reason is the atomic mass of 69.7*2 amu, of which ion is enough heavy 
to sputter away the target atoms. But, implantation of the Ga ions brings to an 
elemental contamination.
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Two electrostatic lenses are adjusted so as to form a high current-density beam 
at each beam-limiting aperture. The 30-40 keV FIBs (for a set of apertures of var
ious diameters) vary from 5 nm to 1 |xm in diameter (about 2.5 orders) and vary 
from 1 pA to 50 nA in current (about 4.5 orders) for the corresponding apertures. 
The beam deflector deflects or scans the FIB at the preset scanning speed (or the 
preset dwell time on the pixel) in the specified area on the sample. As to the ion 
beam focusing, diffraction effect accompanied with the electron focusing in SEM is 
negligible in practical use.

3. General Aspect of Ion-Solid Interaction

Ion beam irradiation on a solid target sputters target atoms and generates secondary 
electrons and ions. The sputtering is used for ion milling. The secondary electrons 
are detected to form SIM images. The secondary electrons, which are generally 
far larger generated than the secondary ions, are mostly used in the SIM imaging. 
Interaction of ion or electron beams with solid samples is complex. Before stop
ping in the sample or escaping from the sample, each incident particle may undergo 
many scattering events, distributed between elastic and inelastic processes. While 
elastic collisions result from collisions of energetic ions or electrons with nuclei of 
the target atoms and alter their undergoing directions, inelastic collisions result 
in transfer of their energies to the target, leading to generation of secondary elec
trons, Auger electrons, photons, and so forth. (Here, elastic and inelastic collisions 
are defined as the collisions satisfying and unsatisfying the energy and momentum 
conservation rule, respectively.) The Monte Carlo (MC) method using a stepwise 
simulation of various scatting events is useful to both macro- and microscopically 
understood beam interactions [12-15 and 16-19 for the ion and electron impacts, 
respectively]. MC programs allow also estimating the various signals, their yield, 
and their spatial/angular/energy distributions.

Figures 5(a) and (b) show MC-simulated trajectories of 30keV Ga ions and 
lOkeV electrons in Silicon (Si) and tungsten (W) targets, respectively, using the MC 
programs [20]. Here, Si and W are chosen as typical lighter and heavier atomic mass 
elements relative to Ga (i.e., atomic mass M  =  28.1, 69.7 and 183.9amu (atomic 
mass unit; g/mole) for Si, Ga and W, respectively). A mass ratio of the strike to 
struck particles much governs an elastic scattering as discussed later. The 30 keV- 
Ga ions penetrate about 40 nm and 20 nm for the Si and W targets, respectively 
(see Fig. 5). These ion ranges are shallower by one order of magnitude than those of 
even 10 keV-electrons. Shallowness of the interaction depth is one of characteristics 
of the Ga-FIB.

3.1. Elastic collision

When the incident particle of mass M x (amu) is elastically scattered by the target 
atom of mass M2 (amu) through an angle в relative to the direction of motion of
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Figure 5. Monte Carlo (MC) simulated 100-trajectories of 30keV Ga ions and lOkeV electrons 
in Silicon (Si) and tungsten (W) targets.
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Figure 6. A collision of two particles in a laboratory system: Mi — incident or moving 
ion/electron mass, М2 =  struck particle mass, E — kinetic energy of the incident particle before 
the collision, and T  =  energy transferred from the moving particle to the struck particle through 
the collision.

the center of mass (CM) (see Fig. 6), the incident particle with kinetic energy E 
loses energy T due to the energy transfer to the target atom [13,21],

T =  Tmax • sin (0/2),

7max — 4  •
(1 +  Л)2 S,

( 1)

(2 )

where A =  M i/М 2. This energy loss is equal to post-collision energy of the struck 
atom. The T value is maximum at 0 =  27Г (i.e., a head-on collision) to be T =  Tmax.

Only when T is larger than atom displacement energy Ed ( «  25 eV for metals) 
in ion-atom collisions, target atoms are knocked out from their lattice positions. 
When struck atoms have sufficient kinetic energies enough to generate secondary 
collisions, they initiate a cascade of atomic collisions to cause sputtering and knock- 
on damage. For the collision of Ga ion with a Si atom, for example, the value of
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Тщах/ E is 0.82 and the Tmax value at E =  lOkeV is as large as 8.2 keV ( > £ ci). The 
direction of motion of the post-collision struck atom at angle Ф (in the laboratory 
system) to the locus of CM is given by

ф =  (т г -0 ) /2 . (3)

The scattering angle in the CM system is converted to the scattering angle © in the 
laboratory system using a simple relationship,

1  +  A - cos 9 , ncos Q =  —  (4)
V T + ^ A ^ cosT + A ^

In Eq. (3), when 9 =  0, ©  =  0, and when 9 =  7Г, © =  0 or 7r, depending on whether 
A < 1 or A >  1. The incident ion, which is heavier than the struck atom (i.e., 
A < 1), is always scattered forward in the laboratory system (i.e., 0 <  © < ?r/2). 
On the other hand, collisions for A >  1 cover a full range of angles (i.e., 0 < © < тг) 
so that the backward scattering (i.e., 7t/2 <  © < 7r) can also occur. Scattering with 
larger © shortens the trajectories of post-collision ions due to more momentum 
transfer as observed in Fig. 5(a).

The nuclear stopping power depends on the cumulative effect of statistically 
independent elastic scattering of the incident particle and the target atom.

И171 rTmax
=  N ■ Sn(E) =  N ■ /  Tda, (5)

dR Jrml„

where N  is the number of target atom per unit volume and Sn(E) is the stopping 
cross-section, which can be thought of as the energy-loss rate per scattering center. 
The form of der is the energy-transfer differential cross section as a function of 
Z i, Z2, M i, М2, E, and 9. For screened Coulomb potentials, the equation of da 
defined in reduced notation, i.e., a universal one-parameter differential cross-section, 
is expressed as [13,21]

_  —7 Г / ( i 1/2) (6)
2 <3/2 ’

_  0.8854as x (7\
dTF т  — -------тт----- (Tohmas-Fermi radius), \ч

{z \ / 3  +  z l , 3 yl*

where a# =  0.0529 nm (Bohr radius), t is a dimensionless collision parameter 
defined by
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e is the dimensionless energy defined as

_  /  flTF М2 \

£ ~ \ Z 1 Z2 e1 M 1 +  M2)  ’
0.03255 M2

(9a)

E(eV), (9b)
\Z 1 Z2 (Z^ 3 +  z l /3) Ml +  M2

and / ( t 1̂ 2) is a scaling function. The general form is

fit1' 2) =  A ^ 2- m[l +  (2At1~m)'I] - 1/« (10)

where Л, m and q are fitting variables, e.g., with Л =  1, m =  1/3, and q =  2/3 for 
the Thomas-Fermi version for an interatomic screening fimction.

Equation (5) can be written in a more universal format by introducing a reduced 
stopping cross-section Sn(e) and a reduced length p as

S„(e) = f p, (11)

and

'  =  (l2) 

A relationship between (dE/dR) and (de/dp) is given by

- % - N  • * . ( * ) —  ! ( § ■ ! ) ■  <“ »

Using the ZBL universal nuclear stopping cross-section, the expression of universal 
stopping power is given by [13]

о (~\ _  ln(l +  1.1383e) . .
' 2(e +  0.01321e0-21226 + 0.195 93e0-5) ’

for e <  30. The S„(e) curve shows a maximum plateau at e1/ 2 ~  0.5 — 0.6. In the 
high-energy regime,

5 n ( e )  =  ^  ( 1 5 )

for e >  30. The reduced energy e in Eqs. (14) and (15) is calculated using the 
following universal screening radius au instead of utf in Eq. (9a),

0.8854ав
au =  (Z?-23 +  Z$-23) [

Values of e /E , p/R, and «  for typical combinations of Ga ion and Si and W targets 
are shown in Table 2. The nuclear stopping powers for Ga ions in Si and W targets 
are plotted in Fig. 7 with the electronic stopping power discussed later. For the
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Table 1. Source characteristics of Ga-LMIS, field-emission (FE) electron source, and 
Schottoky electron source.

Ga-LMIS FE electron 
source W(310)

Schottky electron 
source Zr-O /W

Brightness В [A/m 2 sr] Ю10 1013 5 x 1012
Virtual source size p [nm] 50 3 15
Angular emission current dl/dQ 15 ~  20 50 ~  100 10 ~  1000
[M-A/sr]
Energy spread ДЕ [eV] 5 - 8 0.2 ~  0.5 0.3 ~  0.7

Table 2. Values of e /E , p/R , and к. for combinations of Ga ion and Si and W  targets.

Atomic Atomic Mass
Target number mass ratio Density LSS parameters
element Z M [amu] M /M (Ga)

[6/cm 1 e/E[keV] p/R[n,m) к

Si 14 28.086 0.403 2.33 5.33E-03 17.3 0.113
W 74 183.84 2.64 19.25 2.10E-03 14.5 0.318

Ga: Z =  31 and M =  69.72

present ion - target combinations, the nuclear stopping is dominant in the energy 
loss.

Let us consider electron-target atom collisions at E <  several tens keV. Both 
T «  0 and © «  в are satisfied at any в because of A »  1. In other words, electrons 
can change their directions without losing their kinetic energies through elastic 
collisions. No target atoms are knocked out from their lattice positions to result in 
no physical sputtering. For a Si target, for example, the value of Tmm/E  is 7.SE- 
5 and the Tmax value at E =  lOkeV is as small as 0.78 eV (<^Ed). In the same 
manner, no displacement of carbon atoms for a carbon nanotube (CNT) requires 
electron irradiation of E <  82 keV [22] when Ed =  15 eV.

3.2. Inelastic collision

Regarding the approach to ion inelastic scattering, the continuous slow-down 
approximation has been widely used. An inelastic stopping power (-d E /d R )  
increases from zero, passes through a maximum when the ion velocity V is of the 
order of orbital velocities of lattice electrons (=  Z^^Vb , where V# =  2.2E +  6 m /s 
is the velocity of Bohr electron in the hydrogen atom), and finally falls off inversely 
as the first power of energy. The ion energy E converted from the ion velocity 
of V =  Z y 3Vs is given by E [keV] «  25-Z^3M\ [amu], which corresponds to 
25keV for hydrogen ion and 170MeV for Ga ion. In the lower velocity region (i.e.,
V < z \^Vb and Z^^Vs, a У-proportional stopping power is derived [13,21]. The 
velocity of V =  z \^Vb is converted to energy of E [keV] «  2 5 -^  M i [amu],



Focused Ion Beams and Interaction with Solids 441

E [keV]

Figure 7. Comparison of stopping power between electron and ion; (a) electron stopping powers 
for Au and Cu targets and (b) ion stopping powers.

which corresponds to 25keV for H ion and 170 MeV for Ga ion. Using the dimen- 
sionless energy e and distance R, V-proportional electronic stopping power Se(er) is 
described as [13,21]

Sc( s ) = ( ~ )  =  « * 1/2, (17)
\  GP /  electronic

where

k = • 0.0793 S Zt  , m  
(Zx2/3 +  z 22/3)3/ 4 M ?/2M21/2

At high ion velocities (i.e., V Z\Vb ), inelastic energy loss to lattice electrons 
through excitation and ionization dominates and electronic stopping power is given 
by Bethe formula [15]:

_d E \ = ( 8 n г & _ \ . „ . ы ( еВ +  1 + с \  ( 1 9 a )  

d R JeUctronic \ ( ^ £ Q)2 - J - £ b J  V  e B j

dE\
dRjtelectronic

=  4 x (7.85 x 10s) ( j ~ )  ' ( j ^ )

• In [eB +  1 +  y - 'j  (eV/nm), (19b)

where

eB =  (2 mcV2 /J) =  4(roe/m ,) (S /J ) .  (20)
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mc is the electron mass, m\ is the ion mass, D the mass density (g/cm 3), R is the 
path length (nm), E is the energy [eV], and J is the mean ionization energy (eV) 
given by [17,23]

J =  9.76Z2 +  58.5/Z$'19 [eV] for Z2 >  13; (20a)
J =  11.5Z2 [eV] for Z2 < 12. (20b)

Here, C =  5 and, especially, C =  100-(Zi/Z2) for Z i< 3 . The (—dE/dR)electronic 
curves for Ga —> Si and W targets also are plotted in Fig. 7.

The stopping of an energetic particle in solid results from a sum of the two 
components, i.e., the nuclear (or elastic) and electronic (or inelastic) stopping, which 
may be taken in good approximation as independent of each other, and the total 
stopping power is given by

/_ d £ \  =  f_ d E \  +  /_ d E \  (21)
V dR)  total V dRj nuciear \ dR J eiectronic

As to the electron stopping power, the nuclear term in Eq. (21) is negligi
ble because of 77i2/m e »  1. The stopping power has a maximum plateau of 60- 
lOOeV/nm at E =  0.01-0.1 keV. Bethe’s expression is used for the inelastic loss 
rate at sufficiently high energies of E > 3keV and is modified by Joy and Luo [23] 
to be more accurate at lower energies E [16],

/  dE\ _  /27rZ2e4AT\ /1.166(Я + 0.85J)
V dRj ~  \(4тг£0) * е ) '  ln V J

=  7.85 x 103 • ( g | )  • In ( 1166(Д  +  ° ^ )  (eV/пт). (22b)

The electron inelastic stopping powers for Si and W targets are over-plotted in 
Fig. 7. A big differences in the inelastic stopping power (—dE/dR) between elec
trons and ions at E >  several keV is their E-dependencies, i.e., (—dE/dR) ос 1/E  
for electrons and (-dE/dR) oc E 1 ^2 for ions. In a classical explanation, inelastic 
interactions become to be strongest when a velocity of the incident (electron or 
ion) is comparable to that of representative electrons in the target. The stopping 
power for electrons at E =  1 — 50 keV are smaller by 1 — 2 orders of magnitude 
than those (=  nuclear +  inelastic stopping powers) for Ga ions. This explains that 
Ga ion ranges are shorter by 1 -  2 orders of magnitude than electron ranges under 
the same incident energies.

4. Sputtering

On the collision cascade within several nm in depth, a fraction of struck target-atoms 
reach the target surface and escape from the surface when normal components of 
their kinetic energies are greater than the surface binding energy Es (=  a few eV). 
This atomic ejection as a result of momentum transfer is called simply “sputtering

(22a)



Figure 8. MC-simulated 30 keV 200 Ga-ion trajectories in Si at various incident angles of 0 =  45, 
80 and 88°.

or “physical sputtering” , which is distinguished from “chemical” sputtering defined 
the sputtering assisted with chemical reaction (discussed later). The most essential 
parameter governing to the ion milling is a sputtering yield 5, which is defined as a 
number of sputtered atoms per one incident ion. The collision cascade model predicts 
that the S value is proportional to the nuclear stopping power (—d £ /d # )nuciear and 
inversely to E$. Typical experimental S values for 30-40 keV Ga ion bombardments 
are 1-15 atoms/ion, being larger for the targets with lower Es.

Figure 8 shows typical MC-simulated trajectories of 30keV Ga ions penetrating 
into the Si targets at various incident angles (with respect to the surface normal),
i.e., в =  0, 45, 80 and 88°. Since sputtering is an emission of the recoiled target 
atoms as a result of a collision cascade generated along the incident ion path, S(Q) 
at slightly glancing angles в is in general related to 5(0) as

5 W /5 (0 ) =  {c o s W }- / , (22)

where the exponent /  is a function of mass ratio of the target atom and the ion, 
and approximately ranges from 1 to 2 [21], as shown in Fig. 9. This is because, in 
a straight penetration approximation, the ion path length within the surface layer
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Incident angle 0 (degree)

Figure 9. Sputtering yield S(0) as a function of angle 9 of the incidence.

(of several nm in depth) increases inversely proportional to cos(0) and the ions 
deposit more energy expressed by (—dE/dR) to generate collision cascade. Here, the 
collision cascade mostly within the surface layer produces the sputtered atoms. For 
the increase of 9 from 0 to 90°, a maximum in S(9) is reached at 0max =  70-80° for 
most materials; generally the 0max value increases with decreasing Z2 and increasing 
beam energy. Then, with increasing 9 from 0max to 90°, S(9) starts to decline 
because more ions are backscattered and they lose less of their kinetic energies in the 
samples to generate smaller collision cascade [12]. Finally, S approaches 0 at 9 =  90° 
via the point S(9C) =  S(0). Experimental S(9) values for Ga-FIB bombardments 
have been measured as a function of 9 by several groups [24,25].

Since the FIB-milling is governed by the ion sputtering based on atomic momen
tum transfer, material selectivity in the FIB milling is far less as compared with 
chemical etching, including an FIB-assisted etching (FIB-AE) discussed later. 
Besides, the FIB milling is stress-free and is essentially different with mechanical 
milling accompanying with sharing stress. If we use hydrogen (H) or helium (He) 
ions instead of Ga ions, sputtering is minimum because recoil atoms do not receive 
enough energy to generate a collision cascade due to M\ <  M2.

5. FIB M illing

5.1. Cross-sectioning and planar milling

The FIB milling is classified into two types, i.e., cross-sectioning and plane-m illing, 
as shown in Fig. 10. The former milling prepares the cross sections of interest in 
parallel to the FIB direction using the FIB’s round-side, while the latter milling 
prepares the planes perpendicularly to the FIB direction using the FIB’s head. On 
the planar FIB-milling, three-dimensional (3D) milling is performed by controlling
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(a) Cross-sectioning using (b) Plane milling using
FIB round-side FIB head

Figure 10. Two types of FIB-milling: (a) cross-sectioning using the FIB’s round-side and (b) 
plane-milling using the FIB’s head.

the pixel ion-dose or pixel dwell-time. In the milling evolution, we must take into 
the consideration that в varies with milling time as well as the milling position and 
the S value also varies with the corresponding в. There are other following addi
tional effects to the practical milling: crystal grain dependency of 5, redeposition of 
sputtered atoms, and the FIB intensity profile. Choice of fast or slow FIB-scanning 
also largely changes the practical milling speed as discussed later.

Let us consider surface-contour during FIB milling using fast-and-repeated scan
ning FIB. Here, the fast and repeated FIB-scanning is approximated as the ion 
bombardment with uniform broad beam. As the first example, a sample surface is 
originally a one-dimensional rectangular-wave form as shown in Fig. 11(a). Analyt
ical models based on ray-tracing for surface evolution predict that top corners of 
the rectangle surface are gradually sputtered away to form slopes with the stable 
gradient angle /3m (=  90° -  9m\ see Fig. 11 [b]), and the slopes in a pair approach 
each other and form cones as shown in Fig. 11(a). The cones shrink with milling 
time and finally disappear. It is worthy of note that a uniform-beam milling inher
ently decreases surface roughness for homogenous rough samples [4]. Regarding the 
model’s validity, a minimum wavelength in smoothing is a size of collision cascade 
on the surface per ion-impact, i.e., about a few nm at E =  20-40keV. A wave front 
reconstruction model [26] also allows describing the evolution of surface topography. 
Figure 11(c) shows the typical staircase milled using the fast FIB-scanning, where a 
rectangular-wave form on the original surface gradually disappears with increasing 
milling depth to form the flat bottom.

5.2. Tilt of FIB-milled section

For device failure analysis, in general, cross sections to be inspected must be pre
pared at a right angle with respect to surfaces of the devices (wafer or die in type). 
However, FIB-milled cross-sections (as shown in Figs. 12[a] and [b]) are not perfectly
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Figure 11. (a) Surface-contour evolution of a rectangle wave sample under fast-scan FIB (approx
imately regarded as uniform ion bombardment), (b) sputtering yield as a function of angle of the 
incidence, and (c) FIB-milled staircase: The rectangular-wave form on the original surface gradu
ally disappear with increase of milling depth.

parallel to the FIB incident direction, but incline by a small angle 0S (typically 
1.5-4°) depending on both the material. Cross-sectional ТЕМ samples, which are 
prepared by two-box (trench) milling so as to leave a narrow strip (about 0.1 ц-m in 
width) as shown in Fig. 12(a), are fabricated in taper shape as shown in Fig. 12(b) 
at sample tilt angle T =  0°. This shape is off its right one of uniform thick and flat.

Figure 12(c) shows surface development of trench-milling simulated using a fast- 
scan FIB with Gaussian intensity-profile [3,4]. The trench sidewall steepens with 
increasing depth and finally reaches a stable angle of 0S (see Fig. 12[c]). The curves 
of С, C ’ and C” shown in Fig. 12(c) correspond to the followings: curve C: a relative 
accumulated dose profile for the repeated fast-scan Gaussian beam, curve C ’ : an 
upside-down curve of the curve C, and curve C” : an expanded C ’-curve, of which 
top and bottom meet with the trench top and bottom, respectively. The important 
result is that the Qs value is roughly equal to 0C satisfying S(ec)/S(0) =  1 hi 
Fig. 12(d). Although the C” -curve has continuity in its gradient, the sharp edges 
regarded as discontinues points are generated at the bottom of FIB-milled trench 
(see Figs. 12[a] and [c]). Roundness near the trench top (observed in Fig. 12(c)) 
is due to sputtering by the Gaussian beam tail. The /3S values tend to increase 
with increasing Z2 and decreasing beam energy. To make the cross-sections stand 
vertically, the sample must be tilted by (3S so as to compensate the taper angle during 
the final FIB-polishing (see Fig. 12(b)). TEM/STEM samples with nearly parallel 
sides (or uniform thick) are fabricated by tilting the sample by ± T ( «  ±  Ps) during 
the final FIB-polishing of front and backsides of the TEM/STEM thin samples, 
respectively [3,4,27-31], where f t  =  90° -  6 S and 9S «  Qc. Since the 0in values 
are typically 70-80°, being larger with increase E and decreasing Z2, the f t  values 
decrease with increase E and decreasing Z2.
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(b) FIB-milled cross-sections
Figure 12. (a) Two-trench FIB-milling so as to leave a film, (b) FIB-milled cross-sections with or 
without sample tilt of ± T ( « ± / ? S), where 0S =  90° — 6S and 9S «  0C, and (c) surface development 
of trench-milling using a fast-scan FIB with Gaussian intensity-profile; curve C: a relative accumu
lated dose profile for the repeated fast-scan Gaussian beam, curve C ’: an upside-down curve of the 
curve C, and curve C” : an expanded C’-curve, of which top and bottom meet with the trench top 
and bottom, respectively. The trench sidewall steepens with increasing depth and finally reaches 
a stable angle of 63 ( «  9C in Fig. 12(c)).

Another interesting point is how flat and uniform the FIB-prepared cross- 
sections are. Recent applications of electron holography using ТЕМ require very 
flat and uniform samples [32-34], e.g., typically less than several nm in roughness 
over a 10 |xm square size. This is because the phase difference Aip  between the elec
tron waves passing through a thin specimen and a vacuum is proportional to the 
product of the mean inner potential Vip of the specimen and the fluctuation {At) 
in the specimen thickness.

A(p =  Ce ■ Vip ' (23)

where

Ce =  ( т ъ) (  i f  ) (a sample independent constant) \ XE J \ E  -f- 2E0 )
(24)

E  is the electron beam energy, E0 is the rest energy («511 keV), and Л is the 
wavelength of the incident electron. For example, the value A<p at At =  1 nm for Si 
sample is about 27r/73 at E =  200 keV.

Such flat and uniform cross sections of At =  1-2 nm are achievable by scanning 
the FIB so as to make the ion dose uniform over the intervals between the beam 
scan pixels. One of effective ways is a superimposition of a small x-scan signal with 
a high frequency on a standard large x-scan signal with a low frequency.
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Most TEM/STEM specimens exhibit 3D-structure composed of various materials. 
On their FIB-milled cross-sections in TEM/STEM images as shown in the later 
Fig. 14(b), curtain or vertical stripes sometimes appear as light and dark contrasts. 
The curtain stripes originate from a change in milling speed Утш due to differences 
in specimen topography and/or in material, as schematically shown in Fig. 13. For 
the FIB cross-sectioning of layered samples, the upper layer composed of smaller (or 
larger) 5  material works as a strong (or weak) mask for the lower layer. Gradient 
angles 6 S of the cross-sections vary with the material as discussed before.

Several ways have been proposed to reduce the curtain effect [3]. For samples 
surfaced with uneven structures, it is effective to planarise the surface using FIB- 
assisted deposition (FIB-AD). The deposited-layers of low-5 metals protect also 
as against undesired sputtering of a top portion of the cross-sections due to the 
beam-tail. However, the planarizing process using FIB-AD damages utmost sample- 
surfaces (with the depth of ion range) at the beginning of FIB-AD process. To solve 
this problem, other soft processes such as thermal evaporation, plasma coating, etc. 
are used before or instead of the FIB-AD process. Beam conditions such as beam 
scanning speed, beam current, and beam size, subtly influence the growth or decline 
of curtain structure through the S(6 ) characteristics. Another solution is cut-off of 
the potential curtain-source regions before the FIB milling if those regions are not 
intended for the observations.

Deposition of hard metals provides a bonus effect for the ТЕМ lamella prepa
ration. Intrinsic stress can warp the FIB-thiiming lamella to curve its top edge. 
The metal stripes are effective to restrain the lamellas from being warped. Another 
way to solve the warp problem is to cut one side-end of the lamella to release the

5.3. Curtain structure formed on cross sections

(a) snrffcce topography (b) material «ШТегспее 

FIB FIB

Figure 13. Origins of curtain structure appeared on the FIB-milled sections: (a) difference in 
surface topography and (b) difference in material difference.
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Downward
F IB  incidence

Figure 14. SEM images of the jx-sample: (a) the low magnification image after the final milling 
using sideward incident FIB to remove the curtain structure, (b) and (c) high magnification images 
before and after the final milling using sideward incident FIB, respectively.

intrinsic stress before the start of warping. The metal deposition is effective also to 
reduce charging up of insulator samples.

The best way to avoid the curtain effect is a change or modulation of the FIB 
incident direction within the cross-sectional plane [3]. The reason is that the curtain 
stripes always point downstream with respect to the beam direction. Figure 14 shows 
usefulness of this way. For the ji-sample fixed to а ТЕМ grid, final FIB-milling was 
performed using the sideward incident FIB and successfully reduced the curtain 
structures. Since nothing surrounds the ^-samples except for the ТЕМ grid, we can 
employ various directions of the FIB incidence, i.e., downward, sideward, upward, 
and other directions, by using 3D FIB/STEM compatible sample holder shown in 
later Fig. 19(a). FIB-AD was employed to fix the jx-sample to the ТЕМ grid. For 
magnetic \x-samples, the FIB-AD fix works well to keep the \i-samples on the ТЕМ 
grids against the attracting power caused by the strong magnetic lens field. This 
fix is effective also to secure a dissipation path for heat generated by TEM/STEM 
inspection beams.

5.4. Milling speed and milling yield

Let us consider several important parameters, i.e., the milling speed Vmiii defined as 
the milled volume per unit time, the milling rate Rin\\\ defined as the milling speed 
per unit beam current, an ion beam current / p, and the sputtering yield S defined
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as a number of the sputtered atoms per incident ion. By practically expressing Ут ш» 
Rmi\u / p, and S in [xm3/s, |xm3/s*nA, and atoms/ion, respectively, we obtain Цдш 
as

Knill =  Rmitt'Ipi (25)

ДпИИ =  (1 /e)-(S/N), (26a)
i?[^m3/nA-s] =  { S [atoms/ion] /N  [atoms/mm3]}

x {1.0E — 9/1.6E — 19[ions/nA-s]}, (26b)

where e is the elementary electric charge (=1.602E-19 C), and N  is the sample’s 
atomic density. Typical Ятш-values for normal-incidence of 30-40 keV Ga-FIB are 
0.2-4 jim3/nA-s, depending on the sample material. Solutions to fasten Vmiu (or to 
improve the milling throughput) are only the increases of Iv and/or S.

FIB-milling is carried out typically at 30-40 keV in energy, several tens pA -  
50 nA in current (i.e., four orders of magnitude), 10 nm -  1 jxm in diameter (i.e. two 
orders of magnitude), and 0.1-40 A /cm 2 in current density. Positional accuracy of 
the cross-sectioning is mainly determined by the FIB diameter, while the milling 
speed is determined by the FIB current. As the higher current beams are generallj' 
the larger in diameter, the following two or three stages are usually employed: rough 
box-milling using high-current FIB, medium box-milling using medium-current FIB, 
and fine milling to finish the cross section using a fine beam. In practice, shorter 
milling times are desired not only to improve milling throughput, but also to mini
mize drifts of the FIB and sample stage. Auto-milling software has been developed 
to correct for these drifts in day and night operations, where the corrections are 
carried out at pre-set intervals by referring to a mark formed next to the cross 
sections to be fabricated.

A scanning FIB forms a locally sloped topography at the time of bombard
ing [3,4,35]. The FIB scanned at slower speed (V^) forms a steeper slope with angle 
(^siope) as schematically shown in Fig. 15. For a simple model of steady state sput
tering where redeposition is neglected, the angle of 0s)oPe satisfies the equation

J/Vx =  Ю2 • tan(es\ope)/ Rmilh (27)

where J is the beam current density (A /cm 2), ДтШ is the milling rate (jxm3/nA-s), 
and Vx is expressed in p,m/ms. The Ят ш value for fast scanning (i.e. 0siope ~  0°) 
of 30-40 keV Ga-FIB ranges from 0.2 to 4|im3/nA-s, depending on the sample 
material. For example, the Vx value to form the slope of 0siope =  45° is as slow as 
0.05jxm/ms when J =  10 A /cm 2 and Rmill =  0.5 jxm3/nA-s. For x -  у (or frame) 
scanning, a у-component of the local slope must also be taken into consideration. 
Thus, Rmi\\ is strongly affected by the 0s\ope value through the S characteristics. 
A drawback of the FIB box milling under high 0siope is redeposition of milled (or
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Figure 15. Locally sloped topography formed at the time of FIB-bombarding; The slower scanning 
FIB produces the sharper slope.

sputtered) atoms on the sidewall facing the local slope. Sputtered atoms are approx
imately emitted in a cosine distribution (with respect to the slope normal). The 
14-dependencies on both milling rate and redeposition have been evidenced by the 
experiments [36].

