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PREFACE

This second volume of the Handbook Series on Semiconductor Parameters contains data 
on the most popular ternary and quaternary Ш-V compounds. To a certain extent, these 
compounds allow us to tailor material parameters optimizing these parameters for device 
applications and, at the same time, matching their lattice constants to available substrates. 
This is especially important for heterostructure devices, and the best semiconductor lasers 
and High Electron Mobility Transistors all use heterostructures based on ternary or quater
nary compounds.

The technology and characterization of ternary and quaternary compounds are more 
complicated than for their binary counterparts. This is reflected in a variety and complexity 
of experimental data for the material parameters, often represented by interpolation 
formulas based on curve fits or on a linear regression. The parameters predicted by these 
formulas for the limiting values of the mole fractions (x = 0 or x = 1) may differ slightly 
from their values measured for the corresponding binary compounds. This should not be a 
cause for alarm. The situation is more serious when the differences in the values of the 
material parameters measured by different authors exceed the stated accuracy of the 
measurements. In such cases, we chose the values which we believed to be more reliable.

The data for each material in Volume П are organized in the same way, similar to how 
it was done in Volume I. This makes the search for information easier. We provided inter
polation formulas in addition to graphs in order to make the information more quantitative. 
All in all, we tried to come up with a handbook, useful for every semiconductor researcher 
or engineer in their everyday work.

The discussion of the physical meaning of semiconductor parameters listed in this 
handbook may be found in “Introduction to Electronic Devices” by M. S. Shur (John Wiley 
and Sons, New York, 1995), which contains convenient tables summarizing the basic 
semiconductor equations and the definitions of basic semiconductor parameters. More 
detailed information is given in the two volume “Survey of Semiconductor Physics” by 
Karl Boer (van Nostrand, New York, 1990).

In some cases, the parameters, which one may need, are different from but related to 
the parameters given in this handbook. (This is especially true for parameters which are 
components of different tensors.) In this case, the book “Structure-Property Relations” by 
R. E. Newnhams (Springer-Verlag, New York, 1975) may be helpful.
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viii Preface

The additional information about the properties of III-V ternary and quaternary 
compounds may be found in the book by S. Adachi, “Properties of Ш-V Semiconductor 
Compounds”, John Wiley and Sons, New York, 1992. The book by T. P. Pearsal (GalnAsP 
Alloy Semiconductors, John Wiley and Sons, New York, 1982) describes GalnAsP and 
related materials. The properties of different Ш-V ternary and quaternary compounds are 
also summarized in the famous Landolt-Bomstein series, Numerical Data and Functional 
Relationship in Science and Technology, Springer, New York, 1982, and in the books of 
the Electronic Materials Information Service Datareviews Series from INSPEC (IEE 
Publishing). The volumes of the Datareviews Series relevant to the compounds discussed 
in this book are:

No. 2. Properties of Gallium Arsenide (2nd Edition, 1990)
No. 6. Properties of Indium Phosphide (1991)
No. 7. Properties of Aluminum Gallium Arsenide (1993)
No. 8. Properties of Lattice-Matched and Strained Indium Gallium Arsenide (1993)

We are grateful to our colleagues at A. F. Ioffe Institute who helped us to find informa
tion, made many excellent suggestions, and, in some cases, provided us with more accurate 
values of material parameters. Paraphrasing Bertrand Russell, we can say that “a parameter 
in science is not a fact, but an instance.” Therefore, we will greatly appreciate any com
ments or suggestions, which can be e-mailed to М. E. Levinshtein and S. Rumyantsev 
(melev@nimis.ioffe.rssi.ru and sl@nimis.ioffe.rssi.ru) or to M. S. Shur (shurm@rpi.edu).

The Editors

mailto:melev@nimis.ioffe.rssi.ru
mailto:sl@nimis.ioffe.rssi.ru
mailto:shurm@rpi.edu
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CHAPTER 1

ALUMINIUM GALLIUM ARSENIDE (AlxG abJCAs)

Yu. A. Goldberg

Ioffe Institute, St. Petersburg, Russia

1.1. Basic Parameters at 300 К

GaAs AlAs AlxGaj_xAs

Crystal structure Zinc Blende Zinc Blende Zinc Blende
Space group F43m F43m F43m
Number o f atoms in 1 cm3 4.42 1022 4 .25 -1022 (4 .42 -0 .17x ) 1022
Debye temperature (K) 370 446 370 + 54jc + 22X2
Density (g/cm3) 5.32 3.76 5 .3 2 - 1.56x
Dielectric constant

static 12.9 10.06 12.90-2 .8 4 a:
high frequency 10.89 8.16 10.89 -2.73л:

Effective electron mass: 
for x  < 0.41-0.45 A l*G a^  As 
is direct gap semiconductor 
(“like GaAs”). The lowest 
valley of the conduction band 
is Г-valley
mr (in units o f mQ) 0.063 “  0.063 + 0.083*

for x  > 0.45 AlxGa,_x As 
is indirect gap semiconductor 
(“like ALAs”). The lowest 
valley of the conduction band 
is X-valley. Effective electron 
mass (in units o f m0)

longitudinal m,/m0 11
transverse m jm 0 0.19

(x<0.41)
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GaAs AlAs AlxGa,_xAs

Density-of-states electron 
mass ты  /  m0

Conductivity effective 
mass mcc/m 0

Effective hole mass 
(in units o f m0) 

heavy 
light

Electron affinity (eV)

Lattice constant (A) 
Optical phonon 
energy (meV)

0.71 0.85 -  0.14* (* > 0.45)

0.26 (0.45 < * <  1)

0.51
0.082
4.07

5.6533

0.76
0.150

3.5

5.6611

36

0.51 +0.25*
0.082 + 0.068*

4.07 -1 .1 * (* <  0.45a:) 
3.64 -0 .14*  (0.45 e x  < 1)

5.6533 + 0.0078*

so зб^+изх+плг^-з.пх3

Band structure and carrier concentration

Energy gap (eV) 
for *< 0.45  
(direct gap) 
for 0.45 < * < 1 
(indirect gap) 

Energy separation between 
Г-valley and top of the 
valence band Er  (eV) 
Energy separation between 
X-valley and top of the 
valence band Ex (eV) 
Energy separation between 
L-valley and top of the 
valence band EL (eV) 
Energy of spin-orbital 
splitting Eso (eV)

1.424 2.17

1.424

1.90

1.71

0.34

2.9

2.17

2.4

0.3

1.424+1.247*  

1.9+ 0.125* + 0.143*2

1.424+1.155*+ 0.37*2

1.9 +0.124* + 0.144*2

1.71+0.69*

0 .34 -0 .04*
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Intrinsic carrier 
concentration (cm-3)

*  =  0.1
* = 0.3 
*=0.5
*  =  0.8

Intrinsic resistivity 
(Qcm)

*  =  0.1
* = 0.3
* = 0.5
*  =  0.8

Effective conduction 
band density of states 
(cm-3)

*<0.41 
*>0.45 

Effective valence 
band density of states 
(cm-3)

Electrical properties

Breakdown field (V/cm) 
Mobility (cm2/V -s)  

electrons
*<0.45 

0.45 < *< 1

holes

GaAs AlAs

2.1 -106 9.5

3.5 * 108 1.6-1015

4.7-1017 1.5-1019

9-1018 1.7 -1019

= 4 * 105 * 6 1 0 5 

<8500 <200

<400 <140

Al^Ga^As

2.1 105 
2.1 103
2 .5 -102 
4.3*10*

4 109 
1012 
1014 

5-1014

2.5 -1019 (0.063+ 0.083*)^2
2 .5 1 0 1 9 (0.85-0.14*)V2

2.5-1019 (0 .51 -0 .2 5 * )3/2

*(4-*-6)105

8 103 - 2 .2 - 104 *  +  104* 2 
-2 5 5  + 1160*-7 2 0 * 2

370-970*  + 740*2
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GaAs AlAs

Diffusion coefficient (cm2/s)
electrons < 200 < 5

x< 0.45  
0.45 < x <  1
holes <10 <3

Electron thermal velocity (m/s) 4 .4 1 0 s 2.3 10s
* < 0 .4  

0.45 < x < l
Hole thermal velocity (m/s) 1.8 -105 1 .310s

Optical properties

Infrared refractive index 3.3 2.86
Radiative recombination

-10coefficient (cm3/s )  7 * Ю-10 *10

Thermal and mechanical properties

Bulk modulus (dyn/cm2) 7 .5510"  7 .8 1 1 0 м
Melting point (°C) 1240 1740

Specific heat (j/g °C ) 0.33 0.45
Thermal conductivity (W /cm °C) 0.55 0.91
Thermal diffusivity (cm2/s) 0.31 0.54
Thermal expansion, linear, (° C"1) 5.73 • 10-* 5.2 • 10-6