For FIB cross-sectioning using the “slow” x -  у scanning, we ought to choose 
the у-scanning direction (taken as normal to the cross section to be milled) so 
as to approach the cross-section from the opposite sidewall [3], i.e., “one-way” , not 
“shuttle” у-scanning. Figure 16(a) shows typical trenches milled in ^-sampling (dis
cussed later) using the repeated “one-way” slow у-scan FIB (dwell time td =  50 jxs). 
The bottoms sloped up toward outer sidewalls were formed by the redeposition in 
“one-way” slow у-scan mode. Although the value of Vy (or td) was not completely 
optimized, the milling time was favorably shortened to about 10 min, which was 
about half that for the fast scan mode (td =  3|xs) combined with the staircase- 
milling mode as shown in Fig. 16(b). (No other FIB conditions were changed.) 
Here, the staircase milling diminishes a volume of the original box to be milled by 
half. The milling time is reducible by a factor of 2-4 by optimizing the value of 
Aslope (or td) according to sample material, beam size and current, box (or trench) 
size, and sample-depth to be milled out.

Figure 17 shows another experimental and simulated results for the “one-way” 
slow у-scan FIB trench-milling. Trenches were milled with only two frame (or x-y)
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(a) Slow scan (^бО цэ) 
Milling time = 10min

(b) Fast scan ( t ^ i s )  
tmiH =  19min
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Figure 16. SIM images of typical trenches milled in a |A-sampling using two FIB-scanning modes: 
a s ow scan mode (dwell time td =  50 p,s) combined with repeated one-way y -scans and (b) 

a as scan mo e — 3 |xs) used in a staircase milling. The FIBs in both modes were identical 
except for the scanning speed, i.e., 40 kV Ga-FIB with 35 nA in current.

G a-F IB  (40keV) (lp=40nA , d=1jxm) 
(td=25fis, 2 -fram es) (td=50ps, 2-frames)

-2nq( 
simulation

F^ure 17. TVenches milled with only two frame (or x-y) scan using slow-scan FIB with td =  25 
r 0|xs: Here, the FIB у-scan is done only from left to right as shown in Fig. 17(a): (b) and (c) 
! V1CWS . ' °  trench bottoms showing arc-like bottoms and significant redeposition on 

them, and (d) simulated bottom-profiles after the 1st and 2nd frame millings with td =  50 \is.

scan using slow у-scan FIB with td =  25 and 50|xs, where the FIB у-scan were 
one only from left to right. Tilt views (at 45°) of the trench bottoms are shown 

in Figs. 17(b) and (c). Here, the bright top-surfaces correspond to the carbon (C) 
layer deposited using FIB-AD to protect the FIB-tail milling before the FIB cross- 
sectioning. Middle-brightness regions between the protection layer and the dark 
substrates correspond to the redeposition layers of interest. The trench bottoms 
were milled to be arc-like and sputtered atoms significantly deposited on them. 
Figure 17(d) shows simulated shapes of the bottom after the 1st and 2nd frame-scan 
millings with td — 50 |xs, where redeposition of the sputtered atoms emitted under 
a cosine law is taken into consideration. Although the sputtered atoms redeposit on
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the just-milled bottom to form a down-slope, the cross-sections milled at the end 
of у-scan have little chance to be redeposited and stand at the deepest position.

Another way to improve the milling rate is FIB gas-assisted-etching (FIB-GAE), 
which enhances the milling rate by a factor of 2 or more [27-29,37]. The FIB-GAE, 
which converts the sputtered material into a volatile compound, is based on chemical 
reactions and provides strong selectivity in milling materials. It is very useful for 
high aspect ratio milling for device editing and for significantly enhanced milling 
of substrates such as Si and GaAs, but it is unsuitable for fine milling to flatten 
multi-layered cross sections composed of different materials. The FIB trench-milling 
with “one-way” slow у-scan mode have been positively employed in the pi-sampling 
method as discussed later.

5.5. Micro(fi)-sampling method

FIB ix-sampling method has been successfully used to make selected site-specific 
TEM/STEM specimens available directly from bulky samples [38-43]. Failure anal
ysis of semiconductor devices often requires sectional and plan views simultaneously. 
Three functions of FIB milling, fixing, and visualization are fully utilized in the 
method. Figure 18 shows a series of the |x-sampling process; (a) formation of a W 
protection layer using the FIB-AD, (b) deep trench FIB-milling of the peripheral 
area, (c) bottom cutting, (d) bonding of a manipulator probe onto the ц-sample, 
(e) cutting the |x-bridge and lifting the [x-sample, (f) transferring and mounting on 
the a sample carrier, (g) and (h) final FIB-milling of the |x-sample.

Typical size of the |x-sample is 15ixm width x several jxm width x 15 м-m high 
for the sectional STEM/ТЕМ  observation, but largely varies with the applica
tion. The ix-sampling requires about 30 min. The sample carrier is mounted on

Figure 18. A series of the ^-sampling process; a) formation of a W  protection layer using the 
FIB-AD, b) deep trench FIB-milling of the peripheral area, c) bottom cutting, d) bonding of a 
manipulator probe onto the ц-sample, e) cutting the micro-bridge and lifting the ц-sample, f) 
transferring and mounting on the a sample carrier, g) and h) final FIB-milling of the ц-sample.
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(a) <d)

(e)

Figure 19. (a) a 3D-FIB/STEM compatible sample holder, (b) a needle stub, (c) top end of the 
needle, (d) а ц-pillar mounted on the top end of the needle, and (e) a ц-pillar sample trimmed 
from the ц-pillar shown in Fig. 19(d).

the FIB/STEM/TEM compatible sample holder. The sample transfer from FIB to 
STEM/TEM systems and vice versa is simply carried out by pulling out the sam
ple holder from one system and pushing it in the other system. No demount and 
remount of the sample for the sample transfer between the systems is required. 
Recently, |x-pillar specimens have been prepared for three-dimensional (3D) STEM. 
Figure 19 shows the 3D-FIB/STEM compatible sample holder and a typical [i- 
pillar sample [40]. The |A-pillar sample is mounted on the needle stage and is ro tat
able along the needle axis. Figure 19(d) and (e) shows 200 kV SEM images of the 
li-square-pillar and the more FIB-trimmed pillar samples, respectively (using an 
STEM system: Hitachi IiD-2300). Advantages of the jx-sampling are itemized as 
following:

(i) Possible for additional FIB-milling after TEM/STEM observation
(ii) Possible to extract plural ii-samples in adjacent areas

(iii) Observable also for magnetic materials
(Sample-size reduction for magnetic materials significantly reduces their inter
ference in a TEM/STEM magnetic lens-field.)

(vi) Reducible in beam heating due to securing a heat conduction path using FIB- 
AD welding

(v) No film to support the sample (Background noise originated from the conven
tional support film is no more generated in TEM/STEM observations.)
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(vi) Possible for sequential cross-sectional and plan views, or vice versa, in 
TEM/STEM observations

6. B eam  D am age

When the target material is bombarded with moderately energetic ions, some of the 
ions are implanted and retained in the target and the target surface is simultaneously 
eroded due to sputtering. The implanted ion depth-profile P(z) is characterized by 
a Gaussian-like curve. As the ion dose increases, sputtering erodes the target surface 
and the ions implanted underneath the sputtered layer are accumulated as shown in 
Fig. 20. Ion bombardment ultimately creates a steady-state condition between ion 
implantation and ion removal by sputtering [44]. Under the steady-state condition

(a)

.  P(z)
*----
_i_i—.—i '  :l- *i—i—i—.—i—

[ A .U . ]

Figure 20. Schematic modification of implanted ion depth profile due to ion sputtering.
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the accumulated ion depth-profile P&(z) has a maximum at 2 =  0 and falls off 
over a distance of the initial ion range. This phenomenon is schematically shown 
in Fig. 20. The atomic percent concentration C(z) of implanted atom is converted 
from Pa{z) as

C(z)[at%] =  (100/S ) • Pa(z), (28)
C(0 )[at%} =  (100/5) -y imp, (29)

where
r O O

Р а(г)=  /  P(z +  z')dz', (30)
Jo

and Vimp is an ion implantation yield.
During the final polishing of а ТЕМ specimen by FIB almost steady-state sput

tering conditions are reached in which the rate of Ga implantation balances the 
rate of Ga sputtering. The model of ion retention during steady-state sputtering 
has provided a good agreement with experimental results [44]. The Ga implanta
tion is an elemental contamination itself in the sample preparation. Most implanted 
Ga ions were within a very near surface layer (< 1 0  nm in depth) of the cross sec
tions and their calculated surface concentrations Cca were about 4 and 9 at% for 
the Si and W cross sections prepared by 30keV FIB. Since the ТЕМ sample pre
pared using 30keV Ga-FIB has both sides of Ga-implanted layers, their calculated 
average contaminations into the 0.1 jxm-thick specimen are reduced to 0.7 and 1.1 
at% for Si and W specimens, respectively. These values agree with the experimental 
ones within a factor of 2 . The model also predicted that Cg& decreased in reversal 
proportion to S. Therefore, the FIB-GAE is an effective way to reduce the Cg& 
value.

The collision cascade under Ga ion bombardment results in also ion damage to 
crystalline samples. Many authors have investigated the depth of damage (i.e., an 
amorphous layer) for FIB-milled cross sections. Experimental values [3,28,29,45,46] 
on depth of the damage to the Si samples caused by 10-40 keV Ga-FIBs are plotted 
in Fig. 21. The values axe well followed with the MC-simulated ones (i.e., 6.0, 9.3, 
14.7, 20.0, and 25.7nm for 5 , 10, 20, 30, and 40kV, respectively [3]), which provide 
the representative depths of the accumulated vacancy profiles under the steady-state 
sputtering of the sidewalls.

The following several ways have been studied to reduce the damage depth; low
ering the beam energy, broad ion beam (BIB) milling at grazing incidence [3,4,27- 
29,47-49], and FIB-GAE polishing [27-29,37]. The milling at 5 -1 0  keV of ion energy 
and 5-10° of sample tilt can remove the thin layer of damage left by higher energy 
ions. Although the lower beam energy certainly makes the damaged regions shal
lower, it reduces the milling rate and increases the beam size to deteriorate the 
site-specificity. The surplus Ga atoms are condensed on the surface because of the 
non-volatile property. The BIB milling using gas ions of <3 keV at grazing incidence
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Figure 2 1 . Depth of the damage to the Ga FIB-milled Si cross sections plotted as a function of 
the ion energy: experiments [3,28,29,44,45] and Monte Carlo simulations [3].

is an effective way to clean ТЕМ membranes of less than 50 nm in thickness. Care 
has to be taken not to sputter material from the bottom of the milled trenches onto 
the sidewalls. There are reports that BIB-milling using an argon (Ar) beam formed 
amorphous layers of about 1 nm thick for Si by 0.25 keV beam energy at a grazing 
angle of 5° [48] and about 2 .6 nm thick for GaAs by (0.2 keV, 30°) [47]. Recently, 
a system of the BIB milling (Gentle Mill, Technoorg Linda) combined with the 
3D-FIB/STEM compatible sample rotation holder (shown in Fig. 19[a]) has been 
developed to mill the pillar-shape |x-sample at various rotation angles [49], where 
the damage is reduced to about 1.2 nm for Si sample by 0.2 kV Ar-BIB milling.

The FIB-GAE also is useful to reduce the damage quantity. The damage reduc
tion improves the contrast in lattice imaging for ТЕМ observations. Once the final 
thinning has been completed, it is important not to take the SIM image of the milled 
ТЕМ cross sections at any beam current. The FIB incident on the cross sections at 
the lower angle (closer to normal incidence) produces more damage in both quantity 
and depth as expected from their simulated trajectories (see Fig. 1).

As to the amorphization behavior (such as vacancy generation, extinction, dif
fusion, and congregation) under the Ga-FIB bombardment, there are distinct dif
ferences between metals and semiconductors. For example, a channeling contrast in 
SIM images (discussed later) is observed for metal samples (Al, Cu, Ni, Au, etc) 
even after bombardment of a large dose, but not for semiconductor samples of Si, 
GaAs, etc. at any stage of the ion bombardment. A plausible explanation for these 
differences is that many metals remain crystalline as a result of fast recrystaliza- 
tion process under ion bombardment at room temperature, being in contrast with 
semiconductors. In a recent experimental study, interesting observation has shown 
that for AlxGai_xAs ТЕМ sample preparation using 5-30 keV Ga FIB-milling, the 
damage thickness decreases with an increase of Al concentration x [50].
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Figure 22. Comparison of image contrast between 30 keV Ga SIM and 5 or 10 keV SEM images of 
FIB cross-sectioned samples (a) Si SRAM device and (b) solder (Pb-Sn) on Cu base: (The solder 
sample is covered with a carbon (C) layer.)

7. Secondary Electron Emissions

7.1. SIM  contrast

Contrast mechanisms in SIM and SEM images are mainly categorized into material 
contrast, topographic contrast and channeling contrast. Although the SIM contrast 
mechanism is similar to the SEM one, there are some differences between them [51— 
53]. For example, Figs. 22(a) and (b) show SIM (for 30 keV Ga ion impact) and SEM 
(for 5 or lOkeV electron impact) images from the identical FIB cross-sectioned 
sample fields [53]: (a) Si-device (static random access memory; SRAM) and (b) 
solder (Pb-Sn) on Cu base. (A protection layer of carbon (C) was deposited on the 
solder sample before the FIB milling.) Black-and-white contrast among materials 
is roughly opposite between the SIM and SEM images. As to another experimental 
data, relative secondary electron (SE) intensities for 8 metals (i.e., Al, Si, Cr, Fe, Ni, 
Cu, Ag, and Pt) for both 5keV SEM and 30keV Ga-SIM are plotted as a function 
of the atomic number Z2 of the samples in Fig. 23. MC-simulated SE yields, 5 (for 
5keV electron impacts) and 7  (for 30keV Ga ion impacts), for 17 metals including 
the above 8 metals also are overlaid in the figure. (The MC simulation model is 
described below.) The experiments show that the SE intensities for Ga-SIM roughly 
decrease with increasing Z2, being in contrast to those for SEM.

Monte Carlo (MC) simulations have been employed to study the image char
acteristics of secondary electrons (SEs) in SIM [53-58], comparing with SEM. The
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Figure 23. Comparison in relative SE intensities between SEM and SIM: 6 (for 5 keV SEM) and 7  
(for 30keV Ga-SIM): Experimental data for 8 metals (i.e., Al, Si, Cr, Fe, Ni, Cu, Ag, and Pt) and 
MC-simulated data for 17 metals including the above 8 metals (i.e., Be(Z2 =  4), Al(13), Si(14), 
V(23), Cr(24), Fe(26), Co(27), Ni(28), Cu(29), Nb(41), Mo(42), Pd(46), Ag(47), Ta(73), W(74), 
Pt(78), and Au(79)).

emphasis has been placed on the similarities and differences between the SIM and 
SEM images.

Ion-induced SE emission may proceed via two independent processes, i.e., poten
tial emission (PE) and kinetic emission (KE), which differ by the mechanism of the 
energy transfer from the incoming ion to the electrons of the solid. In the PE, if 
the potential energy of the ion is twice (or more) the work function $w f of the 
solid, SE emission may proceed via resonance neutralization and subsequent Auger 
de-excitation or Auger neutralization. Ga ion bombardment will not lead to poten
tial emission because of its low ionization potential (about 6 eV); the <]>wF-value for 
normal metals is 4-5 eV. In the KE, on the other hand, the SEs are excited within 
the solid by direct transfer of kinetic energy from the impinging ion. The SEs that 
are excited near the surface may eventually be emitted if the SE energies axe high 
enough to overcome the surface barrier. The KE is the major or only source of SEs 
at medium and high impact energies.

The ion-induced KE is strikingly similar to electron-induced SE emission. The 
emission of SEs is described by a three-stage process: (i) SE production within a 
solid, (ii) migration of some of these SEs to the surface, and (iii) eventually, escape 
through the surface. The big difference between the ion- and electron-induced SE 
emissions is the SE production stage. In the ion-induced SE emission, the SEs are 
excited by three types of collision process [53-58]; one due to collisions between 
projectile ions and target electrons, one due to collisions between recoiled target
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atoms and target electrons, and one due to collisions between excited SEs and 
other target electrons.

Figures 24(a) and (b) shows the MC-calculated partial SE yields for lOkeV 
electron and 30keV Ga ion impacts, respectively, on 17 metal targets [54]. For 
electron impacts, the electron backscattering coefficient increases with increasing Z2 
under the electron impact, and then the SE yields of high-Z2 metals are dominated 
by the additional electron excitation by the reflected or backscattered electrons 
(BSEs) on their way out. As a result, the increase in the SE yield with increasing 
Z2 is mainly caused by the increase in the number of SEs excited by the BSEs.

For Ga ion impacts, on the other hand, the projectile ions lose much energy 
through elastic collisions to create the recoiled target atoms. The recoiled atoms 
of heavier element transfer less energy to the target electrons, thus leading to a 
poorer electron-multiplication in a cascade process. Partial SE yields resulted from 
three types of electron excitation by projectile ions, recoiled material atoms, and 
electron cascades for 30keV Ga ion bombardment are plotted as a function of Z2 
in Fig. 24(b). The partial SE yield by the projectile ion, which dominates the total 
SE yield, generally decreases with increasing Z2 while showing a fine structure. The 
reason is that Ga ions in the heavier target atoms lose their energies more sharply
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Figure 24. MC-calculated partial SE yields: (a) lOkeV electrons and (b) 30keV Ga ion impacts 
on 17 metal targets.
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after their incidences as expected from the stopping power shown in Fig. 7 . On the 
inelastic collisions to excite SEs, a velocity of the incident is more important than its 
kinetic energy. The lower-velocity ions have the less potential in SE excitation. Since 
the excitation energies decrease with increasing mass M2 of the recoiled atoms, the 
partial SE yield by recoiled target atoms decreases with increasing M2 or Z2. The 
partial SE yield by the electron cascade is less important for heavy ion impacts. 
As a result, the Ga ion bombardment brings to a strong decrease in the total SE 
yield with increasing Z2. Fine structures observed on the SE yields for both of 
electron and ion impacts correlate with the density of conduction band electrons in 
the targets. The calculated results of Z2-dependent SE yields for ion and electron 
impacts roughly explain the reversal in the black-and-white contrast between SIM 
and SEM images as observed in Fig. 22 .

Another interesting topics are a comparison in spatial spreads of SE information 
between SIM and SEM. Most of SEs are produced in the surface layer of about 5Л in 
depth (Л: the mean free path of SEs; typically a few nm), being independent of the 
incident probe. Under 10 keV electron impacts, the SEi (SE excited by the primary 
electrons) has a small spatial spread of about 5Л, but the SEn (SE excited by the 
backscattered electrons) has a large spatial spread of several ten to several hundred 
nm, decreasing with increasing Z2. Under 30 keV Ga ion impacts, on the other hand, 
the spatial spread of SE information is roughly as small as 10 nm, decreasing with 
increasing Z2. The reason is that the ion ranges are rather shorter than the electron 
range. Backscattering yield for the Ga ion impacts is rather smaller than the electron 
impacts and no BSE is generated for the ion impacts. Besides, the inelastic stopping 
power, which contributes the SE excitation, is proportional to 1 /Е  for the electron 
impacts, but to E 1! 2 for the ion impacts as shown in Fig. 7. This means that the SE 
excitation by Ga ions is largest at the impact point and sharply decreases with their 
penetrations. The 30 keV Ga-SIM imaging is better in spatial resolution than the 
lOkeV SEM imaging for structure/material measurements when zero-size probes 
are assumed. A difference in the SE information volume-size between Ga-SIM and 
SEM has brings also the difference in topography contrast between them [56].

7.2. Channeling contrast

Typical SIM images showing channeling (or grain) contrasts are shown in Figs. 25(a) 
and (b). Their samples are the FIB cross-sectioned Au bonding wire and the Al film 
deposited on Si substrate, respectively. (Characters of “HITACHI” in Fig. 25(b) 
were milled by FIB.) SIM image contrasts of the Cu region in Fig. 22(b2) are 
due to the channeling. Dark grain regions (low SE intensity) represent significant 
channeling of the primary ions. Such a clear grain contrast for the Al film sample 
is observable after removing a surface layer of native oxide with high SE yield. The 
channeled grains lower also the sputtering yield S because the channel ions transfer 
a little momentum to the target atom.
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Figure 25. Channeling contrast of SIM images: (a) FIB cross-sectioned Au bonding wire (milling 
time » 30 min using 30nA-FIB in HITACHI FB-2100) and (b) Al film deposited on Si substrate.

Figure 26(a) shows a typical measured SE intensity with respect to tilt angle 
for the iron (Fe) single crystal sample under 30keV Ga-FIB bombardment, where 
the tilting direction is from (001) to (111) [59]. Intensity minima observed at the 
beam incidence normal to the low index planes, i.e., (001), (113) and (111) are 
attributed to the channeling of the Ga ions as schematically shown in Fig. 26(b). 
Non-channeling fraction of the incident ions, Xuvw> is given as

X*™ =  N  • d3Jvl . F( Zl , Z2 , E ), (31)

where N  is the atomic density, rfuvw is the distance between two neighboring atoms 
along the direction of [u v iu], and F(Z\, Z2, E) is the factor dependent on Z \ , 
Z2, and E. Half-width *0C of the minima approximately accords with the Lindhard 
critical channeling angle [60]

Ф с < х ( ^ ) 1/2. (32)

The experimental фс values mostly range from several to about 10 degrees (i.e., sev
eral 10-200mrad), which are sufficiently larger than the FIB focusing semi-angles 
of a few mrad. Since the wide angles in фс produce various contrast levels corre
sponding to channeling orientations, the SIM image is practically useful to visually 
evaluate the grain sizes. Here, a channeling contrast in SIM images is observed only 
for metal samples, but not for semiconductor samples as mentioned. A plausible 
explanation is that many metals remain crystalline as a result of fast recrystaliza- 
tion under ion bombardment at room temperature.

On SEM images, on the other hand, grains in polycrystalline specimen are seen 
with BSE and/or SEn (SE excited by BSE) (as shown in the Cu region shown in 
Fig. 22[bl]), which sensitively depend on the specimen tilt. This sensitivity results
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(a)
Fe (001)— (111)

Tilt angle (degree)

Figure 26. (a) Typical SE intensity with respect to tilt angle for the iron (Fe) single crystal 
sample under 30keV Ga-FIB bombardment, where the tilting direction is from (001) to (111) 
[Reprinted with permission from [59] by Oxford University Press] and (b) schematic diagram of 
the ion channeling in the crystal solid.

from the dependence of the BSE yield 77 on the orientation of the primary beam 
relative to the lattice plane and is caused by a primary Bloch wave field [17]. Due 
to the sensitivity of the 77 variation on the surface, the channeling contrast can 
decrease with an increasing electron-probe focusing angle that should not exceed 
about 10 mrad. The depth of average channeling varies with Z2 , but for most ele
ments, the additional contribution to the contrast is very small from the depths 
>50 nm. The channeling contrast is also very sensitive, either on an amorphous 
surface oxide layer or on multiple scattering in the crystal.

8. Three-Dimensional Microfabrication

An FIB shows its ability to add great value through a small volume of FIB-milling 
such as site-specific cross-sectioning, drilling and carving. The reason is that the 
milling time is approximately reciprocal with the FIB fineness. Typical examples 
are 3D-shaped micro body structures [61], micro tools [62], microlens mold [63,64], 
and nanoimprint [62]. Another ability is assembling of 3D-shaped micro parts using 
FIB-AD as “attacher”. Using FIB-milling and FIB-AD as “cutter” and “attacher”, 
respectively [35], we can utilize an FIB system as a micro machine shop.

Figure 27 shows a micro universal-joint: Each of the parts is FIB-fabricated from 
a 25-ixm diameter Al wire and is sequentially assembled with each other using a 
manipulated needle. Another example is a micro diamond ring [65] shown in Fig. 28. 
The diamond was FIB-cut from a rough one of 10 jxm in diameter is as small as 
five billionth carats, where 1 carat =  0.2 g. The ring was FIB-milled from a 20 цлп- 
diameter W wire. Device transplantation [35] also is another future application 
using the “cutter” and “attacher” technique.
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Figure 27. Micro universal-joint: Each of the parts is FIB-fabricated from a 25-ц т  diameter Al 
wire and is sequentially assembled with each other using both the manipulated needle (belonging 
to a ц-sampling units of Hitachi FIB system FB-2100) (Courtesy of T. Tanaka of Osaka Sangyo 
University).

Figure 28. Micro diamond ring: The diamond was FIB-cut from a rough one of 10 ц т  in diameter 
is as small as five billionth carats, where 1 carat =  0.2 g. The ring was FIB-milled from a 20 ц т - 
diameter W wire.

9. C onclusion

Gallium-FIB milling has been successfully applied to prepare cross-sectional samples 
a t specific-site for SEM and TEM/STEM observations. It does not matter whether 
the samples are soft or hard, and/or fragile or flexible. The FIB plays also a role of
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primary beam in scanning ion microscope (SIM) like an electron beam in scanning 
electron microscope (SEM). The SIM imaging plays an important role in a whole 
series of processes from specifying the milling area, to monitoring the milling in real
time, and to visually confirming the completion of milling. Using the FIB milling and 
FIB-AD as “cutter” and “attacher”, respectively, we will utilize the FIB system as a 
micro machine shop, which allows milling, welding, and assembling for micro parts.

In the present study, we have reviewed inherent characteristics of the FIB 
milling such as sputtering, positioning accuracy, milling rate, uniformity of the 
cross-sections, and beam damage, and contamination. These milling characteris
tics are basically interpreted using the characteristics of sputtering yield S(6 ) as a 
function of beam incident angle 6 . Since the scanning FIB forms a locally sloped 
topography at the time of bombarding, the beam scanning speed (or pixel dwell 
time) in addition to the beam size and current are important parameters to control 
the milling rate and the redeposition of sputtered atoms.

We have referred also origins of opposite ^ -contrast between SIM and SEM 
images. SIM imaging, the larger-Z2 (or heavier) material shows the lower secondary 
electron (SE) yield. In the ion-induced SE emission, the SEs are excited by three 
types of collision process; one due to collisions between projectile ions and tar
get electrons, one due to collisions between recoiled target atoms and target elec
trons, and one due to collisions between excited SEs and other target electrons. 
Monte Carlo simulations of the SE emission in SIM and SEM have well follow these 
^-contrasts.
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Design of reproducible, simple and efficient nanofabrication routes has become a 
frontier topic in the emerging field of nanotechnologies. In this chapter we discuss 
the “state of the art” of ceramics micro- and nanofabrication techniques. We pay 
special attention to progress in this field made during the last five years.

In this chapter we will discuss about the progress on the use of lithographic tools 
to create nanoscale ceramic patterns or the potential of soft lithography to create 
ceramic structures by means of liquid ceramic precursors. The chapter also describes 
advances on the use of self-assembly and self organization to achieve nanostructured 
ceramic surfaces. In the final part, we discuss about the possibility of combining 
physical vapour deposition with micromolding techniques to obtain nanostructured 
ceramic subtrates.
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1. Introduction

The design and development of new and reproducible strategies for nano- and 
microscale patterning of materials surfaces has become one of the most relevant 
topics in the emerging nanotechnology. Physicists, engineers and materials scien
tists are being continuously challenged to discover new routes for creating small 
scale features in an efficient and accurate manner [1]. Pursuing this goal, different 
patterning methods with varying degrees of accuracy have been developed during 
the last decade. Moreover, researchers involved in the application and development 
of ceramic-based technologies work with the aim of minimizing the extremely high 
costs associated with the design, development and large production of ceramic-based 
micro- and nanodevices. Interaction between industry and academia provided the 
means for the creation of new strategies to be used as nanofabrication routes. How
ever, many interesting patterning approaches did not reach the presumed technolog
ical impact as a consequence of lacking the required combination of reproducibility, 
accuracy, simplicity, and more important, suitability for large-scale fabrication.

This turned research on nanopatterning and nanomachining of ceramics and 
hard materials into a frontier topic of the current nanotechnologies. Ceramic mate
rials combine unique properties [2] that make them extremely well suited for manu
facturing diverse miniaturized devices, such as the microelectromechanical systems.

In this chapter, we will discuss the “state of the art” of ceramics micro- and 
nanofabrication techniques. In particular we emphasize the progress made in this 
area over the past five years, when nanostructuring ceramic surfaces was studied 
employing different techniques.

2. W riting Ceramic Patterns with the Aid of 
Lithographic Tools

Lithographic tools play a leading role in processing methods in the semiconductor 
industry. In the case of conventional lithography, a thin radiation-sensitive polymer 
layer is used as a resist [3]. Then a determined patterned region is exposed to the 
radiation in order to alter its solubility and remove it from the substrate using a
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chemical developer. Apart from the well-known photolithography using photore
sists, they exist a vast range of lithographic methods and techniques with a varying 
degree of accuracy and sophistication. When making a choice between different hard 
lithographic tools, a typical problem is to find the compromise between four main 
variables: resolution, process complexity, costs and time. Working with lithographic 
tools in the nanoscale (<100 nm) often implies a sudden increase in process com
plexity, cost and time. Optical lithography is a very well-established tool commonly 
used in many laboratories. However, resolution of optical lithography is nearly the 
wavelength of the radiation thus limiting the use of optical lithography with nano- 
lithographic purposes. Moreover, other problems that make the choice even more 
difficult concerns on the reproducibility, uniformity and suitability for large scale 
fabrication. Industry and academia converged to develop new members of the litho
graphic family in order to bring other alternatives fulfilling the demands of the ever 
growing nanotechnology-based industries. One clear example is the laser holographic 
printing [4] enabling the formation of gratings with a significant printing speed but 
lacking on the required versatility to be used as a general patterning method.

The final variable, and central to our chapter,is the material. Ceramics are com
monly referred as “hard to machine” materials due to difficulties to transfer, write or 
print patterns onto their surfaces. Traditionally the problem for patterning ceramic 
surfaces was on the microscale. However, during the last few years different groups 
have started to explore novel and clever strategies using electron and ion beam 
lithography for patterning ceramics with nanoscale resolution. These techniques do 
not require mask making capability and the resolution is mainly determined by the 
spatial distributionof the deposited energy and the contrast of the developer.

Focused ion beam in combination with chemical vapour deposition (FIB CVD) 
has demonstrated to be very useful technique for the fabrication of 3D structures. 
Morita et al. [5] used this approach to fabricate nanostructures of diamond-like car
bon materials with a very large Young’s modulus (600 GPa). These authors used 
phenanthrene as the precursor to synthesize the diamond-like material. The exper
imental setup comprised two gas sources, in order to increase the gas pressure and 
to achieve uniformity around the sample, and a beam with perpendicular incidence 
to the substrate. Well-defined three dimensional structures were obtained by com
bining the lateral growth mode with the beam scanning.

Another very interesting approach was reported by Ruda and со workers [6]. 
These authors used electron beam lithography (EBL) with processible high reso
lution resists with high metal content, highly metallized cobalt-clusterized polyfer- 
rocenylsilane. The resists operate in a negative tone mode. The exposed regions 
witnessed a chemical change turning them insoluble in the developing medium. In 
other words, the regions exposed to the e-beam remains firmly adhered to the sub
strate while the unexposed metallopolymer is removed. The possibility of manip
ulating high concentrations of Co and Fe with a well defined stoichiometry was 
exploited for creating well-defined nanopatterned ferromagnetic ceramics. In the
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Figure 1 . AFM imaging including cross-sectional analysis corresponding to lithographically pat
terned bars (A) before pyrolisis and (B) following 5h the pyrolysis at 900 C. Reprinted with 
permission from [6] by VCH-Wiley.

case of the metallopolymer resist, the negative tone behaviour may result from 
crosslinking of polymer chins induced by e-beam. After EB nanopatterning, the 
substrate was pyrolized at 900°С during 5 h under a nitrogen atmosphere in order 
to obtain ceramics nanostructures containing Fe/Со nanoparticles. Thermal treat
ment did not introduce shape distortions but promoted an expected shrinkage in 
average height from 210 to 74nm and in average width from 736 to 521 nm (Fig. 1).

On the other hand, Donthu et al. [7] used a different approach to fabricate ZnO 
nanostructures using e-sensitive polymers and sol-gel precursor. Firstly, a bilayer 
consisting of a high sensitivity methyl methacrylate-methacrylic acid (MMA-MAA) 
copolymer (at the bottom) and a low sensitivity PMMA (on top) was spincoated on 
the substrate. The polymer-coated substrates were irradiated and treated with oxy
gen plasma to improve the wettability of the subtrates. Then, a solution containing 
the sol-gel ceramic precursors was spincoated onto the patterned polymer surfaces 
and thermally treated at 150°C during 10 min. Finally, the substrates were soaked 
in acetone to dissolve the polymer resist and lift off the material deposited outside 
the patterned regions. This strategy enabled the fabrication of continuous and well- 
defined ceramic nanostructures with lateral resolution close to 40 nm (Fig. 2). A 
similar approach using this “soft EBL” approach has been recently reported for 
the fabrication of radially stacked heterostructures of multifunctional oxides [8].
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Figure 2. (a) Backscattered electron image of ZnO patterns on SiC>2 substrates annealed in air 
at 700 С for 20 min (b) secondary electron image before annealing, (c) secondary electron image 
after annealing at 700 С for 20 min in air and (d) secondary electron image of annealed patterns 
over large area. Reprinted with permission from [7] by American Chemical Society.

Well-defined nanorings of lead zirconate titanate were fabricated on a variety of 
substrates. These nanorings were used as nanoreservoirs and filled with a sol gel pre
cursor of СоТегО,! to generate radially stacked composite ceramic heterostructures.

Another rapidly growing fabrication method consists of laser processing of 
ceramic materials [9]. The main motivation for exploring this lithographic strategy 
was centered on finding a cost effective alternative for ceramic processing based on 
laser precision microfabrication. The principle lying behind this approach is based 
on the ablation of the substrate by the laser pulses [10]. When a determined surface 
is irradiated with an ultrafast laser, the irradiated substrate is melted and evap
orated almost instantaneously. Submicrometer structuring of LiNbC>3 with peri
ods of about 360 nm can be created by using picosend or femtosecond UV laser 
pulses [11]. This technique has been increasingly used for patterning a wide variety 
of substrates [12-22].
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However, conventional UV, visible or IR lasers often promote significant damage 
in the hard material. The thermal stress built up in the materials during irradiation 
and the extensive cracking and exfoliation are deleterious effects of intense ns pulse 
laser irradiation. To overcome these problems, different approaches were developed. 
One is the use of vacuum ultraviolet and femtosecond lasers that has proven to 
be useful for high quality patterning of fused silica substrates [14]. Another novel 
approach for high quality patterned ablation is based on using hybrid lasers. In this 
case, another medium is introduced in the conventional nanosecond laser ablation 
system. The role of the medium is to enhance the absorption of the nanosecond 
laser beam by the materials. Sugioka and co-workers reported that simultaneous 
irradiation with the VUV laser beam which possess extremely small laser fluence 
and the UV laser beam has resulted in the accurate ablation of hard materials 
(VUV-UV multiwavelength excitation process) [23-25].

In this technique, the substrate is simultaneously irradiated by VUV and UV 
laser. The energy density of the VUV is only several tens of J /cm 2. In contrast, the 
energy density of the irradiated UV laser beam is nearly J /cm 2. The micropatterning 
process involves the irradiation of an unpatterned VUV beams on a broad area and 
the localized irradiation with the UV laser.

Another novel technique involving hydrid laser processing technique is laser- 
induced plasma -  assisted ablation (LIPAA). In this technique, a single conventional 
pulsed laser lead to an effective ablation of transparent materials by coupling the 
laser beam to plasma generated from a metal target by the same laser [26,27]. An 
homogeneized beam is projected to the fused silica substrate. Since the silica is 
transparent in the UV range, the laser beam travels through the substrate and is 
absorbed by the Ag target placed behind the substrate. The interaction between the 
generated plasma and the laser beam produces and enhanced patterned ablation at 
the rear surface of the substrate.

Later on, Hosono and co-workers developed an holographic laser approach for 
patterning hard materials [28,29]. When two femtosecond pulses collide spatio- 
temporarily (overlapped region) the imprinting interference pattern results in the 
encoding of grating structures into the materials. This technique has been used to 
generate grating-like patterns on hard materials like diamond or sapphire. This is a 
promising technique which allows encoding gratings in almost all kinds of materials, 
irrespective of the photosensitivity.

3. M onolayer-Directed Patterned Deposition of 
Ceramic Thin Films

Modification of substrates with organic monolayers has been used as a very simple 
and powerful tool in the materials science community devoted to developing pat
terning strategies [30]. Currently, patterning self-assembled monolayers on a solid 
substrate is a routine procedure that can be accomplished in the laboratory without
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using expensive equipment [31]. Common procedures to achieve this goal in microm
eter range are microcontact printing or masked photodegradation of the organic film. 
Self-assembled monolayers are used to introduce surface functional groups with the 
aim of influencing the interactions between the deposited ceramic oxides and the 
substrate.

On the other hand, soft solution processing provides a simple method for synthe
sizing ceramic materials with a determined structure, size, shape and orientation. In 
this approach surface chemistry plays a determinant role on achieving the pattern
ing of the desired material. Deposition of ceramic oxides onto SAM-covered surfaces 
is governed by an interplay between the interfacial chemistry related to the SAM- 
particle system and the colloidal chemistry referred to the particle-solution system.

In most of the cases, ceramic oxides in solution are charged because of the 
adsorption of charged species on their surfaces and this determines characteristics 
like morphology, size and the charge of the depositing particles [32].

On the other hand, the substrate is modified with functional groups deliber
ately introduced in order to tailor the interaction between the particles and the 
surface. The functional groups provide a mean for triggering a controlled hetero
geneous nucleation and growth of the ceramic film on the pre-patterned regions of 
the substrate. A clear example is the deposition of ТЮ2 using titanium dichloride 
diethoxide precursors onto methyl/silanol patterned domains. The silanol domains 
present a high selectivity for the nucleation and growth of the films leading to the 
formation of well-defined ТЮ2 patterned domains (Fig. 3).

However, it must be noted that initial homogeneous nucleation of ceramic par
ticles occur in solution where the solid phase is originated from the inorganic poly
condensation derived from the hydrolysis of metal ions and the condensation of 
hydroxylated complexes [32]. The occurrence of these two processes, heterogeneous 
and homogeneous nucleation, is regulated by the net interfacial energy of the system. 
In other words, when the interaction between the ceramic particle and the substrate 
represents a system with a lower net interfacial energy, the system evolves in the 
direction of heterogeneous nucleation instead of the homogeneous nucleation. As a 
consequence, deposition from solution demands an accurate control of the reactive 
process in such a way of inducing nucleation and growth on the surfaces rather than 
in solution. Homogeneous nucleation can be suppressed working in a low supersat
uration region, that is low solution temperatures or low concentration of metal 
ions can decrease the degree of supersaturation. On the other hand, heterogeneous 
nucleation can be achieved in an intermediate supersaturation region.

This strategy exploiting the versatility of solution chemistry in combination 
with chemically patterned substrates has been successfully used for patterning a 
wide range of materials such as: ТЮ2 [33,34], Z1O 2 [35,36], Sn0 2  [37,38], Y2O3 
[39], ZnO [40,41], Ьа20 з  [42], ТагОз [43], and different iron oxides [44-46]. In most 
of these cases, the ceramic films were synthesized by inorganic polycondensation 
and the growth from the substrate was induced using self-assembled monolayers
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Figure 3. SEM micrographs of (a) a micropattern of T i0 2 thin films and (b) a magnified area of 
(a). Reprinted with permission from [33] by American Chemical Society.

functionalized with amino, phenyl or sulfonate terminal groups. The surface func
tional groups can strongly influence the deposition process due to the possible inter
actions between the depositing ceramic particles and the many different chemical 
entities on the substrate. A clear example is the growth of iron oxyliydroxide films 
onto SAM-modified substrates. It has been demonstrated that film growth is sen
sitively improved by using SAMs with sulfonate terminal groups in clear contrast 
with other surfaces modified with OH, CH3, COOH and NH2 terminal groups [47].

Another nice example is the growth of PbS films on different SAMs by using 
the chemical bath deposition method. The method consists on depositing PbS films 
by using a solution containing РЦ СЮ ^г and thiourea at room temperature. Inter
estingly, in this case the film formation is mainly governed by the pH. At low pH, 
the PbS film is preferentially deposited on SAMs with COOH and S 0 3H terminal 
groups. Conversely, at high pH the film can be formed on surfaces bearing different 
terminal groups [48].



Nano/Micro structuring of Ceramic Surfaces 479

On the other hand, Koumoto et al. developed a method which consists of locally 
inducing supersaturation by using site-selective growth from a catalytic surface.

The authors used this strategy for patterning ZnO films on phenyl/ hydroxyl 
surfaces [41]. Initially, Pd catalyst is selectively immobilized from a Pd/Sn col
loid solution on the phenyl groups domains on the surface. Then, the substrate is 
immersed in an aqueous solution containing Zn(NOs)2 and dimethylamineborane 
(DMAB) at 60°C. The catalyst induces the generation of hydroxyl ions near the 
substrate surface increasing the local saturation and promoting the heterogeneous 
nucleation. This approach has proven to be a useful procedure to create ZnO pat
terns with 1 |xm in lateral resolution (Fig. 4).

— 20 ц т

— 1 |im
Figure 4. SEM images of the patterned ZnO. a) Large feature sizes area and b) 1 |im lines. 
Deposited particles are about 0.2 jxm in diameter. Reprinted with permission from [41] by VCIl- 
Wiley.
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4. Soft Lithographic Patterning of Ceramic Surfaces U sing M olecular 
Precursors and Solution Chemistry.

One of the main outstanding features of sol gel chemistry is its ability to elaborate 
solid materials beginning from molecular precursor [49]. The combination of inor
ganic polymerization process with organic chemistry offers a versatile alternative 
for materials synthesis. Currently, through soft chemistry processes, it is possible 
to design and control properties in ceramic materials in a predictable manner [49].

Sol gel techniques correspond to a process called hydrolytic polycondensation, 
where leaving groups at the metal are substituted by nucleophilic attack of H2O. 
This process occurs at many metal centers in presence of many different leaving 
groups like halide, sulphide, alkoxide or nitride. Then, this process is followed by the 
elimination of the leaving group and formation of the metal hydroxide. This process 
leads to metal oxide bonds either by homo or heterocondensation. Finally, the solid 
phase is formed after a set of very complex steps involving precursors, oligomers, 
polymers, colloids, sol and gel [49]. Sol gel techniques have been employed as a cost 
effective and fast route to obtain ceramic materials with engineered properties. This 
choice is also based on their low temperature characteristics and good quality of 
the obtained films. For example, silica films, prepared by sol gel chemistry possess 
low optical loss and adjustable refractive index [50].

The first attempts to create patterned ceramic substrates using sol gel chem
istry were based on the use of patterned substrates with different chemical domains. 
Nuzzo et al used surfaces modified with patterned self-assembled monolayers for 
directing the deposition of ТагОб from sol gel precursors (tantalum ethoxide in abso
lute ethanol) onto different technologically important substrates [51]. These authors 
exploited the poor adhesion of ceramic films onto methyl terminated surfaces allow
ing delamination of oxide film from the functionalized regions. Sol gel deposition 
of ТагОб onto the functionalized substrates was followed by thermal treatment at 
700 С and then by mild nonabrasive polishing. This process produced high quality 
patterned oxide on the patterned unfunctionalized regions.

Moreover, the antiadherent properties of SAMs have been exploited for direct 
patterning oxides surfaces by electrochemical oxide deposition [52]. The oxide film 
was deposited onto an alkanethiolate-modified Cu master from a plating bath and by 
applying a constant potential value at the electrochemical interface. After releasing 
the electrodeposited oxide film from the master, an accurate pattern transfer in the 
submicrometer scale was observed.

In order to fabricate ceramic microstructures from molecular precursor many 
research groups exploited the versatility and low cost of soft lithographic techniques. 
Soft lithography is a set of techniques that relies on molding and printing with 
an elastomeric stamp, polydimethylsiloxane (PDMS). This includes microtransfer 
molding, microcontact printing, and micromolding in capillaries (MIMIC) [53-55].

W ith soft lithography any material that can be derived from liquid precursor can 
be patterned, provided that the solvent used does not swell the elastomeric mold.
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This makes soft lithography an outstanding alternative for molecular precursors 
to fabricate a wide range of complex ceramic architectures without using etching 
procedures.

Whitesides and со workers exploited this combination for patterning ceramic 
materials for high temperature applications. In particular, they worked with borosil- 
icon carbonitride quaternary ceramics synthesized from several preceramic poly
mers [56]. A PDMS mold was filled with the preceramic and then a silicon wafer 
was pressed against the filled PDMS. After curing the preceramic during 1 hour at 
200 С the mold was removed. The obtained polymeric microstructures were placed 
on top of a silicon wafer and transferred into a furnace and thermally treated at 
1050 C. After thermal treatment samples evidenced a lateral shrinkage of 30%. The 
same research group following a similar strategy succeeded on achieving high quality 
accurate patterning of glass microstructures [57] (Fig. 5).

Cao et al. used a similar route to synthesize patterned complex oxide materi
als with important physical properties such as ferroelectricity, piezoelectricity or 
pyroelectricity. They synthesized the Sr2Nb20? sol from inorganic precursors like 
strontium nitrate and niobium pentachloride using ethylene glycol as a cross linking 
agent and ethanol as a solvent [58].

Then they used a technique called micromolding in capillaries where the fluid 
is patterned by spontaneous filling of PDMS mcrochannels. When the elastomeric 
molds is placed in conformal contact with a clean silicon substrate, the channels of
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Figure 5. (A) Schematic describing the molding method to fabricate structures supported on 
a flat susbtrate. A droplet of precursor is compressed between the stamp and the surface (a,b). 
The high interfacial free energy of the solution promotes dewetting of the precursor where the 
stamp and the substrate were in contact (c,d). (B) SEM image and its AFM-derived analysis of a 
patterned piece of silica. Reprinted with permission from [57] by VCH-Wiley.
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Figure 6. SEM images of MIMIC-patterned microstructures on a silicon substrate using an 
ethanol solution of the polymeric precursor to Z r 0 2: (A) Prior thermal treatment firing, (B) after 
thermal treatment at 460 С for 4h. Reprinted with permission from [59] by Materials Research 
Society.

the mold form capillaries with the substrate. The sol was deposited at the open end 
of these capillaries. Then the solvent was evaporated by placing the molds and the 
substrate in a drying oven at 100 С during one day. This process induces the con
densation reaction promoting the cross linking and leading to the sol-gel transition. 
Finally, the molds were removed and the patterned samples were thermally treated 
at a 700-800 С for 30 min. The features evidenced a 46% shrinkage after densifi- 
cation by thermal treatment. Similar approaches were also applied for patterning 
other oxide ceramics such as zirconia and tin oxide [59], as shown in Fig. 6.

However, some problems may be present when dealing with MIMIC. Even con
sidering that the filling process by capillary forces is thermodynamically favor
able, infiltiation kinetics can introduce some limitations for surface patterning by 
MIMIC [60].

Ideally the solutions suitable for MIMIC are powder free chemical solution with 
low viscosity and low solid loading. Within this scope we find liquid prepolymers and 
sol-gel precursors. In spite of lacking on these requirements, particulate fluids were 
used as a good alternative to obtain ceramic films by soft lithographic techniques.

Gauckler and coworkers used MIMIC for patterning 10 (xm lines of S11O2 ceram
ics using a 40 vol % suspension [61]. In most of the cases MIMIC patterning with
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ceramic suspensions involved the use of low concentration solutions with low vis
cosity in order to use the capillary forces to fill the channels [62,63].

To overcome this limitation, Moon et al. introduced a technique called vacuum- 
assisted microfluidic lithography [60]. A PDMS microfluidic device is used to fabri
cate ceramic microstructures employing ceramic suspensions of relatively high solid 
loadings, 42 vol %. The microfluidic device loaded with the suspensions is then 
placed in a vacuum chamber. The lower overall pressure allows releasing the gas 
contained within connected volumes of the channel networks. When the pressure is 
returned to atmospheric level, the suspensions flow in to fill the voids left in the 
channels. This technique also permits simultaneous pattern generation of multiple 
materials on the same substrate. Using mFL with suspensions of AI2O3 and NiO 
it is possible to fabricate interdigitated ceramic microstructures composed of two 
different materials on the substrate (Fig. 7).

Finally, Chou and со workers reported direct nanoimprinting of sol gel films 
for the fabrication of Si0 2 -Ti0 2  gratings [64]. The nanoimprinted samples shows 
excellent uniformity and smooth pattern profiles having 300 nm pitch and 80 nm 
linewidth. A 600 nm thick sol film was spin coated onto silicon substrates. Imprints 
were carried out immediately. During the imprinting process the mold and the gel

Figure 7. Optical micrographs of different patterned structures of AI0O3 on a Si substrate 
obtained by vacuum-assisted microfluidic lithography. The height of the structure was 25 mm. 
Reprinted with permission from [60] by Blackwell Publishing.
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film were heated from 17 to 200 C. After releasing the mold, the patterned gel 
was thermally treated at 400 С evidencing a 61% shrinkage in the film thickness. 
The shrinkage was in the direction perpendicular to the substrate with no obvious 
shrinkage observed in the direction parallel to the wafer substrate. Similarly, Park 
et al. used nanoimprint lithography for patterning SiC-based ceramic patterns on Si 
substrates. In this case, a viscous polyvinylsilane was used as a ceramic precursor, 
followed by pyrolysis at 800 С under nitrogen atmosphere [65].

In most cases, the micromolding of pre-ceramics or ceramic suspensions shows 
considerable isotropic or ani- sotropic shrinkage after thermal treatment. Recently, 
Martin and Aksay [66] demonstrated that the micromolding of sol-gel films could 
produce unintended topographical distortions. This is as a consequence that dur
ing thermal treatment, a non-uniform shrinkage across the micromolded film is 
observed. In spite of the versatility of the method, this fact should limit the poten
tial applications of the technique. Moreover, shrinkage has shown deleterious effects 
on micromolding ceramic suspensions where high drying shrinkage can lead to par
tial destruction of the patterned sample. This deleterious effect can be reduced (for 
patterning above the micrometer scale) by colloidal isopressing [67], a technique in 
which a pre-consolidated slurry is injected into an elastomeric mold and isopressed 
to rapidly convert the slurry into an elastic body that can be released from the mold 
without any distortion.

5. Fabrication of Nanopatterned Ceramic Substrates 
Directed by Self-Assembly

Most of the approaches discussed along this chapter consist of the so-called top down 
strategies. These are based on miniaturizing existing techniques which are already 
available at larger scales. An interesting alternative to these strategies is the bottom 
up approach. The philosophy of the bottom up strategies is the creation of nano- 
and microstructures through the use of smaller building blocks. These building 
blocks generate the desired structure through self-assembly without any external 
intervention when the process is carried out in the appropriate conditions [54].

The concept of self-assembly is very familiar to disciplines like biology. Different 
building blocks like molecules, macromolecules or nanoparticles spontaneously orga
nize giving origin to well-defined structures stabilized by non covalent supramolec- 
ular interactions. Many biological processes, like membrane formation using phos
pholipids as building blocks, are based on the self-assembly principle [54].

One very important feature relies on the fact that the stabilized s e l f - assembled 
structures are close to the thermodynamic equilibrium. As a consequence supramole- 
cular aggregate present a very low level of defects. Biology has demonstrated that 
self-assembly is able to generate very complex and very small architectures. With 
this focus different researchers explored the use of self-assembly as a route to achieve 
well-defined patterned nanostructures [54].
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Aksay and co-workers synthesized nanostructured ceramic materials by exploit
ing the templation effect of complex fluid systems [68]. These complex fluids, which 
are based on amphiphilic building blocks like surfactants, biomembrane lipids or 
block copolymers, can generate unique features in the 1-100 nm range through 
spontaneous self-assembly. By controlling the size of the building blocks and the 
interaction strength between them, self-assembly can be a very versatile strategy 
for the manipulation and generation of nanostructures at temperatures <100C. 
Higher temperatures can lead to coarsening that is a strong limitation to retain the 
pre-designed nanostructured features [68].

This approach is based on exploiting to the weak interactions that determine 
the architecture of the supramolecular aggregates of the amphiphiles. Then by using 
inorganic precursors, the strategy relies on replicating the structures of the complex 
fluids into an organic/inorganic nanostructured composite material. Later the com
plex fluid portion is removed through solvent extraction or pyrolysis, converting the 
organic-inorganic hybrid into a 100% ceramic nanostructure. Materials obtained by 
this procedure received the name of self-assembled ceramics.

Chan et al. produced porous and relief ceramic nanostructures from self
assembling block copolymer (polyisoprene and poly (pentamethyldisilylstyrene)) 
precursors in a single step at low temperature [69]. In this case, the key factor is the 
careful selection of the relative volume fraction and phases. These authors showed 
that block copolymers can produce precursor materials with different symmetries 
and structures giving origin to highly ordered and complex nanostructures. The 
process consisted of a bifunctional oxidation to both selectively remove a hydrocar
bon block and convert a remaining silicon-containing block to a silicon oxycarbide 
ceramic. Interestingly, the obtained nanoarchitectures only depend only on the vol
ume fraction of the hydrocarbon block relative to the silicon-containing block in 
the block copolymer precursor. Moreover, double gyroid and inverse double gyroid 
morphologies were obtained by using two triblock copolymer precursors. However, 
treatments like ozonolysis or ultraviolet irradiation can affect the selective removal 
of the hydrocarbon block and the conversion of the silicon-containing block to a 
silicon oxycarbide ceramic. This strategy has been successfully used to synthesize 
nanorelief ceramic structures with interfacial areas of 40 square meters per gram.

Cooperative self-assembly of organic and inorganic materials can lead to a vast 
range of ordered morphologies. The combination of self-organization and soft lithog
raphy has been exploited as a simple route to generate hierarchically ordered ceramic 
materials over several length scales. Stucky et al. reported the preparation of porous 
silica, niobia, and titania with three-dimensional structures patterned over multi
ple length scales [70]. These materials show hierarchical ordering over several dis
crete and tunable length scales ranging from 10 nanometers to several micrometers 
(Fig. 8).

Another clear example where self-assembly and self-organization can lead to 
nanostrutured ceramics is the use of incompatible diblock copolymers. Diblock
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Figure 8. (A to D) SEM images, at different magnifications, of hierarchically ordered mesoporous 
silica displaying organization over three discrete characteristic dimensions. Reprinted with permis
sion from [70] by American Association for the Advancement of Science.

copolymers are two chemically different polymer chains held together through 
covalent bond. The interplay between the connectivity constraints and the incom
patibility between the blocks, leads to self-assembly into microphase-separated 
molecular-scale domains with ordered morphologies [71]. These macromolecular 
ai chitectures can be supported on solid substrates forming a large variety of well 
ordered structures of molecular dimensions.

Following this framework, Park et al. proposed self-assembly in synthetic mate
rials as a route for nanopatterning ceramic surfaces [72]. These authors fabricated 
dense periodic arrays of holes and dots on silicon nitride-coated silicon wafers using 
a method called block copolymer lithography. A monolayer of ordered microdomains 
was deposited on the surface by spin coating. These films consisted of diblock copoly
mer thin films, polystyrene-polybutadiene (PS-PB) and polystyrene-polyisoprene 
(PS-PI), with well ordered spherical or cylindrical microdomains.

Initially, the microdomain monolayer was exposed to ozone to selectively degrade 
and remove the PB spherical domains before treatment with reactive ion etching 
(RIE). Ozone attacks the double bonds in the PB domains producing a region that 
can be dispersed in water. This results in an array of voids in the PS matrix. Later, 
the sample was exposed to RIE producing holes in the substrate. The hexagonally 
ordered holes were 20 nm in diameter with a separation of 40 nm apart with poly
grain structure. The fabrication of dots consisted of using the same microdomain 
monolayer but the PB domains were stained with OSO4. Osmium-stained domains 
present a reduced etching rate during treatment with RIE. As a consequence, the
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Figure 9. (A) Block copolymer film deposited on the silicon nitride substrate. (B) Schematic 
of the process producing holes in the silicon nitride. (C) Schematic of the process producing 
dots in the silicon nitride. (D) SEM image of a partially etched, ozonated monolayer film of 
spherical microdomains. (E) SEM image of hexagonally ordered arrays of holes in silicon nitride 
on a thick silicon wafer. The pattern was transferred from a copolymer film such as that in (D). The 
darker regions represent 20-nm-deep holes etched out in silicon nitride. Reprinted with permission 
from [72] by American Association for the Advancement of Science.

regions underneath the PB domains were partially masked from the RIE process, 
resulting in the fabrication of dots (Fig. 9).

6. Self-organization as a R ou te  to  Fabricate N anopa tte rned  C eram ic 
S u b stra tes

Previously we have described different approaches for exploiting self-assembly in soft 
matter as a route to generate templates for nanofabrication. The spontaneous for
mation of different nanostructured materials through self-organization phenomena 
has attracted increasing interest through the last decade. Self-organization is now 
being examined extensively for large scale patterning at scales below 100 nm [73]. 
Concerning this latter, special emphasis was placed on using naturally occurring self
organization processes on hard matter leading to well-defined nanostructured solids.

A typical example is aluminum anodic oxidation producing self-ordered 
nanochannel arrays. This technique is a very promising self-organization method 
to obtain highly ordered and high aspect ratio periodic structures arrays in the 
nanometer scale. Anodic porous alumina is prepared by the anodic oxidation of 
aluminium in an acidic electrolyte. Recent improvements in the degree of order
ing obtainable for a hole array has increased even more the attractiveness of such 
materials for nanofabrication [73].
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Masuda et al pioneered this very successful approach using nanostructured alu
mina as a host or template for fabrication [74]. The potential of this approach relies 
on the preparation of large area nanostructures with high aspect ratios. During the 
last years, nanostructured alumina has been widely used as a template for nanos
tructuring materials, including ceramics and other hard materials.

Takahagi et al achieved the pattern transfer of an alumina template contain
ing nanohole arrays to a Si substrate by RIE. Treating a nanostructured porous 
alumina/Si02/Si substrate with RIE using chlorine plasma is a very effective route 
for pattern transfer to Si [75].

On the other hand, Masuda et al used a nanostructured alumina to fabricate 
nanoholes on a diamond substrate [76]. The nanostructured membranes were laid 
on top of the synthetic diamond films, and then deep holes were etched into the 
films using an oxygen plasma treatment. This approach leads to the fabrication of 
ordered diamond nanostructures over 1cm2 areas. The versatility of the method 
to fabricate different diamond surface architectures is based on the capability for 
electrochemically nanostructuring the membrane that is used as etching mask. It 
must be noted that anodic alumina has high resistance to oxygen plasma etching 
being able the generation of high-aspect ratio features.

7. Physical V apor D eposition  M eets M icrom olding T echniques

Molding technology could be interpreted as a primary strategy to replicate features 
by sequential pattern transfer steps. This is commonly used to transfer surface-relief 
patterns on diverse functional materials. In spite of its simplicity, molding technol
ogy is still at the forefront as a simple and valuable tool for the next generation 
nanotechnologies. Different research groups have demonstrated how easily molding 
techniques can be applied in the nanoworld [77,78].

The molding and replication approach (micro- nanomolding) presents distinc
tive outstanding features: simplicity, high-resolution, low cost and high throughput. 
However, in spite of these advantages for transferring surface-relief patterns, micro
molding strategies have been mainly focused on using polymeric materials.

By simple physical contact, the micromolding process is carried out by casting 
a pre-polymer or polymer against a master surface. Then, after polymerization or 
solvent evaporation, the polymer film is released from the master. In the case of 
replication, it involves two consecutive “relief-transfer” processes.

Molding and replication on polymer materials is widely used on large-scale fab
rication of diffraction gratings or compact discs. Extending the concept of molding 
and replication to ceramic materials brings a straightforward route for patterning 
“hard to micromachine” materials.