A l^G a^A s

2 0 0 - 550л:+ 250*2 
-  6.4 + 29jc- 1 8 x2 
9 .2 -2 4 x  + 18.5x2

(4.4 —2.L x)10s 
2 .3 1 0 s 

(1 .8 -0 .5 * )-10s

3 . 3 - 0.53л: + 0.09л:2 

~ 1 0 _,°

(7.55 + 0.26x) 10n 
1240- 58л: + 558л:2 

(solidus curve)
1240 +1082* -  582x2 

(liquidus curve)

0.33 + 0.12*
0.55 —2.12jc + 2.48л:2 
0.31 —1.23.x+ 1.46*2 
( 5 .7 3 - 0 ^ 3 x )1 0 -6
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1.2. Band Structure and Carrier Concentration

valley

X- valley

Wave vector 
Heavy holes 

Light holes

4 Split-off band

Fig. 1.2.1. Band structure of AlxGai_,As for 
x  £0 .4 1 -0 .4 5 . Important minima o f the 
conduction band and maxima of the valence 
band.

Wave vector 
Heavy holes 

Light holes

‘Split-off band

Fig. 1.2.2. Band structure of А1тСа|_х As for 
*>0.45. Important minima of the conduction 
band and maxima of the valence band.

Fig. 1.2.3. Energy separations between Г X-, and 
I-conduction band minima and top of the valence 
band versus composition (after Saxena [1980]). 
Crossover points:

( L - X )  = 0.35 El=Ex = 1.95 eV 
xc (Г—A’) = 0.41 Er =Ex = 1.97 eV 
xc (Г -1 )  = 0.47 £ r =£i= 2.04 eV .
(Reprinted with permission from IOP Publishing. 0 1980.)

Composition x

At 300 K:

Ег  = 1.424 +1.155* + 0.37*2 (eV)

Ex = 1.9 + 0.124* + 0.144*2 (eV)

El =1.7 + 0.69* (eV ).

According to Hava and Auslender [1993], crossover point *С(Г -  X ) = 0.43.

(1.2.1)

(1.2.2)

(1.2.3)
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Concentration  nQ (cm*3)

Fig. 1.2.4. Ratio of the total carrier concentration 
to the carrier concentration in Г- valley as a function 
of equilibrium carrier concentration, 300 K. (after 
Zarem et al. [1989]).
(.Reprinted with permission from the American Institute of 
Physics. © 1989.)

1.2.1. Temperature Dependences

To estimate the temperature dependences of energy difference between the top o f the 
valence band and the bottom of the Г, X, and L valleys o f the conduction band Er , Ex  and 
El one can use the data for GaAs (Aspnes [1976]).

T2
£ r = £ r ( 0 ) - 5 .4 1 1 0 - 4 — — - (eV)

£ Г(0) = 1-519 +1.155*+ 0.37*2 (eV)
7 4 2 0 4  (1.2.4)

T 2
EX = EX( 0 ) - 4 . 6 1 0 ^ — ——  (eV) 

Г +204
£ л-(0) = 1.981 + 0.124л: + 0.144х2 (eV)

E, = E, (0) -  6.05 • 1 (Г4 — — —  (eV) 
T +  204

£ t (0) = 1.815 + 0.69j:(eV) ,

(1.2.5)

(1.2.6)

where T is temperature in degrees K.
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Effective density o f states in the conduction band Nc: 

x <0.41

or

fefNc з  4.82 1015- 1 ^ 1  -Г*2

= 4.82 • 1015 • 063 + 0 .083x)J/2 (cm*3) 

x > 0.45

N „ = 4 .8 2 1 0 I 5 M-
f \V2

p /2

= 4 .8 2 1 0 15 (  m c d '

I m0 j

3/2

Г3/2 (cm-3)

N c = 4.82-1015 - Тг!2 -(0 .85-0 .14*  )^2 (cm"3)

(1.2.7)

( 1.2.8)

M =  3 is the number of equivalent valleys in the conduction band.
mc is the effective mass of the density of states in one valley o f the conduction band.
mcd is the effective mass of the density of states.

Fig. 1.2.5. Effective density o f  states in the 
conduction band versus x. Calculated according 
to Eqs. (1.2.7) and (1.2.8), 300 K.

Composition x

Effective density o f states in the valence band:

N v = 4 .82  1015 -P I2 -(0.51 + 0.25*)V2 (cm"3) (1.2.9)
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Intrinsic carrier concentration:

( 1.2.10)

Temperature T ( К )

Fig. 1.2.6. The temperature dependences of the 
intrinsic carrier concentration.
1. x = 0, 2 .x  = 0.3, 3. x = 0.6, 4. x = \.