In order to achieve this goal Auger et al explored the direct micromolding of 
ceramic materials deposited by physical methods onto micromolds with no need for 
post-patterning treatments [79]. In this strategy, the relevant step of the molding
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Figure 10. Schematic describing the molding and replication procedure used for transferring 
surface-relief patterns onto ceramic surfaces. A master surface (a) modified with an antisticking 
coating is used to fabricate the corresponding metallic mold (b) by thermal evaporation (c). Then, 
this negative replica (d) is used as a mold for the physical vapour deposition of the ceramic film 
(e). After detaching the deposited film a replica of the original surface is obtained (f). Reprinted 
with permission from [79] by VCH-Wiley.

process is to provide molds with good anti-sticking properties (Fig. 10). A low 
surface-energy layer on mold surfaces helps sensitively the release process and 
increases the mold lifetime by preventing further surface contamination. In this case, 
fluorine- or methyl-terminated self-assembled monolayers (SAMs) are the most com
monly used anti-sticking layers [80]. These layers are built up by simple self-assemby 
on the surface. In addition, the molecular thickness of the monolayer enables pattern 
transfer of nanoscale feature due to the release layer itself.

However, direct micromolding of ceramic materials by depositing onto surface- 
modified molds is not so straightforward. It is well known that deposition conditions 
like temperature or particle energy, required to grow high-quality ceramic films, 
can introduce failure on the release process due to degradation of the anti-sticking 
coating.

These limitations can be avoided by introducing slight changes in the deposi
tion conditions. For example, ceramic deposition by reactive sputtering involves the 
formation of high-energy species. Collision of these energetic species with the mod
ified substrate produces immediate degradation of the SAM in the early stages of

I
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deposition. These detrimental effects can be overcomed by increasing the substrate- 
target distance (d), and by introducing an inert gas into the sputtering chamber, 
in such a way of “thermalizing” the energetic species arriving at the SAM-coated 
substrate.

Following this route micromolding of aluminum nitride surfaces deposited by 
reactive sputtering on metallic micromolds has been recently reported. Aluminum 
nitride (AIN) is a ceramic material that exhibits a wide bandgap with potential 
applications in constructing arrays of electro-optical and photonic devices. In spite 
of the promising properties of this ceramic material, little progress has been reported 
on the design of cost-effective and reproducible routes for the surface patterning 
of AIN.

Ceramic films were deposited onto surface-modified Cu micromolds by dc reac
tive sputtering of a pure aluminum target under specific experimental conditions. 
By the direct micromolding (deposition and release) of sputtered ceramic films well 
defined AIN gratings were obtained. In addition, ceramic gratings present a very 
low roughness (Fig 11).

Other techniques for depositing ceramic films involve the evaporation of the 
ceramic material itself, such as electron-beam evaporation. In those cases, temper
ature is a relevant factor that could affect the stability of the anti-sticking coating. 
The evaporated particles arriving at the substrate are low-energy particles, so the 
integrity of the antisticking coating is not at risk. By using the micromolding tech
nique in combination with electron beam evaporation it was possible to fabricate 
patterned B4C substrates from Au micromolds. The Au micromolds can be easily 
obtained by micromolding thermally evaporated gold films using copper micromolds 
as master surfaces. In the case of electron beam evaporation an incident 1 1 0 mA 
e-beam biased at 7 kV with a 1cm2 spot size was used to evaporate the B4C films 
under vacuum conditions. Detrimental thermal effects on antisticking coating sta
bility can be minimized by increasing the evaporating source-substrate distance. 
This change influences the growing rate of the evaporated ceramic material but no 
damage to the antisticking coating is promoted, thus promoting a successful relief 
transfer (Fig. 11).

Another very useful technique for depositing ceramic materials is pulsed laser 
deposition (PLD). The combination of PLD with micromolding techniques enlarged 
even more the variety of ceramic materials that can be micromolded using physical 
vapour deposition. One example has been recently reported by Zaldo et al. on 
the deposition of micropatterned ZnO films [81]. PLD was performed in a vacuum 
chamber at room temperature. A KrF laser (Л = 248 nm) was used to ablate sintered 
ZnO (99.99%) ceramic targets rotating at 50rpm. The laser fluence J  on the target 
was 10 J cm-2  and the pulse repetition frequency was 10 Hz. The target-substrate 
distance was 6 cm. One remarkable feature of PLD is that the kinetic energy of the 
species in the laser plasma can be easily controlled by introducing an inert gas on 
the deposition chamber. In order to avoid degradation of the antisticking coating,



Nano/Microstructuring of Ceramic Surfaces 491

L/pm

Reactive
S puttering

Therm al
Evaporation

$ E-Beam
Evaporation

М Ш Ш М Ж
2 4 6 

L/yan

(d)
/V \I\I WV V/ WWW

i i
6 8

L /jjm

Figure 11. 3D AFM images (lOx 10 M-m2) and their corresponding cross sections showing: (a) a Cu 
micromold; (b) a micromolded AIN surface obtained by reactive sputtering onto the Cu micromold 
depicted in (a); (c) a Au micromold obtained by thermal evaporation using the copper surface 
depicted in (a) as a master; (d) a micromolded B4C surface obtained by electron-beam evaporation 
onto the Au micromold depicted in (b). Reprinted with permission from [79] by VCH-Wiley.

these authors introduced Ar as a background gas to thermalize the plasma. By using 
Cu micromolds grating-like patterned ZnO substrates were easily obtained.

One remarkable fact of using physical deposition techniques is that micromolded 
surfaces do not show significant shrinking effects. The amplitude of the sinusoidal 
relief structures transferred from the micromold to the ceramic film suffers a shrink
age of < 5%, and the pitch shows only slight variations (< 2%). This is a clear advan
tage of the direct micromolding procedure if we consider that in most cases, the 
micromolding of pre-ceramics or ceramic suspensions shows considerable isotropic 
or anisotropic shrinkage after thermal treatment.

Physical deposition methods can easily produce deposits with small grain sizes 
(< 30-40nm). Larger grain sizes can be serious limitation when it is intended to
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Figure 12. Top view AFM images ( l x l  |xm2) with their corresponding cross-sectional analysis 
of a nanostructured S i02/S i surface (a,b) and a nanopatterned TiN surface (c,d). Reprinted with 
permission from [79] by VCH-Wiley.

downsize the micromolding scale with ceramic materials. In the case of ceram
ics micromolded by physical deposition methods, nanoscale resolution is eas
ily obtained. A clear example is direct molding of nanostructured TiN surfaces 
deposited by reactive sputtering (Fig. 12).

8. Sum m ary  and  O utlook

The research area related to the study of new patterning techniques suitable for 
ceramic materials is a growing field that has attracted the attention of a number of 
research groups. In contrast to polymer patterning, ceramics patterning still requires 
a considerable effort and creativity to find new methods capable of fulfilling all the 
industry demands. As is well-known, reproducibility, accuracy, simplicity and suit
ability for large-scale fabrication are very important features of the method to be 
developed. So far, there are no techniques fulfilling all these requirements. Hard 
lithographic techniques, like e-beam lithography, are very accurate but unsuitable 
for large scale fabrication as a consequence of being a time-consuming technique. 
Soft lithographic techniques in combination with sol gel chemistry are a very simple 
and inexpensive route. However, the significant shrinkage upon thermal treatment 
makes the approach unsuitable for accurate nanoscale patterning. On the other 
hand, micromolding in combination with physical vapour deposition enables accu
rate nanoscale patterning but the range of materials that can be patterned is rather 
limited. Self-assembly and self-organization seem to be a very powerful alternative.
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However, much effort should be placed on achieving different predictable architec
tures in order to use them as reliable templates for large-scale serial fabrication.

All these efforts are completely justified if we consider the enormous implications 
of ceramic-based nanotechnologies on the production of high added value products. 
This review chapter describes with special emphasis the advance in the field during 
the last five years. It can be clearly seen that “true” nanoscale resolution can be 
reached by different methods. New high resolution resists, different families of self
assembling molecules, and many other approaches are supporting this point of view. 
The combination between complimentary disciplines and the creativity of scientific 
community will pave the way to different affordable techniques and methods for 
reliable accurate nanoscale patterning of different ceramic materials.
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In the race to downsize the features of components in integrated electronics, nanos
tructure fabrication is a primary challenge. Semiconductor technology has always 
relied on the top-down approach such as conventional CMOS technology for surface 
structuring and patterning. The most remarkable example is the amazing minia
turization of transistors and data storage components by ever more sophisticated 
lithographic techniques. Nevertheless, the so far unbeaten nanofabrication tech
niques such as deep-UV (DUV), extreme-UV (EUV) or electron-beam lithography 
(EBL) are particularly dedicated for patterning motifs in photo or electron-beam 
resists, spin-coated on planar, ultra-flat semiconductor surfaces. Alternative fabri
cation processes for growth of integrated novel nanostructured functional materials 
are already foreseen in related areas such as micro/nano-electro mechanical systems 
(MEMS/NEMS), sensors and actuators, optoelectronics, bio-chips, plastic or molec
ular electronics, etc. In other words, appropriate patterning methods are explored 
for creating and positioning structures with nanometer dimensions (<100 nm) on 
non-planar (e.g. curved or rough) surfaces or other functionalized and often fragile 
surfaces (membranes, cantilevers, organic layers). In this context, a variety of other 
forms of parallel lithography such as molding, stamping, imprinting or stenciling are 
revisited for their potential as nanofabrication alternatives that alleviate conven
tional lithography limitations. Thus, fabrication of functional structures with con
trolled size and shape, precisely positioned on a substrate of choice, using a minimal 
number of processing steps, becomes a central issue in nanotechnology. Furthermore, 
growth of novel nanostructured complex materials with functionality represents a big 
challenge for materials development. Probing new routes to prepare these materials 
and understand the relationship between their size/structure and their properties is 
also essential to the development of related technologies.

Significant advances in defining nano-patterns have been made by nanoimprint 
lithography (NIL). NIL is able to deliver features well below 100 nm, rapidly and with
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high accuracy, at least compared to advanced optical lithography methods. Either by 
hot embossing technique (НЕТ) or its related variant, step and flash imprint lithog
raphy (S-FIL) nanoimprint shows great potential for the semiconductor industry 
and has been already placed on the International Technology Roadmap for Semi
conductors (ITRS) for the next years. Another promising approach, although less 
investigated to date, is nanostenciling, known also as controlled growth of nanos
tructures through a shadow-mask. This process has been proposed both in static 
or dynamic mode and projected as a suitable method to locally grow patterned 
nanoscale structures, in a single, resist-less, deposition step. While offering a high 
degree of freedom in choosing the physical vapor deposition method, nanostencil
ing is in principle applicable to the deposition of arbitrary materials on almost any 
substrate. It drastically reduces the number of processing operations with respect 
to resist-based lithography and therefore represents a promising “universal tool” for 
local deposition of high-resolution and high-purity 3D nanostructures under high or 
ultra high vacuum (UHV) conditions.

We provide fundamental and extensive descriptions of stenciling and imprint 
processes and outline the main concepts used for the fabrication of both stencil- 
masks and molds. Then, through a couple of detailed examples we will emphasize 
the importance of several particular parameters involved in these processes (e.g. 
geometry and methods of deposition for stenciling, molds, resists, tools in the case of 
imprinting). Finally we will present a couple of examples where either nanostenciling 
or nanoimprint have been successfully used for device applications and in conclusion 
offer our perspective on future potential applications (prototyping) in areas where 
other forms of lithography are much less suitable.

K eyw ords: Nanofabrication; nanopatterning; lithography; alternative approaches; 
nanoimprint; nanostenciling; functional nanostructures; ordered arrays; prototyping; 
device applications.
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1. Introduction

The ongoing quest for miniaturization has triggered tremendous interest in nan
otechnology and nanoscience [1]. From a technological point of view, downsizing 
the critical features of microelectronic devices leads to more components per chip, 
faster operation, higher performance, lower power consumption and lower costs. 
Furthermore, the novel surface and quantum effects that arise when a material 
is confined to the nanoscale are of great interest in fundamental research. These 
properties are not present at larger scales (macro or micro) and therefore engi
neered nanoscale structures, either by way of a top-down approach (a “bulk” mate
rial is progressively thinned down to obtain ever smaller features) or a bottom-up 
approach (exploiting the natural tendency of atoms and molecules to assemble and 
form regular structures) go further than just another step towards miniaturization. 
Interesting properties (e.g. electronic, optical, catalytic, mechanical, magnetic, etc.) 
are revealed as the dimensions of a bulk crystal, practically an infinite and periodic 
system, are reduced to a system composed of a relatively small number of atoms [2]. 
Thus, exploring new routes to synthesize and process nanostructured materials and 
understanding the relationship between their size/structure and their properties is 
essential to provide the background knowledge needed to sustain the present pace 
of miniaturization and innovation.

For over a decade, the industrial and scientific communities have concentrated 
their efforts on the fabrication and characterization of nanostructured materials. 
The semiconductor industry continuously strives to downsize the features of inte
grated devices while preserving functionality [3], the optics community aims to build 
quantum dots (QDs) and wires with engineered energy levels, while the chemistry 
and biology communities endeavor to employ “self-assembly” to order molecular 
building blocks at the nanoscale [4]. In the near future, it is expected that applica
tions of functional nanostructures will touch areas that have not been demonstrated 
yet, such as nanoscale electronics, bio-sensing and nano-biomedicine.

Currently, applications demanding the patterning of thin films of functional 
materials extend from the fabrication of integrated circuits, media for data stor
age and display units to the creation of micro/nano-electromechanical systems 
(MEMS/NEMS), miniaturized sensors and actuators, micro-fluidic devices, micro- 
optical components, photonic band gap crystals, bio-chips and biocompatible
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nanostructured surfaces. For all these areas, advances in creating suitable nanoscale 
patterning techniques are the prerequisite for their successful development and 
commercialization [5]. As a result, tailoring nanoscale structures and pattern
ing using a minimal number of processing steps, has become a central issue in 
nanotechnology.

The trend towards device miniaturization has been sustained thus far by the 
constant development of conventional CMOS technology for surface structuring and 
patterning and parallel large scale components production, mainly on Silicon. Opti
cal projection lithography (OPL) has been the main form of lithography used in the 
semiconductor industry for several decades and most likely it will be used for no less 
than another decade [6]. The most remarkable example is the amazing miniaturiza
tion of transistors and data storage components by ever more sophisticated litho
graphic techniques. Nevertheless, the so far unbeaten fabrication techniques that 
have emerged from development efforts in microelectronics (e.g. deep-UV (DUV), 
extreme-UV (EUV) or electron-beam lithography (EBL)) are dedicated to pattern
ing motifs in photo or electron-beam resists, spin-coated on planar, ultra-flat semi
conductor surfaces. Adapting these lithographic methods to other areas of interest 
that may involve structuring and designing atypical materials or architectures [7] on 
non-conventional substrates represents a great challenge. Suitable patterning meth
ods need to be explored to create and position nanostructures (<100 nm) on non- 
planar (e.g. previously processed, curved or rough) surfaces or other functionalized 
and often fragile surfaces (membranes, cantilevers, organic layers). Moreover, the 
well-established lithographic techniques are usually confined to a cleanroom envi
ronment that requires ever-increasing capital and operation costs. In this context, a 
variety of other forms of parallel lithography such as molding, stamping, imprinting 
or stenciling are revisited for their potential as (non-conventional) nanofabrication 
alternatives that alleviate conventional lithography limitations [8].

Major developments made in the quest for finding alternative nanostructuring 
procedures are comprised nowadays into the area known as “soft lithography” . This 
is a set of methods that makes use of soft elastomeric stamps, molds and conformable 
photo-masks for patterning two and three-dimensional structures with feature sizes 
down to the nanometer regime. Micro-contact printing (jxCP), originally developed 
by Whitesides’ group at Harvard University, represents the front-runner of these 
methods, and recent work indicates the possibility of transferring the method out 
of the laboratory to manufacturing [9].

Significant advances in defining nano-patterns have been made by nanoim
print lithography (NIL), an alternative approach initially introduced by Chou in 
1995 [10]. NIL is currently able to deliver features well below 100 nm, rapidly and 
with high accuracy and throughput, at least comparable to advanced optical lithog
raphy methods. Either by hot embossing technique (НЕТ) [11] or by its related 
variant, step and flash imprint lithography (S-FIL) [12] introduced by Willson and 
Sreenivasan in 1999, nanoimprint has great potential for the semiconductor industry
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and has been already placed on the International Technology Roadmap for Semi
conductors (ITRS) for use in the coming years. НЕТ and S-FIL are based on the 
mechanical transfer of a pattern from a hard mold to the substrate by direct contact, 
in a controlled pressure and alignment environment.

Controlled deposition through a miniature shadow-mask (nanostencil) has been 
further developed and is now considered as a suitable method to grow directly 
patterned nanostructures, in a single step, either in static [13] or dynamic [14] 
modes. The process is applicable to the deposition of arbitrary materials, directly 
on a wide range of substrates, with a reduced number of steps compared to resist- 
based lithography. Besides offering unlimited freedom in choosing the physical vapor 
deposition technique, pattern formation using nanostencils is a straightforward, low- 
cost and reliable method. Nowadays it represents a promising universal ‘tool’ for 
local deposition of high resolution and high purity nanostructures of functional 
materials under high and ultra high vacuum [15].

Other unconventional structuring approaches use maskless lithography to obtain 
ordered nanoscale features. Among them, scanning electron-beam (SEBL) and 
focused ion-beam (FIBL) lithography [16], laser-interference lithography (LIL) [17], 
zone-plate array lithography (ZPAL) [18], scanning probe lithography (SPL) [19] 
and dip-pen nanolithography (DPL) [20] represent further high-resolution and ver
satile patterning methods.

Very attractive approaches that allow building high aspect ratios structures with 
a wide range of shapes are electron-beam-induced deposition (EBID) and focused- 
ion-beam-induced deposition (FIBID) [21]. More exotic techniques, yet nevertheless 
exciting from a scientific point of view, are buffer-layer-assisted-growth (BLAG) 
[22] or laser-patterning (BLALP) [23] and controlled deposition on surfaces pre
patterned by laser interference [24].

In this chapter we will provide in-depth descriptions of stenciling and imprint 
processes and outline the main concepts behind the fabrication of both stencil-masks 
and molds. Then, through detailed examples, the importance of several particular 
parameters involved in these processes (e.g. methods and geometries of deposition 
for stenciling, molds, resists, and tools in the case of imprinting) will be explored. 
Subsequent examples will highlight nanostenciling and nanoimprint techniques that 
have been successfully employed for device applications. Finally we offer our per
spective on future potential applications (prototyping) in areas where other forms 
of lithography are much less suitable.

2. N anostencil-based L ithography

2.1. General background

The in-plane patterning of a thin film (functional layer), with accuracy on the 
nanometer scale, is an intricate and challenging task. This is partly due to the 
sequential processing nature of resist-based lithography (i.e. comprising resist
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coating, exposure, thermal and chemical development) and often because of the 
selective etching incompatibility between the resist and the underlying functional 
material. Furthermore, nanostructure positioning on unusual substrates such as 
non-planar, fragile or functionalized surfaces cannot be achieved by means of ordi
nary lithographic processing or other alternative techniques such as soft-lithography 
or nanoimprint. A solution to these problems is a technique called nowadays as 
nanoscale shadow-masking or nanostenciling. The use of a miniature shadow mask 
with nano-apertures opened in a free-standing membrane (i.e. nanostencil) allows 
direct, selective and clean deposition of various materials on almost any type of 
surface, given that photoresist or other polymer processing is not involved and 
mechanical contact between mask and substrate is considerably avoided. It is a 
parallel process, does not interfere with the structures’ growth dynamics, can be 
performed in high or ultra high vacuum and is highly suitable for parallel prototyp
ing of fragile or functionalized surfaces. The patterning procedure becomes simple 
and rapid thus eliminating supplementary processing steps (Fig. 1).

The idea of using a shadow-mask for deposition on selected areas was demon
strated in 1986 by Dohler and co-workers [25] at HP Laboratories in Palo Alto, 
bj' forming selected contacts to doped GaAs superlattices (named n -i-p -i crys
tals). The authors used a silicon wafer drilled with rectangular windows on top of 
a GaAs substrate and were successful in achieving selective contacts to the n -i-p -i 
crystal structures that resulted in greatly improved electrical and optical charac
teristics. With the development of various technologies, new equipment became 
available (e.g. EBL, RIE, FIB) and stencil fabrication has been greatly improved 
in terms of minimum size and aspect ratios of the apertures. For instance, in 1989, 
Ralls and co-workers [26] presented a method for the fabrication of metal nano- 
bridges by depositing metals through suspended SiN membranes (50 nm thick and 
40 |xm wide) that were previously processed by EBL and RIE. Later on, Gribov and

material a  Patterned
(substrate) substrate

Figure 1. Schematic drawing of Nanostenciling approach: a miniature shadow-mask, with aper
tures opened in a thin membrane is brought into proximity with the substrate of choice (e.g. 
material A). Material В can be directly deposited through the apertures using various deposition 
techniques such as evaporation, sputtering or pulsed laser deposition. The shadow-mask is simply 
“lifted-off” at the end of the process. 3 D  arrays of structures are directly obtained on the s u b s tr a te  
and accurately replicate the size and shape of the sieve apertures.

Stencil
lift-off

Stencil
attachment

PVDof 
Material В
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co-workers reported a new process for creating metallic point contacts making use 
of Si-membranes with tapered shape apertures that could be further fine-tuned in 
lateral size by thermal oxidation [27].

Yet, there were essential issues to be addressed for nanostenciling to be con
sidered as a choice for top-down nanopatterning of surfaces. Among them: what 
materials should be used for nanostencil fabrication? What architectures should be 
designed and what dep6sition techniques should be employed? Will the traditional 
micron-scale screening work at the nanometer scale and if yes, with what through
put? A clogging effect (aperture closure after a number of uses of the masks) was 
anticipated, thus raising concerns about the stencil’s life-time. However, the sim
plicity and the high flexibility of the technique to deliver ultra-pure and precisely 
positioned nanostructures were reasons to further develop it beyond the clogging 
concerns.

In 1996, stenciling via microfabricated solid-state membranes was applied on 
the micrometer scale to pattern materials in deep holes and non-planar surfaces 
by Burger et al. [28]. Along the way, other demonstrations of stenciling comprised 
the use of elastomeric stencils for micro-patterning cell cultures [29], self-aligning 
shadow-masks for patterning deeply recessed surfaces of MEMS devices [30], pho
toplastic microstencils with self-alignment for multi-layer surface patterning [31], 
microstencils for evaporated, sputtered and chemical vapor deposited metals, insu
lator and semiconductors [32], stencil-masks for ion implantation [33] or silicon- 
on-insulator (SOI)-based stencils for ion-beam patterning of magnetic films [34]. 
Design and fabrication ranged from stencils with mechanical alignment structures 
for depositions in isolated areas [35] to active nanostencils with integrated micro
shutters [36].

In terms of surface nanopatterning, the boom of selected area nanoscale shadow- 
masking deposition for highly ordered arrays of structures is represented by the 
period 1998-1999 when both static nanostenciling (S-NS) and dynamic nanos
tenciling (D-NS) were reported concurrently by several groups, as highly flexible 
approaches leading to high-resolution and high-purity patterned nanostructures. 
Kohler and co-workers [37] used SiaNj membranes, with arrays of small holes chilled 
by FIB, to replicate shapes by depositing chromium structures directly onto germa
nium crystals. Brugger and co-workers [13] made use of micro fabricated, thin free 
standing silicon nitride membranes, with 2-dimensional arrays of perforated aper
tures realized by laser interference lithography (LIL) and RIE, to pattern Cr/Au 
dots on free standing micromechanical beams and recessed surfaces. Luthi and co
workers [14] at IBM-Zurich presented D-NS as a novel resistless lithography tech
nique that enables the rapid fabrication of complex, submicron-sized structures 
of various materials. Using a combination of scanning probe and shadow mask 
techniques, they fabricated structures such as rings and intersected lines, with 
widths below 0.1 |xm, by local deposition through pinhole-like apertures situated 
in the proximity of a cantilever tip. The apertures with diameters ranging from 50
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to 250nm were fabricated in the proximity of the cantilever tip using FIB. The 
technique, compatible with metal, semiconductor, oxide and molecular deposition, 
was shown to allow direct and sequential patterning of complex heterostructures 
and their in situ inspection.

To promote nanostencil-based lithography as a reliable, ultra-high resolution 
patterning alternative, several issues remain to be improved. Among them, the 
control of the deposited material with the membrane apertures, the investigations 
of cleaning methods that will render stencils re-usable and alignment methods (down 
to 10 nm precision) that will enable the reliable fabrication of multilayer structures.

In the following we discuss the progress that nanostenciling has made along the 
way, from solutions found for stencils’ fabrication to its application in various areas 
of nanotechnology.

2.2. N anostencil fabrication processes and deposition geom etries

The nanostenciling approach involves two basic issues: (i) the stencil itself (archi
tecture and fabrication) and (ii) the type of physical vapor deposition (PVD).

For the fabrication of a stencil mask (consisting of a support-frame and a thin, 
free-standing perforated membrane), two main approaches can be applied: the Wafer 
Flow Process (WFP) and the Membrane Flow Process (MFP) [38] (Fig. 2). Follow
ing the WFP scheme, all cycles for pattern definition can be performed with typical 
processing tools for Si microfabrication (DUV, RIE), on the wafer, leaving as the 
final step the release of the perforated membrane. Choosing the MFP scheme, the 
free-standing membrane is first formed by lithography and etching processes, then 
the entire pattern definition process (e.g. EBL, FIB milling) takes place directly on 
the membrane.

2.2.1. Wafer flow process (WFP)

The WFP scheme for nanostencil fabrication has been extensively employed by 
several groups and details of the processes can be found in the literature [39-42]. 
We describe here only the key steps involved in the WFP processing (Fig. 2[a]).

As a general and initial step, low-stress silicon nitride (e.g. 500 nm thick 
SixNy non-stoichiometric) is deposited by low-pressure chemical vapor deposition 
(LPCVD) on both sides of a (100) silicon wafer. The internal tensile stress of the 
SixNy layer is kept in the range 100-200 MPa so that the membrane will not brake 
or collapse during further operations. Silicon nitride is generally chosen for its very 
good chemical, thermal and hardness properties, high etch selectivity with respect 
to Si (the etching rate is 100 jim /h for silicon and 0.02 |xm/h for nitride resulting in 
a selectivity ratio of 5000 to 1) and due to its compatibility with well-established Si 
micromachining processes. In a second step, a photoresist is spun on the wafer's 
top-side and patterns are defined by means of conventional optical lithography 
(e.g. DUV). After development, the patterns made in the resist are transferred
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Figure 2. Schematic drawings of WFP (a) and MFP (b) sequences used for nanostencil fab
rication. Colors chart: grey- silicon wafer; orange- low-stress LP-CVD SiN; brown- photoresist. 
Description of the processes involved in each approach is provided in sections (2.2.1.) and (2.2.2.) 
respectively.

into the SixNy layer by anisotropic etching (e.g. RIE). The lithography and RIE 
processes are then repeated in the bottom-side silicon nitride to define large rect
angular openings. Next the silicon between the patterned membrane layer and the 
back side of the stencil chip is removed with an anisotropic etch along the (111) 
planes with a KOH solution until the membrane layer is reached and the perforated 
membrane is released. Due to large differences in etching rates for the (100) and 
(111) direction (approximately 100 times faster in the <100> direction), windows 
are formed under an angle of 54.74 [39]. The nanostencils can be eventually diced 
into square pieces, e.g. stencil chips 5 x 5  mm2 in size, with membrane active areas 
covering 2 x 2 mm2, or used as full wafer-size shadow masks (Fig. 3).

To pattern efficiently the top-side membrane, while simultaneously providing 
high-resolution, several ways have been conceived. For instance, van Rijn reported 
in 1998 an original combination of laser interference lithography (LIL) and Si micro
machining processes [43] to create nanosieves for filtration applications. A rela
tively inexpensive technique, LIL allows to pattern submicron periodic structures 
on large areas. Multiple-exposure interferometric lithography has been introduced 
in 1993 by Zaidi and Brueck [44] with the aim of creating periodic structures in
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Figure 3. Left: Stencil chips ( 5 x 5  mm2) produced at Aquamarijn Micro Filtration B.V., The 
Netherlands. (Courtesy of Dr. Cees van Rijn of Aquamarijn Micro Filtration, B.V., The Nether
lands). Right: 4-inch, wafer-sized stencil designed and fabricated by Brugger’s group at EPFL 
LMISl, Lausanne, Switzerland. (Courtesy of Prof. Jurgen Brugger and Dr. M.A.F. van Boogaart 
of Ecole Polytechnique Lausanne, LMISl, Switzerland).

two dimensions. Van Rijn and co-workers made use of multiple exposure interfer
ence lithography for the fabrication of nanosieves with uniform pore size and pore 
spacing less than 500 nm (Fig. 4).

The steps of the process to create the nanosieve are very similar to those 
described above in the case of W FP1. Nevertheless, the main advantage is brought 
by the fact that using LIL there are no masks needed to pattern the top-side layer of 
the stencil2. The exposure set up used is known as ‘Lloyd’s mirror configuration’ [45]. 
A part of an incoming plane wave is reflected by the mirror and forms an interference 
pattern on the substrate with the part that reaches the substrate undisturbed. The 
period of the generated interference pattern is defined by the relation Л =  A/2 sin 0, 
where the angle 29 between the interfering beams can be changed by rotating the 
mirror/substrate configuration. The minimum period reported by Rijn as being pos
sibly fabricated with that configuration is A =  Л/2 =  175 nm, for an Ar+ ion laser 
with A =  351.1 nm. The main drawback of LIL is that the technique is limited only 
to patterning of periodic structures without great flexibility in defining shapes.

1 The backside of a single crystalline (lOO)-silicon wafer with a thickness of 380 ц,т, is pre-etchcd 
to a thickness of 15 Jim using optical lithography and conventional KOH wet etching. On the front 
side of the pre-etched support a layer of amorphous silicon nitride with a thickness of about 100 nm 
is deposited by means of LPCVD by reaction of dichloresilane (SiH2Cl) and ammonia (NH3) at. 
a temperature of 850°C. An etch mask layer of sputtered chromium with a thickness of 30 nm is 
deposited on the stencil’s top-side, except on the area where the nanosieve pattern will later be 
formed. A layer of positive resist is spun on top of the latter and patterned using LIL.
2 The interference pattern obtained on the resist is transferred into the silicon nitride membrane 
layer by means of reactive ion etching (CHF3/O2 at lOmTorr and 75 W for 2 min) forming the 
required perforations. Subsequently, the silicon underneath the membrane layer is isotropically 
etched away (S F 6 /0 2 at lOOmTorr and 100 W for 10 min) to form the macroscopic openings in 
the support.



Alternative Nano fabrication Approaches for non-CMOS Applications 509

In 2003, Heyderman et al. [46] presented a procedure for high volume fabrication 
of nano-pore membrane chips. They combined the techniques of hot embossing 
technique (НЕТ) for replication of the nano-pore arrays and photolithography with 
silicon micromachining for production of alignment marks, break lines and free
standing membranes. Chips (10 x 10 mm2) containing four nano-pore membranes 
were fabricated and some of the membranes were structured with arrays of pores 
with three different diameters. The use of electron beam writing (serial) rather than 
laser interference (parallel) for the formation of structures carry the flexibility to 
produce each membrane with a customized nanostructured design. This ‘mix and 
match’ technique opens the way for batch processing of nanostructured membranes, 
facilitating new avenues for research and technology.

2.2.2. Membrane flow process (MFP)

Other groups [47] preferred the MFP scheme for stencils fabrication (Fig. 2[b]). The 
process sequence starts like in the WFP with the LPCVD deposition of low-stress 
silicon nitride on both sides of a (100) silicon wafer. Further, photolithography and 
etching in aqueous KOH solution are used to remove selected regions of the Si to 
leave square suspended membranes. At this stage either electron-beam lithogra
phy or focused-ion-beam milling can be employed to “write” the desired pattern 
(e.g. array of holes, electrodes, etc) directly on the membrane. If EBL is used, 
after pattern development, an additional etching process (e.g. CFH3/O 2 plasma 
RIE) is required to realize the perforations through the membrane. The choice of 
FIB milling could represent a more beneficial option with respect to EBL, since 
PMMA-coating, exposure and development steps are eliminated. Nevertheless, the 
ion milling processes carries its own challenges. To reduce charging effects and beam 
drifting caused by the Ga+ ions implantation process into the nitride layer, a thin 
metallic layer (e.g. Au/Pd, 5-10  nm thick) has to be initially sputtered on both-sides 
of the membrane.

A very important aspect in the fabrication of the nanostencils is the aspect 
ratio (Ar ^width/height) of the apertures of the membrane. On one hand thin 
free-standing membranes are fragile, thus they should be made thick enough to 
survive processing, handling and usage. On the other hand, fairly thick membranes 
make difficult the opening of small apertures because of the intricacy of etching 
features with high aspect ratios. In this respect a 100-nm thick membrane, with an 
opening of 1-2 mm2, has reliable values for processing and leads easily to apertures 
with a 1:1 aspect ratio (Fig. 5).

Drilling the membrane apertures directly by FIB has limitations imposed by the 
ion beam diameter, surface charging and in particular by the thickness of the SiN 
membrane layer (apertures usually realized are greater than 50 nm in diameter). 
Tong and co-workers [48] proposed a method to further reduce the size of the previ
ously FIB-drilled apertures by micromachining an ultrathin nanosieve within a thin
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Figure 4. Scanning electron micrographs (SEM) of a low-stress silicon nitride (LS-SiN) nanosieve 
with 350 nm diameter pores and 700 nm pitch, fabricated via LIL and RIE. Stencils fabricated at 
Aquamarijn Micro Filtration, B.V. The Netherlands.

supporting microsieve3. These kinds of nanosieve membranes were meant mainly 
for use in bio-separation (size-exclusion-based cell separation) and additionally as 
shadow-masks for direct deposition of materials.

2.2.3. Geometries and techniques for deposition

Static nanostenciling (S-NS) offers unlimited freedom in choosing the deposition 
method, thus thermal or e-beam evaporation, sputtering or pulsed laser deposi
tion can be equally employed. To replicate the designed features from the stencil 
onto a substrate of choice, the miniature shadow-masks are mechanically attached 
(clamped) and temporarily fixed onto the latter and the whole assembly is intro
duced in a deposition chamber. The most favorable geometry for deposition implies 
a “punctual” source (S), large distance source-substrate (D) and minimum gap 
between the mask and substrate (G). These are the basic conditions that will min
imize ‘blurring” effects (enlargement of the deposits) always present during the 
direct growth through a shadow-mask. In a good approximation, and if lateral 
surface diffusion-like processes are excluded, the widths (we-bottom width and w t -  
top width) of a structure realized in this way are given by the geometric equation 
depicted in Fig. 6:

Q
wb ,t  =  w a ± S ' —, (1)

where wa is the initial aperture size opened in the membrane.

3 The microsieves used consist in an array of 5-|im circular perforations etched by RIE that 
supports a 10-nm thin SiN nano-membrane. The nano-membrane has been drilled by low-current 
FIB forming the nanosieve with 25 nm pores in lateral size and a pore pitch of around llS n m .  
By coating the 25-nm pores with another 10 nm LPCVD SiN layer, pores with lateral sizes below 
10 nm have been finally obtained.
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Figure 5. Focused Ion Beam (FIB) micrographs of 100-150 nm thick SiN membranes in which 
various aperture designs have been directly transferred by Ga+ ion milling; aperture sizes range 
from 90 to 400 nm. Work has been performed by our group at the CM2 facilities of Ecole Poly
technique, Montreal, Canada.

s o u r c e

Figure 6. Schematic drawing of shadow-mask deposition (not to scale); the enlargement of the 
deposited structure wg is highly dependent on the 3 main geometric parameters: the source dimen
sion (S); distance source-stencil (D) and the gap (G) between the stencil and the substrate.

As a general rule, the gap between stencil and substrate should be as small 
as possible (ideally 100 nm or less) and must be kept uniform over the whole shad
owed area. Nevertheless, the stencil-substrate spacing usually varies due to substrate 
surface irregularities, foreign particulates, roughness or bending of the membrane 
layer. To overcome this issue silica-spheres (1.6 |xm in diameter) [47] or resist rings 
(2 pim thick) defined onto the mask have been introduced and used as spacers for 
nanostencils, so as to prevent them from touching the substrate in an uncontrolled
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Figure 7. SEM-images showing stencil-masks with a gap (approximately 5 ц т , (upper-left image) 
and approximately 1 ц т  (lower-left image) to a substrate after evaporation. SEM images showing 
the corresponding Al pattern replicated from the stencils. Reprinted with permission from [42] by

way, trading off a larger substrate-shadow mask distance against a much better 
uniformity.

When using the D-NS approach the gap stencil-substrate has been controlled by 
employing techniques adapted from scanning probe microscopy. Controlled engage
ment of a cantilever tip towards the surface [14] or an inchworm and piezo tube 
where used for coarse approach and distance fine tuning respectively [15]. In the 
latter case, to ensure that complex structures are designed in a controlled way, 
Egger and co-workers realized an automated control for both mask approach and 
positioning and control of the evaporation processes via dedicated software. The 
evaporator, having multiple crucibles, can be controlled by a step motor so that 
the active crucible is always brought in the same position avoiding thus undesired 
misalignments.

State-of-the art D-NS is achieved by the combination of SPM, multishadow-in ask 
patterning and electronic probing (four-probe) realized by Zahl and co-workers [49] 
(IBM Zurich), a system that allows all in situ complex direct patterning, pattern 
inspection and testing. The “all-in-one” static and dynamic stenciling system pro
vides indeed the recipe for easy prototyping of various nanostructures and offers the 
possibility of intermittent checking by STM or AFM procedures during growth. The 
optional capability of using multiple aligned masks allows for shadow evaporation 
processes both in a static and dynamic approach. The stencil architecture is based 
on a set of aligned and exchangeable mask carriers to allow maximal flexibility
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for patterning. A precision carousel-like turntable with a snap-in lock mechanism 
provides a set of highly precise (<1 |xm) repeated positions, and accepts the trans
ferable mask carriers. Similar to the mask carrier, a four-point-probe and the SPM 
detector, i.e., the STM tip or AFM cantilever can be placed and turned to the 
reference position. This key feature of the nanostencil setup ensures that even a 
single nanostructure can easily be found within the SPM’s scan range. Using this 
setup, tests were performed on SiC>2 surfaces using Cu and Сбо fullerenes, resulting 
in structures down to 40 nm [FWIiM] for Cu and llOnm [FVVHM] for C6o, the 
broadening for the latter being caused by diffusion of Сво at room temperature. 
Test structures of crossed Сбо and Cu wires on native silicon oxide have also been 
realized with the aim of electronic characterization of thin and long nanowires and 
junctions of different metallic and organic materials.

Turning now our attention towards the options in choosing the vapor deposi
tion method to be combined with stenciling it is important to mention that each 
technique has advantages and drawbacks. For instance, thermal evaporation even 
if attractive from the point of view of costs, allows only the deposition of elemen
tal materials and the adjustment of few parameters (e.g. distance stencil-substrate, 
deposition time). In contrast, a PVD process like pulsed laser deposition (PLD) 
allows to vary more parameters such as target materials (e.g. complex compounds), 
laser fluence on the target, background pressure (vacuum or gas), kinetic energies of 
the ablated species, target-substrate distances. These are key parameters that can 
be varied and tuned during the process to control growth features (and therefore 
their properties), and to increase or decrease the aspect ratio of the structures [50]. 
In fact PLD, which emerged as a convenient deposition method because of its high 
versatility in growing stoichiometric thin films [51] on a wide range of substrates, can 
bring a convenient way for rapid prototyping of nanostructured materials when used 
in combination with stenciling. A drawback of PLD through nanostencils might be 
induced be the droplets (particulate conglomerates) present in the plume together 
with the ablated species, that can lead to premature closure of the aperture or pat
tern alteration. To overcome this issue it is essential to fine-tune and control the 
deposition parameters.

One major limitation of nanostenciling is the progressive clogging (decrease of 
the hole size) of the mask’s apertures during deposition. Clogging occurs as the 
evaporated material, deposited on the membrane itself, is also accumulated inside 
the apertures. This phenomenon changes the geometrical shape of the aperture dur
ing the deposition process and leads to the deformation of the deposited pattern and 
eventually to the complete closure of the aperture. Kolbel et al. [41] demonstrated 
the use of self-assembled monolayers (SAM) as an anti-adhesion layer. The SAM 
coated SiN membranes showed a reduced aperture clogging, which improved their 
performance and lifetime.

A circular hole has been estimated to clog after evaporating a thickness equiva
lent up to 5 times its diameter. However, practice shows that this strongly depends
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on the deposited material, mask material and beam collimation (ref [15] and refer
ences therein). Nevertheless the choice of the physical vapor deposition technique 
plays an important role and the optimal control of the interaction of the deposited 
material with the membrane apertures remains a m atter of further research. More
over, certain materials (e.g. gold, platinum) can be removed by selective aqueous 
chemical etching. Alternatively, dry plasma cleaning is also possible provided that a 
selective removal of the deposited film with respect to the stencil material is feasible.

A second limitation of the membrane stencil is the stress-induced bending. The 
mechanically fragile membranes deform under influence of the deposited material 
due to a different thermal expansion coefficient and a deposition related internal 
stress. Efforts have been made to stabilize the membrane locally by introducing some 
stabilization structures. Van den Boogaart et al. presented recently stabilized mem
branes with SiN corrugated support structures [52]. These corrugated support struc
tures are used to reduce the membrane deformation due to the deposition-induced 
stress and thus to improve the dimensional control over the surface patterns cre
ated by stencil lithography. The numerical simulation performed and experimental 
results confirmed that introducing stabilization structures in the membrane could 
significantly reduce out-of-plane deformations (up to 94%) of the membrane. The 
results of this study can be applied as a guideline for the design and fabrication of 
mechanically stable, complex stencil membranes for direct deposition.

2.3. N anostenciling applications

2.3.1. Ordered arrays of structures

Even though a large number of techniques are proposed as alternatives to con
ventional optical lithography, the reality shows that only a few are close to the 
CMOS industry’s requirements. Combining high resolution, with high throughput 
at low-cost, is a real challenge in nanotechnology, given the huge interest for rapid 
and cost-effective fabrication of highly ordered arrays of nanosized structures, from 
a broad range of materials. Nevertheless, nano-stenciling approach, either in the 
static or the dynamic mode is a very attractive technique, demonstrated so far at 
the laboratory scale. As previously stated, NS emerged as a highly-flexible approach 
to control the parallel patterning of clean nanosized structures, providing thus con
venient ways for their further investigations.

Most of the work has focused on metal patterning by evaporation [13,37,41,47] 
and later by pulsed laser deposition (PLD) [53,54]. Using e-beam evaporation, 
Boogaart and co-workers, patterned a variety of structures (e.g. Al, Au, Bi, Cr, 
Cu, Ni, and Ti), with dimensions ranging from 200 nm up to 300 |xm, with high 
throughput and reproducibility at a wafer scale, on a large variety of surfaces [42]. 
The results showed that full-wafer mesoscopic stencils can be practically applied for 
direct and rapid patterning, on large surface areas, without lithography of multiple 
length scale patterns (Fig. 7).
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Another important example is to be found in the work by Yan et al. [55] who 
reported fabrication of uniform sub-50-nm platinum P t nanoparticles by e-beam 
evaporation through a 50-nm thick, low-stress SiN patterned stencil. Using the con- 
formal deposition of LPCVD silicon dioxide, the authors reduced the size of the 
features in the silicon nitride stencil from an initial value of 56 to 36 nm. The parti
cle pattern replicated well that of the stencil and the patterned metal nanoparticles 
can serve as model catalysts for the study of reaction rates and chemical selectiv
ity [56]. A self-assembled monolayer (SAM) of tridecafluoro-l,l,2,2-tetrahydrooctyl- 
1-trichlorosilane was used to reduce clogging of the nanosized holes during depo
sition as well as to protect the stencil during the post-deposition Pt removal. The 
efficiency of SAM protection on the stencil, during the post-deposition Pt removal, 
was confirmed by X-ray photoelectron spectroscopy (XPS) measurements.

Probing different routes for deposition methods, Vroegindeweij and co-workers 
carried out experiments to investigate the ability of pulsed laser depositions (PLD) 
through microstencils, and performed experiments with the deposition of nickel 
(Ni), nickel oxide (NiO) and gold (Au) islands on Ti02-terminated SrTiC>3 sub
strates [53]. The authors pointed out the advantages brought by PLD: a wide range 
of possible materials to be ablated, a wide working pressure range and above all, the 
highly energetic particle flux as the main attribute that enables a sharp replication 
on the substrate. However, even at room temperature, since the ablated species 
have high activation energy on arrival at the substrate, it has been found that 
the material tends to diffuse under the stencil due to the mobility of the particles. 
The gas pressure during deposition is found to be an important parameter, since a 
larger broadening effect becomes apparent when the gas pressure is higher. Another 
demonstration of the versatility PLD-nanostenciling is reported in 2004 by Speets 
and co-workers with the aim of avoiding metal diffusion effect when the latter is pat
terned on thiolate self-assembled monolayers (SAM) by evaporation4. The authors 
argue that in principle, this method easily allows variation of substrate, SAM com
position, and deposited material, thus representing a practical approach for the 
exploration of molecular electronics, and in particular of the role of molecule-metal 
contacts. The choice for PLD is also motivated by the fact that it enables the control 
of the kinetic energy of the atoms in the gas phase by means of background gas and 
laser energy (in this case low kinetic energy gold deposition on SAMs has been used). 
In a follow-up of their previous work, Speets et al. reported on noble-metal cluster 
patterns, deposited through micro/nanostencils, being used as catalysts for selective 
electroless deposition (ELD) of Cu. Cu structures were grown on SAMs on both Au 
and SiC>2 substrates and were analyzed by X-ray photoelectron spectroscopy ele
ment mapping. The combination of PLD through stencils on SAMs followed by 
ELD is suggested as a new method for the creation of sub-micrometer-sized metal

4 The method yielded arrays of Au-SAM-Au “sandwich” structures (nanoscale capacitors) 600 nm 
in diameter, approximately 10 nm high and spaced 1.6 ц т  apart.
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structures on top of SAMs, thus minimizing the gas-phase deposition step, which is 
often responsible for damage to, or electrical shorts through, the latter.

More recently, nanostencil-based patterning of complex oxide materials by PLD 
was also reported. Our group [57] reported the direct patterning of barium titanate 
(ВаТЮз), a typical perovskite ferroelectric oxide, on silicon and strontium titanate 
8гТЮз(100) substrates, via PLD nanostenciling (Fig. 8[a],[b]). The replication pro
cess (structures down to 250 nm in width [FWHM]) was achieved at room tem
perature, and then a post-deposition annealing treatment was used to crystallize 
the structures. Their local ferroelectric properties were investigated using piezore
sponse force microscopy (PFM) (Fig. 8[c]), a technique that tests the piezoelectric 
and switching properties of ferroelectric materials at the nanoscale, using a modi
fied AFM [58]. Beyond demonstrating the direct growth of ordered complex oxide 
nanostructures (applicable in high-density data storage media), the authors also 
investigated possible size effects (i.e. suppression of ferroelectricity below a critical 
size at room temperature) in patterned ferroelectric АВОз-type nanostructures.

Figure 8. (a) and (b) SEM micrographs of ordered B aT i03 structures (125-250 nm in width) on 
Pt coated Si(100) oriented substrates deposited at room temperature; (c) Piezoresponse domain 
image (left) of patterned ferroelectric ВаТЮз on 0.1% Nb doped ЭгТЮз and piezoresponse hys
teresis loop obtained from an individual structure.
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Later on, Shin et al reported on the patterning of lead-zirconium titanate (PZT), 
another widely used functional oxide that exhibits piezoelectric and ferroelectric 
properties [59]. Nanodots with diameter of ~120nm were realized by means of 
PLD nanostenciling on SrRu0 3 /SrTi0 3  substrates. The dots could be polarized 
individually and the authors determined that a polarized state remained un-relaxed 
for ~20 minutes.

Our group has also investigated a multi-level-stenciling approach [50], further 
extending the versatility of the PLD-stenciling process, thus proposing a solution 
for rapid prototyping of stacks of functional materials (such as metal-oxide-metal 
and/or multiferroic structures) by sequential depositions through the same stencil, 
without removing it from the substrate in between target changing. Ultimately 
our aim is the epitaxial growth of ferroelectric and multiferroic nanostructures 
(e.g. ВаТЮз, PZT or BiFeOs) thus leading to an enhancement of the piezoelec
tric/ferroelectric properties of the latter.

2.3.2. Nano-sensors and NEMS

One of the most challenging aspects in nanofabrication is the ability of fabricat
ing devices on non-planar (e.g. curved) surfaces, for instance on the surface of 
an atomic-force-microscope (AFM) tip. The reason for such endeavors would be 
the development of advanced forms of scanning-probe microscopy (SPM) [60] that 
employ nanofabricated structures that serve as scanning sensors or “functional” 
probes. Aiming at this aspect, Champagne and co-workers [61] reported a litho
graphic procedure employing stencil-masks that enabled the fabrication of a variety 
of devices at the apex of AFM tips (Figs. 9 and 10), with a spatial resolution 
controllable down to 10 nm. The authors described the fabrication of high spatial 
resolution magnetic force microscopy (MFM) tips as a specific application of the 
technique. Commercial MFM tips are usually coated with a continuous ferromag
netic film. However, both the spatial resolution of MFM and the degree to which 
magnetic samples are perturbed by the tip can be improved by limiting the magnetic 
material to a small volume near the apex of the tip. Champagne and co-workers 
deposited single dots of 90% C o/10% Cr alloy, with diameter ranging from 140 to 
25 nm, at the end of sharp commercially available AFM tips using the nanostencil- 
based technique. The authors point out that by using cantilevers with smaller spring 
constants, the force gradient sensitivity can be enhanced by as much as a factor of 
1000 meaning that magnetic dots potentially as small as 10 nm, approaching the 
paramagnetic limit, may be used as MFM sensors. Furthermore, because the stencil 
allows for the patterning of metal shapes down to the 10 nm scale, the magnetic 
structure of the tip could be controlled to be a well-oriented dipole, making quan
titative analysis of MFM images more straightforward. The stencil technique also 
has the potential to produce many other types of functional SPM tips. The possi
bility of making both gated-STM tips and scanning single-electron transistors with 
pattern definitions close to 10 nm has been anticipated. This would greatly increase
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Figure 9. (a) Schematic diagram of the deposition geometry (not to scale). Metal is deposited 
from the source, through holes in the stencil membrane, onto the AFM tip. (b) Picture of a 
commercial AFM tip mounted on a tuning fork used for sensing the tip-surface interaction, (c) 
AFM image of a pattern of holes in a stencil membrane, acquired prior to deposition. Reprinted 
with permission from [61] by AIP.

Figure 10. (a) SEM micrograph showing a cobalt (Co) nanopillar used to test the MFM resolution, 
(b) MFM image of a nanopillar recorded with an AFM tip having a CoCr dot (deposited through 
a stencil) at the apex of the tip. Reprinted with permission from [61] by AIP.

the sample-gate coupling in gated STM, and would allow operation of scanning sin
gle electron transistors at temperatures well above 1 K. Other applications might 
include improved near-field optical probes.

NEMS have attracted  increased interest as miniaturized force-sensing and 
resonating devices because they combine simultaneously low force constants 
(k < 1 N /m ) and ultra-fast resonance frequencies (f > 1 MHz) [62]. High-speed AFM 
and mass-sensitive resonating sensors are two potential applications. Since the can
tilever can be approximated as a simple harmonic oscillator, the only way to increase 
the resonance frequency / ,  without raising the spring constant /с, for a rectangular
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Figure 11. (a) Array of Ti/C6o/Ti structures on a quartz substrate, fabricated using an array 
of squares as a shadow mask. A global shadow mask was used to create a linear variation of 
the thickness of the Сбо film, from 10 to 90 nm. The square electrodes are 60 x 60|im2 and the 
overlapping regions 11 x l l |im 2. (b) Examples of electrically connected devices fabricated using FIB 
patterned silicon nitride membrane masks: (up) Two devices formed using 6-ц.т square apertures; 
(down) Сво island sandwiched between crossing metal lines. The structure was fabricated in three 
steps using a stencil with FIB cuts. Reprinted with permission from [68] by ACS.

cantilever with mass m  is to lower its mass by further downscaling the device feature 
into the submicron regime. Presently, the typical fabrication process to create free
standing elements for MEMS involves a multitude of manufacturing steps similar to 
those used for integrated circuits (ICs), namely photolithography with “deposition- 
pattern-etching” cycles and associated sub-steps. Sacrificial layer etching is typi
cally used to release the structure. In particular, special care is required during 
the final etching step to avoid surface-tension-related sticking of the nanostructures 
upon release. To alleviate some of these processing issues, Kim and co-workers [63] 
described the use of direct nanopatterning via nanostencils to fabricate suspended 
nanomechanical elements in two simple steps without the need for photolithogra
phy. The method is based on the local deposition through a nanostencil of a well- 
defined aluminum pattern onto a silicon/silicon-nitride (Si/SiN) substrate, followed 
by plasma etching to release the structures5. The resulting suspended (e.g. lOOnm- 
wide, 2mm-long, and 300-nm-thick) nanolevers and nanobridges showed natural 
resonance frequencies of 50 and 91 MHz, respectively (measured using a heterodyne 
laser Doppler interferometer). The authors are stressing out that the fabrication 
method is scalable to a full 4-inch wafer [40] and allows for a variety of materials to 
be structured on arbitrary surfaces, thus opening new types of nanoscale mechanical 
systems.

5 A 100-nm-thick Al material layer was shadow-evaporated via the apertures opened in the nanos
tencil onto the SiN layer by means of e-beam evaporation. After removing the nanostencil, the Al 
nanostructures on the surface represent a copy of the aperture pattern in the membrane and form 
an effective etch mask for a subsequent pattern transfer etch step into the underlying SiN and 
sacrificial Si layer.
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Planar microelectrode arrays (MEA) constitute powerful tools for a wide range 
of applications in neuro-technological research. The disadvantage of these systems 
is the low density of electrodes caused by the problem of wiring a great number 
of electrodes. In turn this results in a low number of good quality cells-electrode 
contacts, making impossible the measurement of cells th a t are lying within the 
electrodes. In addition, cells usually do not adhere exactly on the electrode area. 
As a consequence, the signal to noise ratio is not optimal and the signal cannot be 
detected properly.

Bucher and co-workers [64] proposed a solution to these problems by using an 
array of light-addressable sub-jxm electrodes providing thus a freely selectable cell- 
electrode contact with a high signal-to-noise ratio and high spatial resolution. To 
realize this, a great number of laterally isolated sub-|im  electrodes is placed on a 
photoconductor layer such as amorphous silicon (a-Si:H). By use of a laser beam, 
only those sub-^m  electrodes lying under the cell can be selected to form an elec
trical contact to one of the underlying indium tin oxide (ITO) leads providing a 
high seal resistance at the cell-electrodes interface. Bucher and co-workers designed 
a biocompatible and biostable composite layer of electrodes (e.g. Au and TiN, 100- 
500 nm) and insulator by means of nanostencil technology facilitating thus the mea
surements of dark to bright ratio (D) of the a:SiH photoconductor layer. The work 
demonstrated an easy and economic fabrication approach (compared to e-beam 
lithography) of TiN and Au sub-jxm electrodes embedded in a passivation layer.

Molecular devices are frequently based on nanowires or nanotubes th a t are grown 
or deposited on a substrate and subsequently contacted using electron-beam or opti
cal lithography Using these approaches, the polymer (resist) layer applied to the 
sample and its consequent processing, can alter the nanowires or tubes under investi
gation or even destroy delicate samples. Thus, the advantage of depositing nanoscale 
metal contacts, directly without the damage associated with the chemistry and ther
mal stresses of conventional lithography become immediate. To achieve this goal, 
Zhou and co-workers [65] followed this route based on metal evaporation through a 
nanoscale stencil created in a suspended silicon nitride membrane. Electrode fabri
cation has been accomplished by placing the nanoscale stencil in direct contact with 
a flat substrate (e.g. oxidized silicon or mica) with pre-deposited nanowires on the 
surface and evaporating metal through the stencil. CVD-grown single-walled carbon 
nanotubes contacted in this fashion behaved similarly to samples contacted using 
conventional lithography but showed more robustness to failure at high bias. Using 
the same approach, the authors contacted in a leads-on-top geometry A-DNA net
works, which were previously deposited on mica substrates, and investigated their 
conductivity. E ither nanotubes or DNA fibers would be destroyed by the solvents 
used in conventional (electron-beam) lithography. Thus the nanostencil approach 
offers an excellent way to perform transport measurements on such samples with 
sub-micrometer contact separation.

2.3.3. Biocompatible materials and molecular circuits
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2.3.4. Combinatorial materials

The use of MEMS tools for combinatorial materials investigation was proposed 
recently by Ludwig et al. [66] in order to improve both quality and quantity, in 
terms of resolution and throughput, for the synthesis and analysis of new materials 
and new material combinations at micron and sub-micron scales. In particular, 
fabrication of material libraries directly on micro-machined sensor/actuator arrays 
without the use of photolithography is very promising. Examples for such MEMS 
tools are micro-fabricated shadow masks such as micro/nanostencils. They allow 
for rapid, clean and direct patterning of laterally confined layers of a thin film on 
a large variety of surfaces. Using stencil masks, laterally structured films can be 
fabricated in a single processing step. The combination of micro/nanostructured 
shadow-masking technology with combinatorial material deposition methodologies, 
could lead the way to a new direct fabrication or optimization of novel sensors 
and actuators based on nanoscale materials without the use of photolithography. 
In particular, the combination of these two technologies allows the variation of 
composition (e.g. by opposing wedge type multilayer films) [67] and nanostructure 
(by the nanostencil) in one experiment. Thus, screening for nanoscale effects, or 
generally the study of materials properties depending on the length scale, in thin 
films can be facilitated.

More recently, Egger and co-workers [68] demonstrated that the working princi
ple of the dynamic stenciling (D-NS) is compatible with the basic principles of the 
combinatorial approach: parallelization and variation. The target is to incorporate 
organic thin film materials, into devices with high potential in electronics and opto
electronics. Compared to a static mask, the ability to precisely control the motion 
of the shadow mask (embedded in an UHV-chamber-AFM-evaporator setup) gives 
a significant increase in the number of possible geometries. Using a simple patterned 
mask with square apertures allows creating an entire device. Once the bottom elec
trode is grown, the mask is moved sequentially at different positions to grow the 
active layer(s). Finally the top electrode is deposited and an additional insulating 
capping layer can be added, if necessary (Fig. 11).

To apply a combinatorial methodology, the authors used a large array of aper
tures of the type described above, together with a second “global” shadow mask 
th a t was moved over the whole array area. This global mask allows one to vary one 
or two parameters over the device array, thus generating structures for an entire 
device library. The variation can involve the active layer (its thickness, doping level, 
or composition), the electrodes (to change their chemical composition, work func
tion or chemical reactivity), or the capping layer. Arrays of Ti/Ceo/T i structures 
on a quartz substrate, were fabricated as outlined above (without capping layer) 
and using an array of squares as a shadow mask. A global shadow mask was used 
to create a linear variation of the thickness of the Ceo layer, fiom 10 to 90 nm. 
To grow smaller structures, FIB cut stencil-masks, with very well-defined edges, 
were necessary. The same strategy with overlapping regions, as described above,
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but on a smaller scale was used again to generate T i/C go /T i/quartz  structures at 
room temperature. Then a different principle, consisting in the combination of dif
ferent shapes generated by different parts from the same stencil mask was applied. 
This strategy extends the possible device geometries and complex devices can be 
assembled from several components. In both cases, the structures were electrically 
connected with larger wires to bonding pads. These large patterns were fabricated 
in situ with separate, micrometer-scale patterned stencils. Various in situ  char
acterizations (e.g. electrical transport measurements) followed once the structures 
were realized. Thus, a highly flexible UHV fabrication and in situ  characterization 
method which allows one the use of efficient strategies as established in combina
torial discovery was demonstrated. Straightforward applications suggest the design 
of organic/metallic (or organic/semiconducting) multilayer devices.