1.2.2. Dependences on Hydrostatic Pressure (After Adachi [1985]) 

dE
—^  = (1 1 .5 -1 .3 x )1 0 -J (eV/kbar)

dEx
dP

= - 0 .8  10-3 (eV/kbar)

dE
- ^  = 2 .8 1 0 -3 (eV/kbar)

Fig. 1.2.7. Pressure dependence of the Г - X  
crossover, 300 К (after Saxena [1980]).
(Reprinted with permission from IOP Publishing. 0 1980.)

Pressure  P ( G P a )
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Aluminium Gallium Arsenide (AIjGa^As) 9

Fig. 1.2.8. Energy gap narrowing versus donor 
(curve 1) and acceptor (curve 2) doping density 
for GaAs (х = 0). Experimental points for p-GaAs 
are taken from four different papers (after Jain and 
Roulston [1991]).
(Reprinted with permission from Pergamon Press. ©  1991.)

Fig. 1.2.9. Energy gap narrowing versus donor 
(curve 1) and acceptor (curve 2) doping density for 
AlAs (jc = 1). The curves are calculated according 
to Jain е/л/. [1990] (see Eq. (1.2.12b)).
(Reprinted with permission from the American Institute of 
Physics. © 1990.)

For GaAs:

f  N
^ = 4 t5 * J  (meV) (1-2-,2a)

п-GaAs: /4 = 16.3; 5  = 7.47; C=90.65  

p-G aAs: ^ = 9.71; 5=12.19; C =3.88  

(after Jain and Roulston [1991]).

For AlAs:

AEg = 10~9 A0 -N't* +10-7 B0 -N't* +10"12 C0 -N't2 (eV) (1.2.12b)

л-AlAs: ^ 0=9.76; 5 0=4.33; C0=2.93  

/?-AlAs: A0= 10.6; 5 0=5.47; C0=3.01 

(after Jain et al. [1990]).

N  is carrier concentration in cm-3.
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1.2.4. Band Discontinuities at A lxGax_xAslGaAs Heterointerface 

Valence band discontinuity

AEy =  -0.46* (eV) 0 < * < 1 

Conduction band discontinuity 

AEc = AEg( x ) - A E v

( 1 .2 .1 3 )

At 300 K:

for 0 < * < 0.41 AEc = 1.25* -  0.46* = 0.79* (eV) 

for 0 .4 5 < * < 1  A £c = 0 .4 7 5 -0 .3 3 5 * + 0.143*2 (eV)

(1.2.14)

Fig. 1.2.10. Valence band edge discontinuity 
at AljGaj.jAs/GaAs heterointerface versus 
x. Points represent various experimental data 
(after Langer and Heinrich [1985]).
(Reprinted with permission from Elsevier Science 
© 1985.)

Composition x

Fig. 1.2.11. Conduction band discontinuity at 
AlxGai_xAs/GaAs heterointerface versus 

*(.x^0.45). Points represent experimental 
data (after Langer and Heinrich [1985]).
(Reprinted with permission from Elsevier Science, 
© 1985.)

Fig. 1.2.12. Conduction band discontinuity at 
heterointerface versus jc(0 < x < 1 ). Solid line is 
calculated using Eq. (1.2.14). Experimental points 
are taken from Haase et al. [1987].
(Reprinted with permission from the American Institute of 
Physics, © 1987.)



Aluminium Gallium Arsenide (AlIGal.xAs) II

1.2.5. Effective Masses 

Electrons:

For Г-valley: mT = (0.063 + 0.083x)mo (0 < x < 1) 

For L-valleys the surfaces of equal energy are ellipsoids.

x = 0  (GaAs) m{= \.9m 0\ m, = 0.01Smo

Effective mass of density of states 

mL = (\6m ,m f)^  = 0.56mo 

Conductivity effective mass 
■]

= 0.1 \m0

x = 1 (AlAs) mt = \.9m 0\ mt = 0.096m 0
Effective mass of density of states mL 
Conductivity effective mass mcc

For 0 < x  < 1
Effective mass of density of states mL 
Conductivity effective mass mcc

For the ЛГ-valleys the surfaces of equal energy are ellipsoids.