3. N anoim print L ithography

3.1. G eneral background

Presently there are several types of Nanoimprint Lithography (NIL) approaches. 
The mostly used ones are: Hot Embossing Technique (НЕТ) or Therm oplastic 
Nanoimprint Lithography (T-NIL) and Step and Flash Nanoimprint Lithography 
(S-FIL), both depicted in Fig. 12. NIL presents several advantages over conven
tional nanofabrication methods: it is parallel and offers high-resolution and high- 
throughput a t a lower cost. For this reasons it has a ttracted  a lot of attention 
from a technological standpoint. Moreover, it has been recently placed on the

NIL (Chou) S-F/L (Willson)

(a) <b)

Figure 12. Schematics of (a) thermoplastic (T-NIL) and (b) step and flash imprint lithography 
(S-FIL) processes. Reprinted with permission from [90] by IOP.
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International Technology Roadmap for Semiconductors (ITRS) at the 32 nm node, 
which is expected to be reached in a few years [69].

T-NIL was reported for the first tune in 1995 by Chou’s group [10] and shortly 
thereafter emerged as an attractive research topic for many other research groups. 
T-NIL is based on two distinct steps: imprint and pattern transfer as shown in 
Fig. 12(a). In the first step (imprint) a mold (made of metals, dielectrics, or semi
conductors) with nanofabricated patterns on its surface is pressed into a thin poly
mer (often referred to as a resist) spun on a substrate. This step duplicates the 
nanopatterns from the mold into the polymer film creating a thickness contrast 
pattern  in the latter. During the imprint step, the resist is heated to a temperature 
typically 50-100 °C above its glass transition temperature {Tg). At this tempera
ture, the resist, which is thermoplastic, becomes a viscous liquid and can flow under 
pressure (about 50-100 bar) and therefore can easily conform to the shape of the 
mold. The mold is then removed from the imprinted substrate after cooling both 
the mold and substrate. The second step consists in transferring the pattern by 
an anisotropic etching process. For example, reactive ion etching (RIE) is used to 
remove the residual resist in the embossed area. This step transfers the thickness 
contrast pattern into the entire thickness of the polymer, which is in turn used as 
an etching mask for further pattern transfer into the functional layer (substrate). 
As a first demonstration of the feasibility of this technique, metal dot arrays with a 
minimum feature size of 25 nm and a period of 70-100 nm were fabricated [70-71]. It 
was then predicted that with further development NIL would lead to the fabrication 
of sub-10-nanometer structures with the potential to become a commercially viable 
approach for manufacturing integrated circuits and nanodevices.

The Step and Flash Imprint Lithography (S-FIL) variant is a step and repeat 
nano-replication technique developed by Willson’s group at the University of Texas 
at Austin in 1999 [12]. In S-FIL, a low viscosity UV curable liquid resist is applied 
to the sample substrate in forms of drops and a mold, usually made of transparent 
material like fused silica, is pressed against it (Fig. 12[b]). After the mold and 
the substrate are pressed together, the resist is cured in UV light and becomes 
solid. Following mold separation, a similar pattern transfer described for the T-NIL 
process can be used to transfer the pattern formed into the resist onto the underlying 
material. The use of low viscosity monomers (viscosity of <5cps) leads to a low 
imprint pressure process (<0.25 psi) resulting in significantly lower defect density. 
Several sensible challenges need to be addressed, if the promise of nanoimprint is 
to be extended to a larger set of applications. Among them, the ability to print 
with high throughput fields with non-uniform pattern density, the ability to etch 
nanostructures with appropriate critical dimension (CD) control, precise alignment 
and overlay, and minimization of process-induced defects thus S-FIL was at first 
introduced to address these challenges. In particular S-FIL uses a bi-layer approach 
in which the imprinted material is a silicon-containing material that is deposited 
on an underlying organic layer. This allows the patterning of relatively low aspect 
ratio features which can then be amplified in aspect ratio by using an O2 RIE to
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etch the underlying organic. This low aspect ratio patterning turns out to be the 
solution in minimizing defects, particularly during the separation of the template 
from the UV cured material [72,73].

Over the last decade, there have been several milestones attained in the devel
opment of NIL as an alternative nanofabrication technique and its applications [11]. 
Two years after the inception of NIL, Chou’s group reported arrays of 10 nm 
diameter holes with a periodicity of 40 nm imprinted in PMMA covered silicon 
and gold substrates and achieved the smallest hole diam eter of 6 nm imprinted 
in PMMA. They further used NIL together with optical lithography to fabricate 
silicon QDs, wires, ring transistors, and nanocompact disks with 10 nm features and 
400 G bits/in2 data density [74]. In 1999, Wang and co-workers from the same group, 
demonstrated how NIL serves to directly pattern  organic light-em itting structures 
with submicron resolution while preserving their optical properties [75].

Later on, in 2000, polymers developed specifically for NIL become commercially 
available [76] and NIL demonstrated single level patterning over a six-inch wafer 
scale [77]. Studer and co-workers [78] reported in 2001 the first microfluidic device 
made using NIL and in the same year, the feasibility of multi-level alignments on 
four-inch wafers by NIL was demonstrated by Zhang and Chou [79]. One year later, 
thin films of the organic semiconductors alfa-sexithiophene (Тб) were imprinted 
and interdigitated nanoelectrodes to be used as the source and drain in thin film 
transistors (TFTs) were printed down to 100 nm [80]. An anti-adhesion treatm ent 
for stamps containing sub-100 nm features is reported by Beck [81] in the same 
year. Laser-assisted direct imprint (LADI) [82], a variant of NIL by which a single 
excimer laser pulse melts a thin surface layer of silicon and a mold is embossed 
into the resulting liquid layer, is introduced by Chou and co-workers. Applica
tion of NIL to fabricate two-dimensional photonic crystals has been reported by 
Seekamp et al. [83]. D.Y. Khang and co-workers reported in 2004 on the feasibility 
of low-pressure NIL [84] and E. Mele and co-workers [85] presented in 2005 room- 
tem perature nanoimprint lithography (RT-NIL) applied to multilevel patterning of 
organic light-emitting polymers. Jung and co-workers [86] reported on the surface 
modification of the substrate, prior to NIL, as to enhance the resist adhesion to 
the substrate. As the pitch size was very much reduced (30nm half-pitch), this 
solution lead to a better pattern transfer in the polymer layer, preventing the lat
ter to adhere to the nanogaps between the protrusions of the mold. More recently
H. Y. Low and co-workers discussed combinatorial-mold imprint lithography for fab
rication of three-dimensional polymer structures [87] and Yang and co-workers [88] 
proposed UV nanoimprint lithography as a versatile way to pattern  phase change 
m aterials as media for data  storage.

An elegant method combining NIL and superlattices nanowire pattern  transfer 
(SNAP) has been recently used by Jung and co-workers [89] to generate 17 nm half- 
pitch metal nanowire arrays and cross-bar circuits. High-density silicon nanowire 
arrays generated by the SNAP technique were utilized as a mold and a carefully 
engineered bilayer resist structure was used for the NIL, as to reliably reproduce the
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mold’s small features. Nanowire patterns at 17 nm half-pitch were transferred to the 
underlayer by selective RIE without collapsing the resist patterns. As an example, 
the authors produced an array of 150 separated platinum nanowires and a corre
sponding cross-bar structure was achieved by repeating the imprinting process with 
the same mold and a 90° rotation. It was then suggested that such combined tech
niques may lead to a manufacturing approach that can generate electrical circuits 
a t near molecular scales.

3.2. Molds, polymers and tools for NIL

Nanoimprint lithographic techniques involve the following key elements: (i) a mold 
(often referred as stamp), (ii) a material to be embossed (i.e. a polymer or resist) and 
(iii) the tools for mold-substrate alignment and uniform pressure and temperature 
application. These three elements will be discussed in the following sections.

3.2.1. Materials for molds and fabrication

Since the inception of NIL, it was predicted that the ultimate resolution of the 
technique would be dictated by the minimum feature size achievable in the mold. 
Consequently, many groups have directed their efforts towards investigating and 
improving this intrinsic aspect of the process. Currently, features are fabricated 
onto a stam p by optical lithography, electron beam lithography or FIB. To obtain 
sub-micron features, optical lithography is often used followed by dry etching. If 
features smaller than 100 nm are desired, electron beam lithography or FIB are 
necessary. For instance, in the pioneering work of Chou a mold was patterned with 
dots and lines with a minimum lateral feature size of 25 nm using electron beam 
lithography and RIE. The protrusions of the mold were from 40 to 200 nm with an 
aspect ratio of 3:1 for the smallest mold feature.

The mold material selection comprises among others, the compatibility with con
ventional microfabrication processing, hardness and thermal expansion coefficients, 
as presented by Guo in a recent review on various aspects of NIL [90]. For instance, 
the molds for T-NIL have mostly been made of Si or SiC>2. Other materials like 
CVD-SiC/Si, SiC, Та, SiN/Si, Та/Si and quartz (for those used in S-FIL approach) 
have been envisioned later as the mold material (Fig. 13). Metal molds with features 
smaller than 10 nm have been fabricated by electron beam lithography and lift-off. 
However, the metal roughness was found to be a problem for sizes below 10 nm due 
to the granularity of the evaporated metal. Taniguchi et al. [91] have investigated 
diamond as a potential mold material for NIL.

The thermal expansion coefficient is a very im portant parameter in thermal 
NIL, where the usual temperature required in the imprinting step exceeds 100 °C.
A thermal mismatch between the mold and the substrate could result in pattern 
distortions or a stress build-up during the cooling cycle, which would affect the 
pattern fidelity. For example, using Si for both mold and substrate is a very good
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Figure 13. Molds for nanoimprint: from the left Si, SiC>2 , SiC and quartz. Si molds have 
been designed with features as small as 20 nm; SiC molds offer high mechanical strength and 
chemical resistance; quartz molds are offering high transparency for UV nanoimprint lithogra
phy. (Courtesy of NTT-Advanced Technology Corporation (NTT-AT), Tokyo, Japan, www.ntt- 
at.com/products_e/mold/index.html)

choice and studies reported by several groups have dem onstrated th a t Si and SiCb 
have sufficient hardness and durability for the nanoimprint application.

Mold durability is maintained by choosing the proper polymer (resist) layer 
thickness such that the mold protrusions do not come into direct contact with 
the hard substrate. Thus, a thin viscous polymer fluid always exists between the 
mold protrusions and the substrate surface and acts as a ‘buffer’, which effectively 
protects the nanofeatures patterned on the mold. The trade-off is a  remaining resist 
layer th a t is present in recessed areas of the imprinted substrate, which has to be 
removed by an additional step (plasma etching) before pattern  definition can be 
completed.

A mold used for NIL typically has a high density of nanoscale protrusion features 
on its surface. This increases the total surface area th a t contacts the im printed 
polymer and therefore leads to a strong tendency of adhesion of the im printed 
polymer to the mold. This effect can be seen from the sticking of the resist m aterial 
onto a mold that has not undergone special treatm ent. The solution to this problem 
is to apply a low surface tension coating to the mold to reduce its surface energy. 
This can be done by plasma deposition of fluropolymers or by using a monolayer of 
perfluorosilane. Another very important issue in terms of mold durability is related 
to the wearing and stability of this surfactant coating layer and ref. [90] provides 
in-depth details regarding these aspects.

3.2.2. Polymers and tools

The stam p design is intrinsically correlated to the polymer to be printed which 
is typically spin coated (e.g. a few hundred nanometers thick) onto a substrate. 
Polymer flow in NIL has been studied for PMMA and other printable polymers [76]. 
It has been found to depend on the molecular weight of the polymer and, more 
im portantly, on the rate of application of both pressure and tem perature during 
embossing. This is expected since the viscosity of the polymer changes over several 
orders of magnitude around the glass transition tem perature (Fig. 14). Thus, the 
viscoelastic properties of the printable polymer, the stamp design and the process 
param eters, determine the thickness of the polymer and the residual layer. For a
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I

Temperature

Figure 14. Typical deformation behavior of thermal plastic polymers as a function of temperature. 
Reprinted with permission from [90] by IOP.

comprehensive review of different polymers used in NIL, the reader can consult the 
references within ref. [11].

A notable development, with big potential impact in a range of applications, was 
the synthesis of a particular polymer, such as mr-L6000 developed by Micro-Resist 
Technology, a polymer that is suitable for NIL and concurrently is UV- and electron 
beam-sensitive [92]. mr-L6000 has high electron sensitivity (~5 |xC /cm 2 compared 
to 80-200 jxC/cm2 for PMMA) which results in shorter electron beam writing times. 
The limits of its resolution are still under investigation and previously these were 
reported to be around 20 nm. Moreover, the appeal of this material is its suitability 
for mix-and-match lithography with applications in MEMS, NEMS and microflu- 
idics [11]. More details, a  comparison of thermally and photochemically cross-linked 
polymers for nanoimprinting and further examples can be found in ref. [76].

The need to keep the stamp parallel to the substrate during the process is 
an essential condition to obtain uniform thickness of the residual layer and the 
patterned features across the sample area. Thermal gradients must be avoided using 
suitable heating and cooling elements as well. These thermo-mechanical aspects 
are always included in the design of nanoimprint lithography equipment. Other 
relevant factors concerning stamp size, adhesion, curing, cleaning and lifetime, which 
determine throughput, have been discussed extensively by Zankovich et al. [93].

3.3. N IL  applications

As described previously, NIL creates nanoscale 3D-features by mechanical defor
mation of a polymer using a hard mold. As a prime application, after embossing 
the polymer, the thickness contrast realized on the substrate can be primarily used
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as an etch mask for dry etching and subsequent pattern  transfer onto a substrate 
if the etching selectivity of the polymer with respect to the underlying m aterial is 
good enough. NIL can serve as an intermediate step in a lift off process (e.g. depo
sition of a metal through the patterns realized in the polymer) or, if the embossed 
polymer has functionality (e.g. conductivity, optical linear or nonlinear response) 
it can be the active component of a device. Research efforts were not limited only 
to these straight-forward applications. In the last decade NIL has been proposed 
as an alternative and versatile technique for the fabrication of devices for electron
ics, optics, photonics and biology. The progress made in these fields is reviewed 
here.

3.3.1. Patterning of organic thin films

It has been shown th a t NIL can be employed to pattern  organic semiconductors, 
with submicron resolution and no degradation of optical properties [75]. This is 
particularly relevant since the sensitivity of organic semiconductors to light or elec
trons and their solubility in organic solvents do not allow patterning by conventional 
lithographic methods (e.g. OPL). NIL offered thus a high-resolution patterning 
technique that paved the way for the fabrication of novel photonic devices. NIL 
has been used by Wang to fabricate electroluminescent devices based on DCMI1 
(4-(dicyanomethylene)-2-methyl-6-(p-dimethylaminostyryl)-4H-pyran) doped A1Q3 
(Fig. 15). A1Q3 (8-hydroxyquinoline aluminum) is a molecule widely used for in 
highly efficient Organic Light Emitting Diodes (OLEDs) and optically pum ped 
lasers. A1Q3 was doped with 2 wt% DCMII dye molecules to achieve high lumines
cence efficiency. The organic films were prepared either by therm al evaporation or 
by spin coating. The same authors studied also a combination of m aterials consisting 
of a PMMA m atrix into which various semiconducting small molecules, like A1Q3 
and DCMII, were imbedded. This type of blend material had been previously used 
in OLEDs and organic lasers. The grating molds used by Wang were made in Si0 2 ?

Figure 15. AFM 3D topography images of Alq3/DCMI1 gratings with a period of 200 nm (left) 
and 300 nm (right), directly patterned by nanoimprint. Reprinted with permission from [75] by 
AIP.
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by interference lithography, with a period of 200-300nm and a height of 180 nm6. 
The comparison of luminescence efficiency before and after patterning showed that 
nanoimprint did not cause degradation in the optical property of the materials.

Lithography based on stamps in intimate contact with the film emerged as the 
most promising nano-fabrication approach for organics. Nonetheless, many types 
of molecules are weakly soluble and therefore difficult to process as ink like in 
soft lithography (microcontact printing). Since transport phenomena in organics 
have characteristic length scales in the nanometer range, down-scaling to this range 
constitutes a promising route for enhancing device response [94,95]. These aspects 
motivated the investigation of NIL for organic electronics, especially in aiming at 
devices with lateral feature sizes below 100 nm and with tolerances below 10 nm.

Clavijo-Cedeno and co-workers [80] reported in 2002 on the capability of NIL to 
print and structure three different organic semiconductor materials, namely, alpha- 
sexithiophene (T6-a thiophene oligomer), poly(4-diphenyl-aminostyrene) (PDAS) 
and poly(phenyl bis-4-aminostyrene) (PBAS) for fabrication of organic thin-film 
transistors (TFTs) (Fig. 16). Interdigitated source and drain nanoelectrodes were 
printed down to 100 nm in T 6 films. PDAS and PBAS could be printed at room tem
perature and they preserved their printed features provided they were cross-linked 
afterwards7. It was shown that printing on thin films of T 6 resulted in a spatial mod
ulation of the roughness of the as-deposited film, where the printed areas exhibit a 
smoother surface. By carefully choosing the thickness of the Тб film and the depth 
of the stamp features, one could control the thickness of the residual layer down 
to tens of nanometers. This may be relevant for applications where single domains 
are needed. Ideally, one would like to have FETs with nanoelectrodes separated by 
a distance comparable to a single domain in order to reach high mobility values 
without the influence of grain boundaries [96].

More recently Mele and co-workers [85] have demonstrated multilevel patterning 
of organic light-emitting polymers by room-temperature nanoimprint lithography 
(RT-NIL) (Fig. 17). This is impossible to obtain by conventional hot embossing 
because of typical high values of the temperature (up to 200C) reached during the 
embossing process. In particular, they realized one- and two-dimensional photonic 
crystals with 500 nm periodic features and investigated the changes in the opti
cal properties (luminescence and quantum yield) of the organic active layer. The

6 NIL was performed in a vacuum environment of ~1  Torr, at a pressure of about 800 psi and a 
temperature of 150°С
7 The substrates coated with the polymers were printed either using a commercially available unit 
or using a home-built press. Silicon stamps ( 2 x 2  cin2) with fields of 5 x 5 ium2, containing 200 nm 
lines spaced by 800 nm, were made by UV lithography and were dry etched to a depth in the range 
of 200-400 nm into silicon. Another type of stamp was designed having chromium structures on 
silicon dioxide/silicon substrates, by EBL onto PMMA filins followed by a chromium layer lift-off. 
Silicon and mica substrates covered with TC were imprinted using a simple hydraulic press at a 
temperature of 200° С and a pressure of 100 bar. PDAS and PBAS films were imprinted at ambient 
temperature with a pressure of 100 bar.
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Figure 16. (a) AFM topography image of interdigitated Cr lines patterned on native SiC>2 covered 
silicon, (b) AFM topography image of a print from a 10-nm high Cr on Si stamp in a sexithio- 
phene (T6) film of a nominal thickness of 10 nm. Reprinted with permission from [80] by Elsevier.

Figure 17. (left) Schematic diagram of the RT-NIL process for the realization of ID and 2D 
photonic crystals-like patterns (features are not to scale); (right) AFM topography image (20 x 
20м.т2) of the 1 |i.m periodic quartz master (a) and of the polymer semiconductor ID (b) and 2D 
(c) imprinted gratings. Reprinted with permission from [85] by ACS.

employment of RT-NIL to pattern polymer semiconductors without degradation of 
their optical properties is thus foreseen as a strategic route for the realization of 
novel nanopatterned optoelectronic devices.

3.3.2. NIL for optics

Another excellent niche for NIL has been found in optics and photonics. Paral
lel fabrication of planar optical systems, containing waveguides, mirrors, filters and 
complex optics, on a low refractive index contrast polymer platform is highly a ttrac
tive for polymer based photonic circuits. This should be accompanied by accurate
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control of feature sizes down to 10 nm, along with accuracy, repeatability, com
patibility and low fabrication costs. With the introduction of low refractive index 
materials, e.g. polymers as suitable materials for photonic circuits (PC) applica
tions, the option of directly printing a complete photonic integrated optical system 
in one step has emerged.

Seekamp and co-workers [83] reported on the fabrication by NIL of low refrac
tive index passive optical devices such as diffraction gratings printed in PMMA, 
rib waveguides printed in polystyrene (PS), and one-dimensional photonic struc
tures printed in PS. The authors used these structures to evaluate the imprint 
quality combining optical and morphological characterization on size scales from 
millimeter to nanometer. Stamps with areas up to 2 x 2cm2 containing structures 
down to 100 nm were produced by a mix and match approach using UV lithogra
phy for the larger structures and adding smaller features in a subsequent EBL step. 
Stamps with silicon surfaces were treated with commercially available perfluorinated 
organosilanes to form an anti-sticking layer. Minimal adhesion was observed when 
Si molds were used, whereas no adhesion occurred when molds were coated with the 
anti-sticking layer and no wear was observed for these molds over 20 imprints. A 
hydraulic press with two brass printing blocks and commercially printing equipment 
optimized for high parallelism in large area NIL [77] were used as embossing tools. 
Prints were made into polystyrene (PS) and PMMA, with glass transition temper
atures of Tg =  90 and 105C respectively, on silicon, silicon-on-insulator (SOI) and 
silicon oxide substrates8.

Gratings with an area of 5 x 5 mm2 showed less than 3% variation in their peri
odicity and PS rib waveguides on silicon oxide have shown acceptable losses for such 
devices fabricated in a laboratory environment. The periodic structures on waveg
uides behave as ID photonic structures showing higher order Bragg diffraction. The 
remaining layer thickness, typical for NIL processes, did not affect the quality of 
light confinement in a PC. The fabrication of devices fitting the calculated dimen
sions and material systems was anticipated. These experiments demonstrated that 
NIL is highly suitable for imprinting passive optical devices in organic materials 
such as PS on Si02 (Fig. 18).

3.3.3. NIL for nanoelectronics and data storage media

Up to date, NIL has demonstrated multi-level alignments on four-inch wafers, and 
also single level patterning over a six-inch wafer scale. Mingtao Li et al. [97] inves
tigated the pattern transfer fidelity of NIL on a six inch wafer scale by patterning 
sub-micron MESFET gates on six inch wafers. The critical dimensions (CDs) of

8 The mold was placed on the polymer-covered substrate; the ensemble was then placed between 
the printing plates and heated about 80 С above Tg. A pressure between 4-10 MPa was applied 
for about one minute, and temperature kept constant to allow the polymer to flow. Finally the 
set-up was cooled below Tg, the pressure released and the mold and substrate separated.
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Figure 18. Cleaved-edge of a 4 |im waveguide printed in polystyrene (PS) on an oxidized Si 
substrate. The depth of the imprint is 400 nm and the thickness of the residual layer between the 
waveguides is about 100 nm. Reprinted with permission from [83] by IOP.

gate patterns in the resist were found to be, on average, 37 nm larger than those on 
the mold, with a standard deviation of 1.2%. The CDs after oxygen RIE and metal 
lift-off were 296 nm larger than those on the mold with a standard deviation of 8%. 
Compared with conventional photolithography, NIL has been found having higher 
resolution and better pattern transfer fidelity with CD control of about four times 
smaller.

A significant demonstration of the NIL progress and its versatility in the 
employment in manufacturing integrated nano-circuits are represented by the work 
reported in 2003 by Zhang and Chou concerning the fabrication of operational 
60 nm metal-oxide-semiconductor field-effect transistors (MOSFETs) over a  full 
4 in. wafer, using nanoimprint at all lithography levels9. The nano-transistors were 
designed to have four lithographical layers to form the active area, gate, via, and 
metal contact. The first NIL step was used to define the active areas of nano- 
M OSFETs and the patterns were transferred into the underlying SisN4 layer by 
CHF3 reactive ion etching. In the second NIL step the gates of the nano-M OSFETs 
were defined10. The third NIL step defined the vias of nano-M OSFETs11. The fourth 
NIL step defined the metal contacts of the nano-MOSFETs. A metal contact layer 
of 140 nm of Al was fabricated by e-beam evaporation and lift-off. Finally, the com
pleted devices were sintered in H2/N 2 ambient. It is worthy to stress out th a t in the 
third and fourth lithographic layers, the imprints were carried out over a non-fiat 
surface.

® The resist used by Zhang was an in-house prepared thermoplastic polymer and the multilevel 
NILs were carried out with an in-house developed tool. To avoid misalignment caused by thermal 
expansion during NIL, both the mold and the substrate used were Si.
10 The polycrystalline silicon gates were made by Cr lift-off and Cl2 RIE with Cr as an etching 
mask.
11 The vias holes were etched through passivation SiC>2 layer by CHF3 (RIE). Ti ~40nm  was 
filled into the holes by e-beam evaporation and lift-off.
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Figure 19. MOSFETs fabricated on 4-inch wafer, using NIL at all - four lithographic steps, 
(a) Dark-field optical image of a l-p.m-gate-length MOSFET. (b) SEM micrograph of a MOSFET 
having a channel length of GO-nm. Reprinted with permission from [APL83, (2003), 1632-1634] 
by AIR

I-V  measurements of the nano-MOSFETs over the entire 4 in. wafer demon
strated that the devices were operating properly and that their fabrication achieved 
submicron overlay accuracy (Fig. 19).

Nevertheless, to meet the stringent requirements imposed by the semiconductor 
industry in micro/nanoelectronics, NIL has yet to improve several aspects such as 
multilevel capability (alignment better than lOnm for very large scale integration), 
throughput (seen as the time involved in printing and alignment) and standards 
(what counts as tolerances for a good print) [93].

Other applications for which NIL has been suggested for include high-density 
da ta  storage media and an elegant approach to realize patterned arrays of functional 
structures, suitable as data storage media, is reported in 2003 by Harnagea and co- 
workers [98]. They fabricated, by a combination of sol-gel deposition and NIL, arrays 
of ferroelectric structures on conductive substrates such as P t coated silicon and Nb- 
doped SrTi03 (100) single crystals. The lead zirconium titanate (PZT) precursor 
solution was spun onto the substrate, forming thin films of 100-150 nm thickness. 
These films were then imprinted and after imprint, the mesoscopic structures from 
the precursor film were crystallized into PZT by annealing a t 650°C for lh  (Fig. 20). 
An optimum imprint pressure of 1 kbar was applied using a laboratory press at room 
temperature. The molds used were macroporous silicon, prepared by electrochemical 
methods [99]. The smallest size of the negative features (pores, holes) was ca. 250 nm. 
The individual probing of the structures was achieved using the unique technique 
for probing ferroelectric materials at the nanoscale, namely PFM  [100].

3.3.4. NIL for bio-devices

The imprint lithography techniques discussed by Truskett and W atts in a recent 
review [101] indicate biotechnology as the most probable area for future imprint 
applications. Imprinting has already proven to be advantageous in terms of cost
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bias (V)

Figure 20. (a) AFM topography image of an array of ferroelectric PZT cells on Nb doped SrT i03 
substrate prepared by imprint lithography, (b) Piezoelectric hysteresis loop of a single ferroelectric 
cell proving its functionality. Courtesy of Dr. C. Harnagea of INRS-EMT, Montreal, Quebec, 
Canada.

and simplicity, for both academia and industrial research, by dem onstrating the 
fabrication of structures less then 100 nm on non-planar surfaces, fabrication of 2D 
and 3D structures, and patterning and modification of functional materials other 
than photoresists. In their article Truskett and W atts identify several areas of high- 
potential interest for NIL, S-FIL and micromolding applications such as microarrays 
for genomics and proteomics or tissue engineering. We will address here only NIL 
and S-FIL for fabricating bio-devices; micromolding (with all derivatives) will not 
be discussed since it involves a different type of mold (stamp) namely elastomeric 
one and this falls under the category of soft lithography th a t can be consulted for 
a complete review in [8].

Truskett and W atts were pointing th a t DNA and protein microarrays are essen
tial tools for handling miniaturized processes that require small sample volumes, 
parallel processes and high throughput. Improvements in microarray m anufacturing 
are necessary in order to increase the sensitivity and accuracy of these devices. More
over an anticipated worldwide sales growth for DNA sequencing and proteomics 
is driven by pharmaceutical and biotech companies searching for lower-cost and 
faster turn-around solutions in the discovery and development of new drugs and 
diagnostics.

The DNA microarrays (also known as genes or genome chips) are a collection of 
DNA samples attached to a solid surface, such as glass, plastic or silicon, a t fixed 
locations (spots or sites) forming an array for the purpose of simultaneously inves
tigation of thousands of genes. The sites where reactions occur will identify a spe
cific characteristic of the sample. Currently, the DNA microarrays are fabricated by 
photo-lithography (similar to semiconductor-chip production) or by ink-jet printing. 
For instance the methods known as 11 in situ synthesis” (direct synthesis a t the target 
site) uses lithographic masks to direct UV light on the substrate, which de-protects
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localized regions for coupling with biological probes. However, photolithographic 
processes are realized with elevated costs thus several academic developments are 
prompting that molding (embossing) and contact printing techniques are viable for 
fabrication of these arrays. For instance, for DNA sequencing purposes, nanochan
nels (100nm wide and 200 nm deep), created by imprinting, were used to stretch 
DNA th a t was subsequently assayed to identify protein binding sites [102]. In 2004, 
Ohtake and co-workers [103] reported on DNA nanopatterning using NIL. They 
used a glass substrate coated with poly-L-lysine, a material known for DNA immo
bilization by UV radiation12. Further on, a polyvinyl alcohol (PVA) solution was 
spin-coated on the substrate. The resulting sample was then imprinted (100°С and
6 M Pa for 5 min) with a SiC>2/Si mold fabricated by electron-beam lithography and 
dry etching. The amount of residual polymer still present at the bottom of the 
trenches has been removed by means of a short oxygen plasma etch. Finally, the 
DNA nanopatterning was obtained by rinsing the PVA layer in water and DNA 
patterns were observed by fluorescence microscopy.

Another area of interest is that of the protein microarray biochips that enable 
many proteins to be studied simultaneously in order to understand their interactions 
with each other or with other molecules such as nucleic acids, lipids and organic 
compounds [101]. Currently there are two groups of protein microarrays: capture 
biochips and interaction biochips. Capture biochips detect the presence and quantity 
of proteins while interaction biochips measure real-time interactions among immo
bilized proteins and other proteins or bio-molecules. Most of the current protein 
microarrays are capture biochips, which are designed on a planar substrate. A con
venient way to produce these surface structures is to emboss the pattern directly on 
the substrate using NIL or S-FIL, followed by microcontact printing to chemically 
functionalize the structures, thus eliminating the need to use photolithography- 
related processes.