[ i f ± +
— T_3 [m , m j

x = 0 (GaAs) m /=1.9m 0; m, = 0.19mo 
Effective mass of density of states

mx =(9m /m/2)1/3 =0.85mo

Conductivity effective mass

= 0.66mo 
= 0.14mo

= (0.56 + 0.Lc)mo 
= (0.11 + 0.03x)mo



12 Handbook on Semiconductor Parameters: Vol. 2

x -  1 (A lA s); mt =  l .lm 0; m, = 0.19mo
Effective mass of density of states mx = 0.71mo 
Conductivity effective mass = 0 .26m

For 0 < x < 1
Effective mass of density of states mx = (0.85 -  0.14x)mo 
Conductivity effective mass mcc = (0.26 + 0.27)wo

Holes:
heavy mh = (0.51 + 0.25x)mo
light mlp = (0.082 + 0.068x)mo
split-off band mso = (0.15 + 0.09x)mo

1.2.6. Donors and Acceptors

Ionization energies of shallow donors (meV) (after Adachi [1985]):

GaAs AlAs A lxGa]_xAs

Г-valley 5.2 20.2 5.2 + 7 .9*+  7 .1.x2
ЛТ-valley 24.8 35.3 24.8 + 7 .0 6 * + 3.44*2
L-valley 8.7 19.0 8.7 + 5 .8*  + 4.5x2

Composition x

Fig. 1.2.13. Donor ionization energies Д£(Г)> 
AE(X), AE(L) as a function o f composition x. 
The theoretical curves (solid lines) are obtained 
using hydrogen approximation. Open circles are 
experimental data (after Adachi [1985]).
(Reprinted with permission from the American Institute of 
Physics. © 1985.)
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Composition x

Composition x

Fig. 1.2.15. Ionization energy of Sn versus x  
(after Kaneko et al. [1977]).
(.Reprinted with permission from IOP Publishing. © 1977.)

Fig. 1.2.14. Activation energy of the electron 
concentration in the region T = 200 + 300 К as 
a function of x  for high doped AlGaAs(Si). 
The curves are calculated taking into account 
the potential fluctuations. Experimental points 
are taken from three different papers (after 
Wilamowski etal. [1991]).
(Reprinted with permission from IOP Publishing, ©  1991.)

Composition x

Fig. 1.2.16. Ionization energy of Те versus x  
(after Spring Thorpe et al. [1975]).
(Reprinted with permission from JOURNAL OF 
ELECTRONIC MATERIALS. Minerals. Metals &. 
Materials Society. С 1975.)

Fig. 1.2.17. Ionization energy of Se versus x 
(after Yang et al. [1982]).
(Reprinted with permission from IOP Publishing. 
© 1982.)

0.0 0.2 Q L 0.6 0.8 
Composition x
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Ionization energies o f shallow acceptors.

Fig. 1.2.18. Ionization energies o f germanium 
(curve 1), zinc (curve 2) and carbon (curve 3) versus 
x  (after Heilman and Oelgart [1990]).
(Reprinted with permission from IOP Publishing, 0 1990.)

Д ECt = 40.4 + 69x + 1090.x334 (meV)
Д £& = 30.7 + 4952'78 (meV)
Д£с = 26 .7  + 5 .56*+ 110x34(meV).

(дг < 0,4)
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1.3. Electrical Properties

1.3.1. Mobility and Hall Effect

Fig. 1.3.1. Electron Hall mobility versus 
alloy composition x. Electron concentration 
n0 = ( 5 - 1 0 ) -1015 cm"3, Г = 300К  (after 
Saxena [1981b]).
(Reprinted with permission from The American Physical 
Society. О 1981.)

Composition x

For weakly doped Al^Ga,,*As at 300 К  electron Hall mobility:

l iH = 80 0 0 - 22000* +1 0000*2 
= -2 5 5  + 1160*-7 2 0 * 2

(after Shur [1990]).

(for* <0.45)
(for 0.45 < * <  1)

Fig. 1.3.2. Electron Hall mobility versus temperature. 
Curve 1 -  x  = 0; л0 = 05 • 1016 cm-3 
(after Stillman et al. [ 1970]).
Curve 2 - x  = 0.32; n0 £  (05  +1)• 1016 cm'3 
(after Saxena [1981b]).
(Reprinted with permission from The American Physical Society. 
01981.)
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Fig. 1.3.3. Electron Hall mobility versus electron 
concentration for two values of x, T = 77 К (after 
Liu [1990]).
(Reprinted with permission from Chapman & Hall, © 1990.)

Composition x

Fig. 1.3.4. Electron Hall mobility versus electron 
concentration for two values of x ,T  = 300 K. (after 
Liu [1990]).
(Reprinted with permission from Chapman &. Hall, ©  I990.)