For instance, Hoff et al. [104] showed that selective patterning of proteins with 
high throughput, using NIL, is possible for structures with a minimum size of 75 nm. 
In addition, increases in the sensitivity and detection levels of proteins were observed 
when using a combination of NIL and molecular assembly patterning by lift-off 
(MAPL) for fabricating large-area, high-density protein patterns with 25 nm feature 
sizes [105,106].

4. C onclusions and Perspectives

Semiconductors and insulators technology has always relied on the top-down 
approach. The most remarkable example is the seemingly never ending miniatur
ization of transistors and microelectronic devices by ever more sophisticated litho
graphic techniques. W ithout any doubt, as optical (advanced) lithography becomes

12 The DNA solution was applied, dried at 60° С for an hour, and then irradiated by UV for 2 min.
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more and more expensive and complex, non-conventional techniques for nanofab
rication can alleviate the costs and limitations of the former. Given the enormous 
interest for fabrication of highly ordered arrays of nanostructured materials, to com
bine high resolution, with high throughput at low-cost, became the main target in 
nanotechnology. Nanostenciling approach, either in the static or the dynamic mode, 
shows attractive assets, proved so far at the laboratory scale. As previously stated, 
NS emerged as a highly-flexible approach to control the parallel patterning of clean 
nanosized structures, providing thus convenient ways for their further investigations. 
Further developments of this approach will lead to the realization of novel archi
tectures and devices, also providing solutions for critical patterning issues not yet 
solved. More mature, NIL is already able to deliver features below 100 nm, rapidly 
and with high accuracy and throughput (4 and б-inch wafer scale) comparable to 
advanced optical lithography methods. Thus, nanoimprint shows great potential for 
the semiconductor industry and has been already placed on the International Tech
nology Roadmap for Semiconductors (ITRS), in the coming years (for 32-nm node). 
Offering the advantages of high throughput and reproducibility at low cost, and the 
capability of creating nanopatterns for a broad range of applications (spinning from 
optical devices to biosensors and molecular electronics) NIL is envisioned to play a 
major role in the coming years of nanotechnology.
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CHAPTER 16

N A N O F A B R IC A T IO N  OF N A N O E L E C T R O M E C H A N IC A L  
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Nanoelectromechanical systems (NEMS) are commonly realized in the form of sim
ple movable suspended nanostructures, such as doubly-clamped beams, cantilevered 
beams or torsion pedals. NEMS come with extremely high fundamental resonance 
frequencies, diminished effective masses, low spring constants and high in vacuo 
quality (Q) factors. As such, these structures have received much recent attention 
for their potential technological applications as well as for realizing a mesoscopic 
quantum harmonic oscillator.

This chapter presents a review of the variety of approaches for fabricating NEMS 
devices. The mainstay approach for patterning freely suspended nanostructures is 
nanomachining based upon electron beam lithography (EBL). This approach has 
been applied to fabricate silicon, gallium arsenide, silicon carbide, aluminum nitride, 
diamond and silicon nitride NEMS; variations of EBL based nanomachining have 
also been used to fabricate nanotube and nanowire NEMS. Among other emerging 
approaches reviewed herein are approaches based upon nanoimprint lithography, 
focused ion beams and stencil masks. Important remaining research issues in the 
field, such as large scale integration of NEMS, are discussed along with concluding 
remarks.

K eyw ords : Nanoelectromechanical systems (NEMS); nanomechanics; suspended nanos
tructures.
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1. In troduction  to  N E M S

Micron scale mechanical devices have found im portant technological applications in 
the past few decades. These micromechanical elements along with their microelec
tronic control circuits are called Microelectromechanical Systems (MEMS). MEMS 
have found successful applications in a number of consumer products; in addition, 
certain MEMS devices, e.g., the microcantilever, have emerged as an im portant 
platform for fundamental measurements in experimental physics. Given the success 
of MEMS and the potential nanoscale has to offer, a rigorous effort has surfaced 
to develop sub-micron mechanical devices — simply referred to as nanoelectrome
chanical systems (NEMS) [1,2,3].

W ith few notable exceptions [4], most NEMS operated to date are resonant 
devices much like simple tuning forks or quartz resonators. NEMS resonators are 
commonly realized in the form of freely suspended doubly-clamped or cantilevered 
beams as shown in Fig. 1. In resonant operation, one actuates the nanomechani- 
cal element harmonically a t its fundamental resonance frequency; the subsequent 
mechanical response, namely the motion of the device, is detected in the electronic 
or optical domain. In this size regime, resonant NEMS come with extremely high 
fundamental resonance frequencies extending into the microwaves [5]. The effective 
spring constant of a NEMS resonator is typically much lower than a bulk acoustic 
wave (BAW) 01* a surface acoustic wave (SAW) resonator operating a t the same 
frequency range. The effective mass, namely the mass involved in the motion of
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Figure 1. (a) A clamped-clamped (doubly-clamped) beam, (b) A cantilevered beam.

a NEMS device, is in the sub-picograms [6]. The in vacuo resonance quality (Q ) 
factors attained in NEMS are in the 103 -  105 range; Q factors go down to ~102 
in ambient atmosphere [7]. Clearly, NEMS offer access to a parameter space that is 
unprecedented and intriguing [2].

Even at this early stage of their development, it seems clear that NEMS will 
find use in a broad range of applications. Recent demonstrations of nanomechanical 
electrometry [8], optomechanical and electromechanical signal processing [9,10]. and 
mass sensing [6,11,12], have attracted much attention. Among the most promising 
of these applications is NEMS-based mass sensing. Their minuscule active masses 
render NEMS extremely sensitive to added mass. By driving a NEMS resonator 
a t its fundamental resonance frequency and detecting small resonance frequency 
shifts while the device is mass loaded by analyte molecules, real-time attogram  
(10- 18g) and zeptogram (10_21g) mass sensitivities have been demonstrated in 
2004 [6], and 2006 [13], respectively. This sensitivity level spans the mass range 
for an individual molecule [14] and indicates the immense potential of effectively 
weighing a single molecule, a virus or a protein, simply by accreting them one-by- 
one onto a NEMS device. At the other end of the spectrum, NEMS are regarded 
as the ultimate platforms for investigations of the quantum behavior of mesoscopic 
mechanical systems [15,16].

To date, several approaches have been used to fabricate NEMS devices out of 
a number of different materials systems. This chapter presents a review of these 
available approaches. Emerging techniques as well as commonly used techniques 
are reviewed in detail.
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Figure 2. Surface nanomachining of NEMS. (a) Fabrication starts on a semiconductor het
erostructure with structural (top) and sacrificial (middle) layers on top of a substrate (bottom), 
(b) First an etch mask is defined using optical lithography, electron beam lithography (EBL), 
film deposition and lift-off. (c) Then, the pattern is transferred into the sacrificial layer using 
an anisotropic etch such as a plasma etch, (d) Finally, the sacrificial layer under the structure 
is removed using a selective etch. The structures can be metallized after or during the process 
depending upon the specific measurement requirements.

2. N anom achining o f N E M S B ased U p on  E lectron  B eam  L ithography

The most straightforward process for patterning semiconductor NEMS is referred 
to as surface nanomachining. Surface nanomachining can be regarded as an exten
sion of the bulk micromachining of MEMS into the submicron length scales. Here, 
fabrication of NEMS is typically carried out on a semiconductor wafer with a het
erostructure comprising structural and sacrificial layers on top of a substrate. One 
first defines large area contact pads using optical lithography. The extension into the 
nanom eter scale is realized through electron beam lithography (EBL): the actual 
nanodevice, i.e., the nanomechanical element, is patterned via EBL. This mask 
pattern  is transferred into the sacrificial layer using an anisotropic etch. Finally, the 
sacrificial layer under the structure is removed using a selective etch. The generic 
process is outlined in Fig. 2.

Surface nanomachining techniques have been used to fabricate suspended struc
tures out of different materials such as silicon [17,18], gallium arsenide [19,20,21], 
silicon carbide [22], aluminum nitride [23], nanocrystalline diamond [24] and amor
phous silicon nitride [25,26,27,15]. Most of these materials are available with high 
purity, grown with a precise control of the layer thicknesses. This la tter aspect 
yields dimensional control in the vertical (out-of-plane) dimension a t the monolayer 
level. This is compatible with the lateral dimensional precision of EBL, which is in
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Figure 3. Frequency versus effective geometry for doubly-clamped beams made from single-crystal 
SiC, Si and GaAs. The inset shows the doubly-clamped beam geometry with length I, width w, and 
thickness t. The fundamental out-of-plane (in-plane) flexural resonance frequency of this structure 
is given by the expression, ujq/2tt =  1.05y/E /p(t/l2) (u>o/2n =  1.05y/E/p(w/l2)). In the plot, t/l2 
values have been normalized to remove the effect of additional stiffness and mass loading due to 
electrode metallization. Courtesy of K.L. Ekinci and M.L. Roukes.

the deep submicron. It is important to note that different material systems offer 
different capabilities in device applications. For example, piezoresistivity and piezo
electricity, which are important material properties for enabling transducers, exist 
only in certain material systems. In addition, Young’s modulus E  and the mass 
density p determine important mechanical parameters of the devices such as the 
resonance frequency. In the nanoscopic size regime of NEMS where surface-area- 
to-volume ratios are extremely large, materials with resilient surface constructions 
may enable superior devices. Figure 3 shows the resonance frequencies of NEMS in 
different materials, and is a good example of the effect of material properties on 
device parameters.

2 .1. Silicon

Suspended submicron silicon (Si) structures were among the first to be fabricated
— given the fact that the tools for silicon device fabrication have been commonly 
available for the past two decades [28]. Several different approaches for fabricating 
Si NEMS have been reported. Here, fabrication from bulk Si and silicon on insulator 
(SOI) wafers is reviewed.

In order to fabricate NEMS on Si wafers, A.N. Cleland and M.L. Roukes [17] 
reported an approach that used pyrogenic steam oxidation. An initial l-|xm-thick 
oxide layer was grown on a <100> n-type Si wafer. The contact pads and the device
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Figure 4. NEMS fabrication steps on bulk Si. Courtesy of A.N Cleland and M.L. Roukes.

Figure 5. Scanning electron micrograph of nanomechanical Si beams fabricated from bulk Si. The 
beams shown have length of 7.7 jim, width of 0.33 |i.m, and height of 0.8|i.m. They were fabricated 
on bulk Si using the process outlined in Fig. 4. Courtesy of A.N. Cleland and M.L. Roukes.

mask were patterned using optical lithography and EBL, respectively. The mask was 
an rf-sputtered 100-nm-thick layer of nickel (Ni). This pattern  was transferred into 
the pyrogenically grown oxide layer, and subsequently, into the Si beneath it using 
two anisotropic reactive ion etch (RIE) steps. After the Ni mask was removed by 
wet chemical etching, a second shorter pyrogenic oxidation was performed to grow 
sidewall oxide layers — to be used as masks in the subsequent etches. At this point, 
the substrates had vertical ribs of single crystal Si, with a thick oxide layer on the 
upper surface and a thin sidewall oxide on the vertical sidewalls. In the final step, 
the vertical ribs were undercut and the remaining oxide layers were removed, again, 
using RIE steps. The process is illustrated in Fig. 4; Scanning Electron Microscope 
(SEM) images of fabricated structures are shown in Fig. 5.

Several groups [29,18] have used SOI substrates for the fabrication of Si NEMS. 
In this case, the standard optical lithography and EBL mask definition steps are 
followed by the deposition and lift-off of a metal mask. Aluminum (Al), Chromium 
(Cr) and Nickel (Ni) has been used as effective etch masks on SOL The step following 
mask definition is usually a RIE that goes all the way into the oxide layer. After 
this etch, the underlying oxide is exposed and can be etched away in an isotropic
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buffered hydrofluoric acid (BHF) etch. The timing in this etch step is usually critical; 
the etch needs to be stopped in order to avoid large undercutting in the anchors. 
The availability of SOI wafers in a variety of thicknesses and the straightforward 
fabrication steps has made this process the mainstay in NEMS fabrication.

2 .2 . E p ita x ia l G a A s /A lG a A s  sy s tem s

The advances in III-V  epitaxial growth processes have resulted in single-crystal 
lattice-matched heterostructures with superior electronic, optical and mechani
cal properties. Epitaxially grown III-V  materials are commonly used for high
speed VLSI circuits, integrated microwave circuits, and optical communication sys
tems. The combination of well-defined layer thicknesses, and tunable electronic 
and mechanical properties makes III-V compounds excellent candidates for NEMS 
technologies.

GaAs/AlGaAs heterostructures have been the III-V material system of choice 
for NEMS. In the simplest case of heterostructures with structural GaAs and sac
rificial AlGaAs layers on top of a GaAs substrate, the chemistry difference between 
AlGaAs and GaAs has been exploited to selectively etch the sacrificial layers and 
to suspend the devices. But the real interest in GaAs/AlGaAs-based NEMS stems 
from the fact th a t a two-dimensional electron gas (2DEG) can be incorporated into 
the GaAs/AlGaAs interface; this opens up a number of interesting possibilities for 
coupling the 2DEG to the displacement/strain fields in the moving nanomechanical 
element.

A.N. Cleland and coworkers [21] recently fabricated a nanomechanical resonator 
in an epitaxially grown heterostructure made up of the following layers: 700 nm 
of Alo.7Gao.3As (sacrificial layer), 600nm of GaAs, 40 nm of Alo.3Gao.7As, a Si 
delta-doped layer, 70 nm of Alo.3Gao.7As, and a 10 nm GaAs capping layer. The 
suspended mechanical device included all the layers above the sacrificial layer. The 
2DEG, which was used to create a quantum point contact, was formed at the lower 
GaAs-Alo.3Gao.7As interface. This device, shown in Fig. 6, was fabricated using the 
standard lithography, isotropic and selective etching steps. Electrostatic voltages 
applied to the top gates on the device were used to form a quantum point contact 
in the 2DEG. J. Kirschbaum et al. [30] reported the fabrication of a NEMS device 
on a comparable GaAs/AlGaAs heterostructure. Here, a quantum dot realized by 
means of fabricated constrictions in the 2DEG was coupled to the NEMS resonator 
capacitively. H.X. Tang et al. [20] fabricated a NEMS device on a similar heterostruc- 
ture to realize high-gain electromechanical displacement sensing through combined 
piezoelectric and piezoresistive mechanisms arising from the presence of the 2DEG.

2.3. A lu m in u m  n itr id e

Aluminum nitride (AIN) is a light, stiff and piezoelectrically active material. It 
is proving to be a useful material in the semiconductor industry, as it can be 
grown epitaxially on Si substrates. The large piezoelectric constant езз =  1.5 C /n r
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Figure 6. SEM micrograph of a nanomechanical device fabricated on GaAs/AlGaAs heterostruc
ture. A quantum point contact (QPC) is formed in the buried 2DEG by using the electrodes defined 
on the surface of the suspended beam. The magnetic field В  used for magnetomotive actuation is 
indicated, as is the direction of flexure 5z. The numbers identify the electrodes: (1) is the drive 
electrode that also serves as a QPC gate, (2) and (5) define the source and drain ohmic contacts, 
(3) and (4) the other sides of the two QPC gates. Only one QPC was used at a time. Inset: Larger 
scale image of the structure, with the dotted line outlining the suspended area. Courtesy of A.N. 
Cleland.

corresponds to a significant electromechanical coupling thus making the m aterial 
a clear platform for the integration of surface-acoustic wave devices on chip with 
silicon-based electronics. Moreover, the material is fracture resistant and chemically 
nonreactive — with negligible etching rates when exposed to most strong acids and 
bases. For NEMS devices, AIN provides both the possibility for very high reso
nance frequencies and piezoelectric actuation. F irst NEMS on AIN was fabricated 
by A.N. Cleland et al. [23]. In this study, the AIN films were deposited on Si using 
metalorganic chemical vapor deposition (MOCVD). NEMS were fabricated using 
the standard combination of optical lithography and EBL. Ni served as an etch 
mask during the anisotropic C^-based RIE of AIN. The structures were released by 
etching the Si substrate with an isotropic wet etchant.

2.4. S ilico n  n itr id e

Silicon nitride is an amorphous material tha t is usually deposited on Si or sil
icon oxide by low pressure chemical vapor deposition (LPCVD). Silicon nitride 
offers several attractive possibilities as a material for NEMS. By playing with the 
deposition parameters, for instance, one can obtain a film in high residual tension. 
The doubly-clamped beam resonators fabricated in such systems behave as wires 
in tension rather than flexural beams; a recent study shows th a t such resonators 
exhibit ultrahigh Q values [31]. Membrane fabrication techniques developed for sil
icon nitride on Si allow the fabrication of devices, which do not have a substrate 
below in close proximity and which can be accessed from both the top and bottom  
surfaces for a variety of detection purposes.
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Here, two approaches to fabricate silicon nitride NEMS are reviewed. The first 
approach applies to silicon nitride grown on silicon oxide, and follows identical steps 
as on SOI [25]. The second approach involves first the fabrication of a thin silicon 
nitride membrane, and then, patterning the NEMS on top of the membrane using 
EBL. NEMS fabrication steps on silicon nitride membranes and examples of such 
devices are shown in Fig. 7 and Fig. 8, respectively [15,26,27].

2.5. S ilico n  carbide

Silicon Carbide (SiC) is an excellent material for high frequency NEMS. There are 
two im portant reasons for this. First, given its larger y /E /p , SiC yields devices 
tha t operate at significantly higher frequencies for a given geometry than otherwise 
possible using conventional materials. Second, SiC possesses excellent chemical sta
bility. This makes surface treatments an option for higher quality (Q) factors of 
resonance.

Yang et al. [22] successfully developed a process for fabricating monocrystalline 
SiC NEMS. Here, the starting material was a 259nm-thick single crystalline 3C- 
SiC film heteroepitaxially grown on a 100 mm-diameter <100> Si wafer. Fabrication 
of the devices began by defining a Cr device and contact pad mask by the usual 
optical lithography and EBL steps. The pattern in the Cr metal mask was then

(a) nitride

silicon

(b)

Figure 7. (a) Fabrication of silicon nitride membranes. One starts with a <100> Si wafer with 
thin coatings of silicon nitride on both sides. Photolithography and RIE steps result in a back 
etch window. A subsequent wet etch in potassium hydroxide (KOH) solution dissolves the Si 
preferentially along the <100> plane, at a 57° angle to the <111> plane with high selectivity. The 
wet etch terminates at the silicon nitride layer, (b) NEMS fabrication on silicon nitride membranes. 
The membrane is coated with PMMA and patterned using EBL. The unmasked regions are etched 
using RIE, resulting in suspended structures.
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(c) (d)
Figure 8. (a) SEM image of a group of four silicon nitride membranes taken from the back 
side, (b) Close up of a membrane, (c)-(d) Doubly-clamped beams fabricated on silicon nitride 
membranes. Courtesy of K.L. Ekinci and K.C. Schwab.

transferred to the 3C-SiC beneath by anisotropic plasma etching. The vertically- 
etched structures were then released by controlled local etching of the Si substrate 
using a selective isotropic Si etch. After the structures were suspended, the Cr 
etch mask was removed. The chemical stability and the mechanical robustness of 
the structures allowed subsequent lithographic fabrication steps for the requisite 
metallization step on the released structures.

2 .6 . N a n o c ry s ta llin e  d ia m o n d

Nanociystalline diamond is a desirable material for many applications because it 
is chemically very resistant, has a high hardness and thermal conductivity. Doping 
during deposition allows for a wide range of electrical conductivities. In particular, 
the high Young s modulus, E  «  1000 GPa, of diamond as well as the relatively low 
mass density, p «  3500kg/m 3, result in a very high sound velocity — as in SiC 
described above.

Sekaric et al. [24] used nanocrystalline diamond films for fabricating NEMS 
structures. The nanocrystalline diamond was deposited on a l-jxm-thick oxide layer 
grown on a Si wafer. The film deposition was done by microwave plasma enhanced 
chemical vapor deposition (CVD). The films had a columnar growth structure with 
grains th a t ranged in size from 5-15 nm on the nucleation side to ~10% the thickness
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Figure 9. Nanocrystalline diamond NEMS device. The close-ups in (a) and (b) show the thin 
beam region and the anchor regions. Courtesy of L. Sekaric and H.G. Craighead.

of the film on the growth surface. The structures shown in the SEM micrographs 
in Fig. 9 were fabricated using EBL. The pattern was transferred into the dia
mond films using a CF4/O 2 reactive ion etch with the diamond film protected by a 
metal mask. After the removal of the mask, the structures were released in buffered 
hydrofluoric acid which removed the underlying oxide layer.

2.7. N a n o tu b e  and  n a now ire  N E M S

Fabrication and operation of NEMS with progressively smaller size, ultimately down 
to the molecular scale, is critical for the advancement of nanotechnology. Nanoma
terials such as nanowires and nanotubes offer immense potential in this regard. 
Nanotubes come as muti-walled and single-walled structures. Both nanotubes and 
nanowires possess near-perfect surfaces; they can be tailored to desired lengths and 
diameters.

Several groups have successfully fabricated suspended doubly-clamped and can- 
tilevered nanowire structures [32,33]. The generic approach is to synthesize the 
nanowires, suspend them in a solution, and then disperse them on top of a substrate. 
Then, one determines the location of the deposited wires using optical microscopy 
or Atomic Force Microscopy (AFM). Metallic leads to individual nanowires are 
subsequently patterned by EBL, evaporation, and lift-off. Finally, the nanowires 
are suspended above the substrate by etching the substrate selectively. Fig. 10(a) 
shows the P t nanowire NEMS fabricated by Husain et al. [32].

Similar lithographic approaches have been used to fabricate suspended nan
otube structures. P.A. Williams et al. [34], for instance, fabricated torsional res
onators with multi-walled carbon nanotubes as the torsional spring elements. The 
fabrication approach depended upon EBL to pattern metal pads over the ends of 
a nanotube to pin it down, and a strip of metal over the center of the nanotube 
to form the paddle. Another approach in creating suspended nanotube NEMS is 
to first lithographically pattern the catalyst sites, and then, grow the nanotubes 
between these sites. V. Sazanova et a l [35] used chemical vapor deposition (CVD) 
to grow nanotubes with diameters between 1 and 10 nm at lithographically defined 
catalyst sites on a Si substrate with a 500 nm oxide. Metal contacts were made using 
photolithography A final HF etch followed by critical point drying resulted in the 
suspended nanotubes. Fig. 10(b) shows a SEM image of this device.
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Figure 10. (a) Pt nanowire NEMS. (b) Nanotube NEMS. The nanotubes were CVD grown and 
usually single-walled or double-walled. Courtesy of M.L. Roukes and P. McEuen.

Source I

3. Fabrication o f N E M S U sing N anoim print L ithography

Nanoimprint lithography (NIL) is a high volume, low cost patterning technique with 
spatial resolution down to nm [36]. In basic NIL, a pattern  is defined by physically 
deforming a polymer resist. One typically uses a solid tem plate as the imprint mold, 
which is prepared by electron beam lithography (EBL) and reactive ion etching 
(RIE). The mold is pressed upon a polymer-coated substrate, deforms the polymer 
at elevated tem perature, and is removed from the substrate after cool down. The 
pattern  imprinted on the polymer can then be transferred into the substrate by a 
variety of techniques. NIL has already been used to fabricate electronic, photonic 
and microfluidic devices in the past decade.

Recently, C.C. Huang and K.L. Ekinci [37] extended the NIL technique to 
the fabrication of freely suspended nanostructures. This approach potentially pos
sesses all the desirable aspects of NIL; it also lends itself to simple layer-by-layer 
fabrication. W ith this approach, one can generate suspended nanostructures upon 
an existing structure, such as anchors, without modifying the structure — given 
that the polymer patterning resist serves as the sacrificial layer.
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The device fabricated in the preliminary work of Huang and Ekinci contained two 
layers: an anchor layer and a freely suspended layer. The anchors were rectangular 
structures with dimensions I x  w x  t = 70|xm x 12|xm x 300 nm; they were made 
up of silicon oxide and Al, and fabricated by conventional nanoimprint and film 
deposition steps. After their fabrication, the anchors were spin coated by a thick 
PMMA for the second layer imprint. Subsequently, a flattening step was used. The 
Si mold for the upper structural layer was fabricated by EBL and RIE, and coated 
with an anti-adhesion layer. The imprint process was performed in a flip-chip bonder 
with careful alignment between the layers. After the removal of the residual PMMA 
through a carefully timed O2 RIE, a 200-nm-thick Aluminum film was thermally 
deposited on the pattern. Simple lift-off step in a solvent such as acetone did not 
work reliably due to the fact that the imprint pattern did not have an undercut, 
and the deposited film was essentially connected over the entire sample area. In 
order to overcome this challenge, a relatively flat protective photoresist coating was 
generated over the whole sample chip; the photoresist was etched downwards until 
the elevated, excess metal area was reached. A wet aluminum etchant was used to 
remove the Al in the unprotected areas. As expected, the devices survived under 
the protective coatings. The final step in the fabrication was the release of the 
nanostructures in acetone. The complete process is illustrated in Fig. 11.

ИЕ

12 PMMA ■  Al Si02 ■  Photoresist
Figure 11. Use of nanoimprint lithography for the fabrication of suspended nanostructures, (a) 
The anchor structures were coated with the imprint polymer (PMMA). (b) The polymer was 
flattened, (c) The device layer was imprinted, (d) Residual polymer was removed using RIE. (e) 
Al was deposited as the device layer, (f) The chip was coated with a flat photoresist layer, (g) 
The photoresist was etched in RIE until the upper metal was exposed, (h) Al etchant was used to 
remove the exposed Al. (i) Acetone was used to release the structures. Courtesy of C.C. Huang 
and K.L. Ekinci.
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Figure 12. Different stages during suspended structure fabrication using nanoimprint lithography, 
(a) SEM image of the anchor structure, (b) The imprint mold for the suspended structures, (c) 
Optical micrograph of the chip coated with the resist right after the imprint step, (d)-(f) SEM 
images of the resulting suspended structures. Courtesy of C.C. Huang and K.L. Ekinci.

Optical and electron micrographs of the device a t various points during the 
fabrication are displayed in Fig. 12. Figure 12(a) shows a Scanning Electron Micro
scope (SEM) image of the anchors on the sample chip. The im print mold is shown 
in Fig. 12(b). The optical micrograph of the resist after the imprint step is shown 
in Fig. 12(c). Figure 12(d)-(f) shows the completed devices.

4. N E M S Fabricated U sing P olym eric N anofiber T em plates

Electrospinning deposition is the electric field-assisted formation of fibers from a 
polymeric solution. Using this process, one can produce polymer fibers with diame
ters in the range of hundreds of nanometers, which cannot be fabricated by conven
tional extrusion technologies. H. Craighead and coworkers [38,39) have fabricated 
silicon nitride NEMS devices by electrospinning PMMA nanofibers on lithograph
ically defined support structures, and using these nanofibers as etch masks. The 
technique eliminates the need for the high resolution lithography step.

The electrospinning process described by Czaplewski et al. [39] used a microfabri
cated tip  loaded with the polymeric solution to be dispensed. The target substrates 
were attached to an aluminum counter electrode fixed to the front of a speed- 
controlled rotational motor. A voltage was applied between the tip and the counter 
electrode. Once a stable Taylor cone was established at the tip, the counter electrode 
was set into motion, producing nanofibers on the target substrate. The nanofibers
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used to define the nanomechanical structures were deposited by electrospinning a 
PMMA solution. The target substrate consisted of two films, the device layer on 
top of a sacrificial oxide layer on a silicon substrate. After the fibers were deposited 
on the target substrate, the substrate was heated to 115°C to increase the adhesion 
of the PMMA fibers to the substrate surface. Then photoresist was spun over the 
fibers and conventional photolithography was used to define the support structures 
of the nanomechanical devices. Next, the unmasked areas of the device layer were 
etched in a CF4 plasma, and then the remaining photoresist and nanofibers were 
removed in an oxygen plasma. The devices were released by etching the sacrificial 
oxide in hydrofluoric acid, rinsing in water, and drying with nitrogen.

5. N E M S Fabricated by Focused Ion B eam  D oping and W et Chem ical 
E tching

A recently demonstrated technique based on local ion implantation and subse
quent wet chemical etching presents interesting prospects for fabricating suspended 
nanomechanical devices. Briefly, one uses a focused ion beam (FIB) to locally 
implant impurity ions into a Si wafer. The FIB implantation of ions into Si at 
a sufficiently high dose (above 1015/cm 2) renders the implanted Si region much less 
susceptible to chemical etching; this effect has been observed for FIB implantation 
of Ga, Au and Si impurity ions. A subsequent wet etch, e.g., in potassium hydroxide 
(KOH) solution, affects only areas that are not doped by the FIB — given that a 
high impurity concentration in Si forms an efficient etch stop. Using this technique 
it has been possible to define arbitrary shapes by direct-write patterning down to 
the nanometer scale. The main advantage of the technique stems from the fact that 
no intermediate mask pattern transfer step is necessary. Similar to EBL, however, 
this is a serial approach.

Steckl et a l [40], Schmidt et a l [41] and Brugger et a l [42] have used this tech
nique to successfully fabricate suspended Si nanostructures. Suspended structures 
were fabricated by generating appropriately oriented doping patterns with respect 
to the crystal planes of Si. The penetration depth of the ions determined the struc
tural thickness of the suspended layer. In order to fabricate ultrahigh-frequency can
tilever beams, Brugger et al [42] used a lOQ-cm n-type background doped <100> 
Si wafer. The Si was ion-implanted using an FIB system, which was operated at a 
30-kV ion beam acceleration voltage with currents in the range 12-150 pA; this volt
age resulted in a structural layer that was to typically 30 nm for Ga +  ions. The FIB 
modified samples were then etched in aqueous KOH solution. Freestanding struc
tures were realized by appropriately orienting the FIB pattern at 45° with respect 
to the <110> silicon crystal plane. Figure 13(a) illustrates the above-described pro
cess steps to fabricate cantilevers with a rectangular cross-section; Fig. 13(b) shows 
the orientation of the structures with respect to the crystal directions; Fig. 13(c) 
is a SEM image of cantilevers fabricated using this technique. The profile of the
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scanncd FIB KOH ctching

20 - 30 nm ф
modified layer I7T

Si Si

Figure 13. (a) Process sequence for fabricating cantilevers by a combination of local dopiug by a 
focused ion beam (FIB) and KOH etching (cross section), (b) Top view of the surface modification 
layout showing the crystal directions in the substrate, (c) SEM image of fabricated cantilevers. 
The cantilevers had the following dimensions: I =  2 ц т ,  w — 500 nm, t =  30 nm. Courtesy of 
J. Brugger.

G a+ doping determined the cross sectional shape of the beams. The structures had 
nearly rectangular cross sections with a 30-nm thickness and varying widths ranging 
from 0.5 |xm to 10 ц-т; the lengths were in the 0.1—1 ц ,т  range.

In the case of a shallow, uniform implantation, the cross section of the resulting 
suspended structures were nearly rectangular. Interestingly, when a hole was milled 
into Si by continued FIB exposure, back scattering of G a+ ions resulted in equally 
doped sidewalls, which subsequently became etch resistant. This made it possible to 
fabricate three-dimensional elements with vertical sidewalls. Using this approach, 
cantilevers with U-shaped cross sections were fabricated by Brugger et al. [42]. The 
U-shaped cross section resulted in an increase of the moment of inertia by two orders 
of magnitude as compared to the moment of inertia of cantilevers with similar size 
and mass but rectangular cross sections. Consequently, the U-shaped cantilevers 
had a mechanical stiffness th a t was increased by a factor of 100, which, in turn, 
increased the beam resonance frequency by a factor of 10. Figure 14(a) illustrates 
this fabrication process; Fig. 14(b) is a SEM image of the cantilevers.

6. N E M S Fabrication by S tencil L ithography and Sacrificial E tch ing

Another novel method for the fabrication of suspended nanomechanical devices 
is based on a combination of stencil lithography and etching. Stencil lithography 
is an emerging surface patterning technique that relies on the local deposition of
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(a) milling with Ga+ ions

Si implanted sidewall

after KOH etching

Si

Cantilever with planar 
and u-shape cross-section

thickness 30 nm 
width 100 nm 
length 2000 nm

(b)

Figure 14. (a) Fabrication of free-standing nanomechanical elements with increased structural 
stiffness by 3D FIB milling and sidewall doping. The illustrations show the structures after various 
fabrication stages: after FIB exposure (top), in mid-process during KOH etching (middle) and 
when etching is completed (bottom), (b) SEM image of NEMS cantilevers with rectangular and 
U-shaped cross section. The cantilever with the U-shaped cross section (inset) had an increased 
mechanical stiffness such that it could withstand the capillary force exerted by the retracting liquid 
used for the final rinse step in the process. Courtesy of J. Brugger.

m aterial through miniaturized shadow mask membranes [43,44,45,46]. This method 
has been particularly useful for the deposition of thin film patterns on surfaces in 
applications where the surfaces are fragile and don’t allow the harsh process steps 
typically involved in the photolithography process. Stencil lithography is scaleable 
down to sub-100 nanometers; this property makes stencil lithography a very promis
ing method for rapid in vacuo prototyping of nanostructures without the risk of 
contamination. Stencils are also useful for patterning surface structures that span 
multiple length-scales from mm to sub-100 nm.

The fabrication of stencils is based on a set of advanced micromachining steps 
including DUV exposure and a combination of reactive ion etching and wet etching 
[47]. The stencil mask membrane is typically 100 nm thick, and hence, is mechani
cally very fragile and compliant, often bending due to the stress of the added thin 
film. The mechanical stiffness of the ultra-thin low-stress silicon nitride membranes
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SiN

(a) (b)
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=  Si = A I  c=>SiN — Stencil
Figure 15. Process steps for the fabrication of NEMS devices based on stencil lithography and 
dry etching, (a) Deposition of a patterned thin metal film through the stencil mask, (b) Metal 
layer after the stencil is removed, (c) Pattern transfer into the structural SiN layer below by means 
of anisotropic dry plasma etching, (d) Dry releasing of suspended nanomechanical structures by 
isotropic dry etching of Si substrate. If necessary the metal etch mask can be selectively removed 
by further etching. Courtesy of J. Brugger.

can be considerably improved by topographic reinforcement rims [48,49]. As a result, 
the membranes deform less under the stress of the deposited film, and consequently, 
the surface patterns can be better defined down to the 10-nm scale.

The fabrication of NEMS using stencil lithography is based on the local deposi
tion of a structural layer or a mask layer, and subsequent plasma etching as shown 
schematically in Fig. 15. Using a stencil mask, Kim et al. [50] defined an Al layer 
in the shape of a ~ 100-nm-wide beam connected to an anchor pad, which was in 
the |im  range. A subsequent etch step released the narrow beam making it freely 
suspended. Using this technique, it was possible to use the Al layer as the structural 
layer for the NEMS device; alternatively, the Al could be used as a mask to transfer 
the pattern  into the layer below. Figure 16 shows SEM images of cantilevers and 
doubly-clamped beams fabricated using the stencil lithography technique.

Using stencil lithography, free-standing nanomechanical elements can be fabri
cated in virtually any desired material as long as the material has a sufficiently 
high etch selectivity with respect to the substrate. The all-dry, two-step, stencil 
lithography method allows fabrication of nanomechanical elements w ithout a pho
tolithography step. Moreover, the fabrication method is scalable to a full wafer.
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Figure 16. SEM images of NEMS cantilevers and doubly-clamped beams at various stages during 
stencil lithography based fabrication, (a) After Al film deposition through the stencil mask and 
pattern transfer by dry etching, (b) After isotropic Si etch to release the cantilever beams, (c) and 
(d) show similar SEM images taken during nanomechanical doubly-clamped beam fabrication. 
Courtesy of J. Brugger.

7. Large Scale Integration o f N EM S

Up to date, most NEMS work has been done on single devices. A single NEMS sensor 
or a single NEMS signal processor, while exceptionally capable and sensitive, will 
probably not be of significant use in a macroscopic world application. The reason, 
of course, is that the efficiency obtained by employing a single NEMS device is 
extremely small. This impediment can be overcome by fabricating and operating 
many NEMS devices in parallel

Kawakatsu et al [51] have developed a fabrication method for the parallel manu
facturing of millions of identical single-crystal silicon cantilevers for high resolution 
scanning probe microscopy (SPM). Their method is based on anisotropic etching 
of silicon by KOH. Arcamone et al [49] have recently demonstrated full wafer scale 
NEMS fabrication and CMOS-integration by using stencil lithography. The fab
rication strategy of Arcamone et al [49] was based on using the polysilicon and 
silicon oxide CMOS layers as the respective structural and sacrificial layers for the 
suspended nanomechanical resonators. The stencil mask used was a 100-mm wafer 
tha t contained more than 2000 device masks for the single-step, parallel fabrication 
of nanoresonators. During CMOS circuit design and processing, an area was reserved 
for the integration of the nanodevices. After concluding the fabrication of the CMOS 
circuits using standard CMOS technology, the integration area was patterned using
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stencil lithography by evaporation of 80 nm of Al. Subsequent process steps con
sisted of RIE of Si to transfer the pattern to the polysilicon structura l layer and 
silicon oxide wet etching to release the mechanical structures. This strategy simpli
fies the processing and facilitates the electrical contact between the nanomechanical 
devices and the circuits [52].

8. C onclusions and O utlook

NEMS are anticipated to find a number of significant technological applications in 
the near future. There remain, however, several challenges in front of realizing the 
full potential of NEMS. The development of simple, reliable, parallel, reproducible 
and scaleable NEMS fabrication technologies, which are compatible with standard 
microelectronic processing, is of central importance for the success of NEMS-based 
applications. This chapter aimed to give an introduction to the fabrication of NEMS, 
highlighting both mainstay and emerging technologies. While some of these tech
nologies offer promise for the future, much research is needed in this active field.
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Carbon contamination dots, 404

567
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Carbon Nano Tubes (CTN), 71, 72, 83, 
90-92, 113 

Carbonaceous precursors, 421 
Carbonyl groups, 420, 421 
CdS, 199, 201
Cell surface display (CSD), 151 
Central maximum, 408, 409 
Ceramic films, 477, 480, 482, 489, 490 
Ceramic nanostructures, 474, 485 
Channeling, 457, 458, 461-463 
Chemical vapor deposition, 401, 417 
Chemically amplified resist, 359, 363 
Chromatic aberration, 352, 353 
Chromosome, 129
Clamped-clamped (doubly-clamped) 

beam, 545 
Clogging, 505, 513, 515 
Co2(CO)8, 418, 424 
Coarsening, 423 
Codon, 132, 133, 135 
Combinatorial materials, 521 
Complex nanostructures, 485 
Complex oxides, 516 
Complex protein structure, 140 
Composition control, 421, 423 
Composition of deposit, 417, 422, 423 
Compound semiconductors, 417 
Concentration gradient, 416 
Conduction band electron, 344 
Confocal laser microscope, 370 
Contact Mode, 85, 87, 96 
Contamination, 400, 401, 404, 417, 421, 

422, 424, 426 
Contrast (of resist), 363 
Convergent wave, 408 
Coulomb blockade, 367 
Coulomb effect, 352 
Coulomb interaction, 352 
Cross-link (of resist polymer), 344 
Cross-sectioning, 431, 432, 444, 445, 448, 

450-452, 463 
СТАВ, 190 
Cu film, 414 
Cu surface, 414 
Current distribution, 407, 408 
Cutting (of resist polymer), 344 
Cytosine (C), 130

De-localized process, 413 
Defect tolerance, 187, 202, 204

Defects, 201, 202 
Deflection frequency, 350 
Deflection noise, 348, 352, 362 
Delocalization, 413 
Deoxyribose, 130
Deposit, 399, 401-407, 409, 410, 412-417, 

420-424, 426 
Deposit composition, 399, 417 
Deposited material, 401, 410 
Deposition chamber, 407, 417 
Deposition parameters, 399, 401, 415 
Deposition process, 401, 411 
Deposition rate, 401, 406, 407, 409, 413, 

415, 416, 422 
Depth of focus, 353, 371 
Desorption, 407 
Detection semi-angle, 350, 351 
Diamond, 70-72, 543, 546, 552, 553 
Diblock copolymer thin films, 486 
Dielectric, 69, 70, 73, 74 
Dielectrophoresis, 192, 194 
Differential (scattering) cross-section, 345, 

346
Differential pumping systems, 406 
Diffraction, 352 
Diffusion, 407 
Digermane, 420
Direct write technique, 399-401 
Dissociate, 399-402, 409-411, 414-417,

421
Dissociated hydrocarbon vapors, 401 
Dissociation, 401, 402, 409-413, 415-417, 

420
Dissociation cross sections, 410, 412, 413, 

415
Dissociative electron attachment, 411
DNA, 129, 194, 200
DNA arrays, 147
DNA junction, 147
DNA metallization, 149
DNA microarrays, 534
DNA nanofabrication, 145-149
DNA origami, 149
DNA self-assembly, 145
DNA structure, 129
Doping, 74, 84, 93
Dose, 425
Dots, 402-404, 415, 417, 420, 424 
Double helix, 130
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Dry etch, 72
Dynamic stenciling, 512, 521

EBID, 399-418, 421-426 
EBID applications, 413, 424 
EBID depositions, 417 
EBL, 399, 424-426 
EDX, 405, 406 
EELS, 406, 417, 421, 422 
EID (Exposure Intensity Distribution), 

354-356 
Elastic collisions, 436, 440, 460 
Elastic scattering, 344, 345, 411 
Electrical contacts, 424 
Electrochemical deposition, 169 
Electrochemical sensing, 93 
Electrodeposition, 187, 191, 198 
Electron beam, 399-402, 404-406, 

409-411, 414-416, 421, 424 
Electron beam lithography, 399, 424, 473,

543, 546, 554 
Electron current distribution, 408 
Electron detection, 405 
Electron Detector, 405 
Electron diffraction, 411 
Electron energy, 408-410, 413, 415, 421 
Electron energy-loss spectroscopy, 406 
Electron irradiation, 402, 417, 420-422 
Electron precursor interactions, 407 
Electron probe, 401, 406-409, 411, 424 
Electron probe formation, 401, 407, 408 
Electron substrate interactions, 407 
Electron transistor, 424 
Electron wavefunction, 408 
Electron wavevector, 408 
Electron-beam specimen interaction, 399 
Electron-beam-induced deposition, 400,

401
Electron-beam-induced deposition, 399 
Electron-gas scattering, 410 
Electron-solid-gas interactions, 407 
Electronic excitations, 411 
Electronic noise, 77 
Electronic structure, 417 
Electrospinning, 191, 192 
Electrostatic deflector, 348 
Electrostatic forces, 141 
Electrostatic lens, 347 
Emission, 401 
Energy landscape, 202, 203

Energy-dispersive x-ray spectroscopy, 405 
Enthalpy, 142 
Entropy, 142 
Environmental cell, 406 
Environmental scanning transmission 

electron microscope, 402 
Escape depth, 417 
Etching, 424, 426 
Etching gases, 426 
Evanescent wave, 228-230 
Excited molecule, 402 
Exposure dose, 425 
Exposure time, 404 
External sensing, 76, 83, 114 
Extreme ultraviolet, 237, 238

Fabrication, 399-401, 403, 405, 407, 409, 
413, 417, 424 

FEI F20 Tecnai, 406 
Ferroelectric, 87, 106, 108, 516, 517, 533, 

534
Ferromagnetic ceramics, 473
FIB, 431-436, 444-454, 456-458, 461-465
Field effect transistors, 199, 204
Field emission electron source, 402
Field emission tips, 424
Field emitter arrays, 424
Field emitters, 424
Field-emission gun, 405, 407
Flicker noise, 85
Flux of electrons with energy E, 415 
Focus, 408
Focused Electron Beam (FEB), 72, 73, 

399-401, 411, 421 
Focused Ion Beam (FIB), 72, 73, 101, 109, 

400, 406, 425, 431, 432, 434, 511, 543,
557, 558 

Focusing lens, 405, 407 
Force Distance Curves (FDC), 103, 105 
Formation of subnanometer electron 

probes, 407 
Forward scattering (electrons), 355 
Fragment, 400, 409, 411

GaAs/AlGaAs, 549, 550 
Gallium ions implanted, 400 
GaN, 417, 419, 420 
Gas Injector, 405 
Gas layer, 407 
Gas source, 405
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Gas systems, 406
Gas-solid reactions, 399
Gaseous precursor, 400, 401, 405, 409
Gasify the carbon, 422
Gaussian beam, 342, 343, 347-350
Ge, 420
Genetic code, 132 
Geometrical optics, 352, 353 
Germane, 409, 410 
GHOST, 357, 358 
Gibbs free energy, 142 
Glass nanowires, 213-215, 220-222, 

227-230 
Glycerol, 110 
Gold, 190, 197
Gold binding polypeptide (GBP), 151 
Gold-palladium, 424 
Graphene component, 421 
Growth rate, 407 
Gryzinski formula, 345 
Guanine (G), 130

Heated substrates, 417 
Heterodyne, 82, 83, 98 
High and ultra-high vacuum, 503 
High resolution, 400, 401, 404, 415 
High Resolution EBID, 406, 407, 415, 416 
High-brightness, 405, 407, 424, 426 
High-energy electron beams, 400, 415 
High-energy primary electrons, 410, 411, 

415
High-energy subnanometer focused 

electron beams, 399 
High-resolution EBID, 401, 405-408, 421, 

424
High-resolution objective lens, 405 
Holliday junction, 145 
Homodyne, 82
HSQ (hydrogen silsesquioxane), 365-367
Hydrocarbon, 401
Hydrocarbon species, 421
Hydrogen, 422
Hydrogen bond, 130, 140
Hydrophobic, 196
Hydrophobic forces, 141

Imaging systems, 405 
Implantation of gallium ions, 424 
Imprint, 500, 502, 503, 522-524, 526, 

529-535

In situ, 406, 425 
Inelastic collision, 436, 440, 461 
Inelastic scattering, 344, 345, 411 
Injection needle, 406 
Injection systems, 406 
Inner shell electron, 344 
Inorganic resist, 344, 363 
Insulators, 535
Interaction of electron probe with 

substrate, 411 
Interaction of electrons with molecular 

precursors on surfaces, 409 
Interferometry, 75, 82, 83 
Into subnanometer, 409 
Ion beam induced deposition, 399, 400 
Ion probe sizes, 425 
Ionization, 409-411, 417 
Ionization cross section, 409-411 
Ionization of the precursor, 409, 410 
Ionization potential, 409, 411 
Irradiated area, 416
Irradiation by the primary electron, 410 

Knife-edge, 350-352 

ЬаВб, 347
Langmuir-Blodgett, 196 
Large Scale Integration, 543, 561 
Laser ablation, 192
Laser interference lithography, 505, 507 
Laser plasma source, 249 
Laser processing, 475, 476 
Laser-induced plasma -  assisted ablation, 

476
Latent image, 343, 357, 360 
Laterally, 417
LER (line-edge roughness), 359 
Lindhard dielectric function, 346 
Lithography, 399, 400, 424-426 
Lithography masks, 424 
Localized, 402
Low-energy electrons, 410-412 
Low-energy secondary electrons, 410, 411

Magnetic, 194, 195 
Magnetic deflector, 347, 348 
Magnetic force microscopy, 424, 517 
Magnetic lens, 347 
Magnetic stress sensor, 92 
Magnetic tips, 424
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Magnetostriction, 92 
Magnetostrictive, 83, 93 
Mask repair, 400, 424 
Mass deposition, 400, 417 
Mean free path, 345-348, 412, 415 
Mechanism for dissociation, 410 
Membranes, 499, 502, 504, 505, 509-511, 

513, 514 
MEMS/NEMS, 499, 501 
Microcontact printing, 477, 480 
Microelectromechanical Systems (MEMS), 

544
Microfluidic channel, 112 
Micromanipulation, 222-224 
Micromolding, 471, 480, 481, 484, 488-492 
Micromolding in capillaries, 480, 481 
Microtransfer molding, 480 
Milling, 425
Millipede, 106, 107, 114 
Miniaturization, 499, 501, 502, 535 
Mo/Si multilayer, 249, 256, 259, 260, 262, 

263, 269 
Modeling, 409
Molds, 500, 502, 503, 525, 526, 528, 531, 

533
Molecular devices, 520 
Molecular fragmentation, 411 
Molecular precursor, 480, 481 
Monolayer-Directed Patterned 

Deposition, 476 
Monte Carlo simulation (of electron 

scattering), 344, 346, 350, 351, 355, 365, 
366, 372

Monte Carlo simulations, 413, 414, 416 
Morphology, 405 
MOSFET, 85, 86 
Mould, 69, 71-74 
Multi-Wall Carbon Nano Tubes 

(MWCNT), 71, 87, 91, 92 
Multifunctional oxides, 474 
Multilevel patterning, 524, 529 
Multiple electron beams in parallel, 400 
Multiple scattering processes, 413 
Multipole lens, 347 
Mutation, 134

Nano-Patterning, 171, 179 
Nano-sensors, 517 
Nano-transistors, 153 
Nanoarchitectures, 485

Nanoelectronics. 531, 533 
Nanofabrication. 400. 40L  4W  
Nanofiber. 556. 557
Nanoimprint Lithography. 543- 55-8-556 
Nanoimprint mg. 4*3 
Nanomachining. 472 
Nanometer resolution. 402 
Nanopatterning. 472. 474. 4*6 
Nanoscale resolution. 473. 492. 493 
Nanosecond laser ablation. 476 
Nanostructured alumina. 4&S 
Nanostructures. 399. 401. 402. 406. 407.

422-425 
Nanotube. 543. 553. 5-54 
Nanowire. 543. 553. 554 
Nanoworld, 402. 403 
NEB, 363 
Needle, 406
Noise, 69, 79-83. 85, 86, 92, 93, 98 
Non-cylindrical symmetry. 406 
Non-planar substrates. 403 
Non-volatile, 402, 409. 415, 417, 420 
Non-volatile components, 400, 402, 409, 

415, 417, 420 
Nonvolatile, 400, 417, 420 
Nucleotide, 130, 134

Objective lens, 405, 407-409
Oligonucleotide synthesis, 143
Optical loss, 214, 226-230
Optical path difference (OPD), 82, 83
Optical traps, 195
Optimum aperture, 409
Ordered array, 417
Organic films, 411
Organic thin films, 528
Overlay, 354, 361, 362, 366, 367, 369, 370
Oxidation sharpening, 74
Oxidization environments, 422

Partial wave expansion, 345 
Pattern-edge roughness, 359, 363-365 
Peptide immobilization, 152 
Phage display (PD), 151 
Phase shifts into, 408 
Phosphodiester bond, 130 
Photo-enhanced CVD, 411 
Photonic circuits, 530, 531 
Physical deposition methods, 491, 492
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Physical vapor deposition, 488, 500, 503, 
506, 514 

Piezoelectric effect, 84, 86 
Piezoresistive coefficient, 84, 86 
Piezoresistive effect, 74, 84 
Piezoresponse force microscopy, 516 
Pillar, 416, 417 
Plane wave, 407 
Plasma etching, 519, 526 
PMMA (polymethylmethacrylate), 346 
Poisson statistics, 404 
Polymer, 69, 71, 73, 85, 110, 114, 524-527, 

529, 531 
Polymer films, 401
Polymerase chain reaction (PCR), 144 
Polyvinylpyrrolidone, 190 
Post deposition processing, 422 
Potassium Hydroxide (KOH), 71 
Precursor, 399-407, 409-413, 415-418, 

420-426 
Precursor molecules, 402, 415 
Precursor pressure, 404, 415, 416 
Primary protein structure, 136 
Probe formation, 401, 407, 408 
Probe forming aperture, 407 
Protein, 129, 135
Protein and DNA microarrays, 534 
Protein folding, 142 
Protein nanofabrication, 149-152 
Protein structure, 136 
Proximity effect, 343, 344, 348, 354, 355, 

357-359
Proximity effect correction, 348, 355-358 
Pt(CH3)3CH3C5H4, 402, 421, 422 
Pulsed laser deposition, 490, 504, 510, 

513-515 
PVP, 190

Quantum dots (QDs), 152 
Quaternary protein structure, 140

Rate, 401, 406, 407, 409, 413, 415-417, 
422

Rectification, 182 
Reflection optics, 267 
Reflow, 198
Relaxation processes, 411 
Repair, 400, 424
Replication, 71, 73, 129, 134, 488, 489 
Residence time, 422

Resist, 399, 400, 425 
Resist-based lithography, 400 
Resistors, 424 
Resolution, 401
Resonance frequency, 69, 75, 78, 87, 99,

544, 545, 547, 558 
Resonant, 544 
RNA, 129, 134 
Roughness, 196

Sacrificial layer, 70, 73 
Scanning Coils, 405 
Scanning Electrochemical Microscopy 

(SECM), 68, 93, 94, 100, 101, 112 
Scanning electron microscope, 401, 405 
Scanning Probe Methods (SPM), 68, 69,

72, 74, 75, 78, 103, 108, 113, 114 
Scanning probe microscopy tips, 424 
Scanning system, 405 
Scanning Thermal Microscopy (SThM), 

68, 95, 96, 102 
Scanning transmission electron 

microscope (ESTEM), 402 
Scanning transmission electron 

microscope (STEMs), 406 
Scanning Tunnelling Microscopy (STM),

68, 93, 106 
Scattered transmitted electrons, 406 
Scattering probabilities, 413 
Scattering processes, 411, 413 
Schottky emitter, 347 
Screened Rutherford, 345 
Secondary electron generation, 401 
Secondary electrons, 401, 405, 409-416 
Secondary protein structure, 138 
Self sensing, 76, 83, 88, 91, 93, 100, 114 
Self supporting structures, 403 
Self-assembled monolayers, 73, 111, 476, 

477, 480, 489 
Self-assembly, 471, 484-487, 492 
Self-organization, 485, 487, 492 
SEM, 401, 404-406, 409, 413 
Semiconductor, 188, 195, 197, 199, 200, 

500, 503, 505, 523, 524, 528, 530, 535, 
536

Semiconductor quantum dots, 424 
Sensitivity, 69, 76-80, 85-87, 89, 91, 93,

97, 99, 114 
Sensitivity (of resist), 349, 350 
Sensitivity curve, 364
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Shadow-mask, 500, 503-505, 510-512, 521 
Shot noise, 425 
Shot noise (effect), 359 
Shot noise limit, 425 
Si substrate, 417 
Si3N4, 402, 421, 424 
Si3N4 substrate, 402 
Signal-to-noise ratio, 425 
Silicon, 543, 546, 547, 550, 551, 555-557, 

559, 561, 562 
Silicon carbide, 543, 546, 551 
silicon microfabrication, 506 
Silicon nitrate (Si*Ny), 71, 74, 86, 93 
Silicon nitride, 543, 546, 550, 551, 556, 559 
Silicon oxide (Si02), 71-73, 88, 89, 99 
Silver particles, 424 
Simulating, 410 
Simulation, 409, 413, 414, 416 
Single electron circuits, 363 
Single electron devices, 363, 366, 367, 369 
Single electron devices/circuits, 362 
Single electron transistor, 366, 367 
Single-Wall Carbon Nano Tubes 

(SWCNT), 71, 90-92 
Sol gel techniques, 480 
Sol-gel films, 484 
Sol-gel synthesis, 169 
Solar cells, 201
Solid phase peptide synthesis (SPPS), 144 
Space charge effect, 352 
Spatial distribution, 401, 409, 412-415 
Spatial distribution of emitted secondary 

electrons, 414 
Spatial resolution, 401, 409, 412, 417, 420,

422
Spectral density, 78
Spherical aberration, 347, 352, 408, 409 
Sputtering, 432, 436, 437, 440, 442-444,

446, 448-450, 455, 456, 461, 465 
Stamps, 502, 524, 529, 531 
Stannous chloride precursor, 401 
Static stenciling, 505 
Statistical valuation, 425 
STEM, 403, 404, 406, 408 
Stencil Lithography, 558-562 
Sticking coefficient, 416, 417 
Stitching, 354, 362 
Stochastic interaction, 352 
Stop codon, 135
Stress, 75, 76, 83-86, 88-92, 97, 100

Subnanometer electron probes, 407 
Substrate surface, 400, 402, 406, 415, 422 
Substrate thickness, 414, 415 
Subwavelength, 214, 215, 217, 227, 230, 

231
Super-secondary protein structure, 139 
Superconducting tin films, 401 
Supercritical, 189
Surface, 399-402, 406, 409^16, 420-422, 

424, 426
Surface functional groups, 477, 478 
Surface nanomachining, 546 
Surface tension, 192, 196 
Surfactants, 190, 191, 196 
Syringe-type gas supply, 406

Tail, 408, 409, 415
Taper-drawing method, 214, 215, 223
Tapping mode, 96, 113
Tecnai, 406
Templates, 424
TEMs, 409
Tertiary protein structure, 140 
Thermal decomposition, 417, 420 
Thermal dissociation, 417, 420 
Thermal emitter, 347 
Thermal field emitter, 347 
Thermal noise, 77, 78 
Thermal sensing, 95, 107 
Thickness dependence, 415 
Thymine (T), 130 
Tip-surface interaction, 76, 93 
Tomographic imaging, 94 
Top-down, 499, 501, 505, 535 
Topographical imaging, 94-96 
Transcription, 129, 134 
Translation, 129, 135 
Transmission electron, 347, 350, 370 
Transmission electron microscope, 402,

406, 409 
Transmission function, 353 
Transmittance, 351 
Tungsten-based precursor, 402

UHV, 421
Ultra-high-resolution EBID, 408 
Ultrahigh vacuum, 421 
Universal curves, 412 
Universal genetic code, 133 
UV light, 400, 411
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Vacuum-assisted microfluidic lithography, 
483

Valence band electrons, 344, 346 
Van der Waals forces, 142 
Vapor pressures, 417 
Vapor-liquid-solid, 187, 189, 190 
Variable shaped beam, 342, 343, 347,

348
Virus, 192, 194, 200 
VLS, 187, 189, 190 
Volatile, 400, 402, 417, 422 
Volatile component, 400, 402, 417 
Voltammetry, 101

W(CO)e, 404, 416, 419, 420 
Water, 422

Wave function, 408 
Wave guide, 88-91 
Wave mechanical, 407, 408 
Wave optics, 353, 354 
Wet etch, 71, 72 
Windowed cells, 406 
World, 402, 403, 407

Y-junction carbon nanotube arrays, 181 
Yield, 201, 202, 204

Z-contrast images, 403, 404, 406,
417, 420 

Z-contrast STEM, 403, 404 
ZEP, 360, 363 
Zr/O/W , 347



Fundamentals and Applications

Many of the devices and systems used in modern industry are becoming progressively 

smaller and have reached the nanoscale domain. Nanofabrication aims at building nanoscale 

structures, which can act as components, devices, or systems, in large quantities at potentially 

low cost. Nanofabrication is vital to all nanotechnology fields, especially for the realization of 

nanotechnology that involves the traditional areas across engineering and science. This is die 

first book solely dedicated to the manufacturing technology in nanoscale structures, devices, 

and systems and is designed to satisfy the growing demands of researchers, professionals, and 

graduate students.

Both conventional and non-conventional fabrication technologies are introduced with emphasis 

on multidisciplinary principles, methodologies, and practical applications. While conventional 

technologies consider the emerging techniques developed for next generation lithography, 

non-conventional techniques include scanning probe microscopy lithography, self-assembly, 

and imprint lithography, as well as techniques specifically developed for making carbon tubes 

and molecular circuits and devices.

Top: "World map"
Front page picture is a nanoscale map of the world drawn using electron beam induced 
deposition (EBID) with W based precursor on silicon nitride substrate (courtesy of P. A. Crozier 
and W. van Dorp, see Chapter 12).

Bottom: "IBM"
STM image of lateral manipulation of xenon atoms on nickeld 10) surface by STM in writing 
company logo of "IBM" by D. M. Eigler and E. K. Schweizer (courtesy of IBM Research, Almaden 
Research Center, see Chapter 1).
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