Fig. 1.3.5. Hall factor versus alloy composition x  
for л-type AlxGa,_xAs. Electron concentration 
л0 = (5 + 10) • 1015 cm-3, Г= 300 K. (after Saxena 
[1981a]).
(Reprinted with permission from Elsevier Science. ©  1981.)
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Fig. 1.3.6. Hole Hall mobility versus 
alloy composition x  (acceptor density 
N a = 2.5 • 1017 cm-3), T=  296 К (after Look 
et al. [1992]).
(Reprinted with permission from the American Institute
of Physics, О 1992.)

0.0 0.2 0.4 06 0.8 1.0 
Composition x

For weakly doped A l^G a^A s at 300 К hole Hall mobility: 

\iH s  370 -  970x + 740x2 

(after Shur [1990]).

Fig. 1.3.7. Hole Hall mobility versus 
temperature.
Curve 1 — jc = 0; p 0 = 7 -1017 cm"3 
curve 2 - *  = 0.41; p Q = 4 .6 5 1 017 cm-3 
curve 3 — дг = 0.75; po = 2.4 • 1017 cm-3 
(after Yang et al. [1981]).
(Reprinted with permission from IOP Publishing, 
О 1981.)
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Fig. 1.3.8. Hole Hall mobility versus hole 
concentration for two values of x Г=77 К (after 
Liu [1990]).
(Reprinted with permission from Chapman &. Hall, © 1990.)

Fig. 1.3.9. Hole Hall mobility versus hole 
concentration for two values of x, T=  300 К  
(after Liu [1990]).
(Reprinted with permission from Chapman <k Hall. 
© 1990.)

Fig. 1.3.10. Hall factor versus temperature for 
p-type GaAs, AlAs and Al05Gao.5As. Curves 
are calculated for acceptor concentration N a =  
6.5 • 1013 cm-3 (after Look et al. [1992]).
(Reprinted with permission from the American Institute 
of Physics. © 1992.)
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1.3.2. Two-Dimensional Electron and Hole Gas Mobility at 
AlyGa^xAs/GaAs Interface

Fig. 1.3.11. Temperature dependences of the 
electron Hall mobility for two-dimensional gas. 
Landmark samples in the history of modulation- 
doped GaAs are shown (after Pfeiffer et al. [ 1989]). 
(Reprinted with permission from the American Institute of 
Physics, © 1989.)

Fig. 1.3.12. Dependences of electron mobility 
versus surface carrier density /I2deg >n the 
modulation-doped two-dimensional gas (after 
Pfeiffer e ta i  [1989]).
(Reprinted with permission from the American Institute of 
Physics. © 1989.)

,0 * 1

10'

Fig. 1.3.13. Dependences of surface electron 
density (curve 1) and mobility (curve 2) versus 
undoped spacer thickness. T= 4 К (after Harris 
e ta i  [1987]).
(Reprinted with permission from the American Institute of  
Physics. © 1987.)
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103
0.0 0.2 0.4 06 0.8 

Composition x

Fig. 1.3.14. Electron mobility in 2D-electron gas 
versus Al fraction x  at three different temperatures 
(after Drummond et al. [1982]).
(Reprinted with permission from the American Institute of 
Physics. ©  1982.)

Temperature П К )

Fig. 1.3.15. Hole mobility in 2D-hole gas versus 
temperature. Solid line shows theoretical calculation. 
Points show experimental data for hole surface density 
2 -1011 cm-2 (after Walukiewicz [1986]).
(Reprinted with permission from the American Institute of
Physics. ©  1986.)
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1.3.3. Transport Properties in High Electric Field

Field F  I k V /c m )

Fig. 1.3.16. Field dependences of the electron 
drift velocity for different values of x. Curves 
are calculated using displaced Maxwellian 
approximation, Г=300 К. Curve 1. x = 0; 
2. x = 0.225; 3. x  = 0.325; 4. x  = 0.5 (after Hava 
and Auslender [1993]).
(Reprinted with permission from the American Institute of
Physics. О 1993.)

Field F (  kV/cm)

Fig. 1.3.17. Field dependences of the electron 
drift velocity for different values of jr. Solid curves 
show experimental results (electron concentration 
л0 = (2 + 1 0 )1 0 15 cm-3. Dashed curves show 
results of Monte-Carlo calculations (after Hill and 
Robson [1981]).
(Reprinted with permission from Editions de Physique, 
© 1981.)

Fig. 13.18. Dependences of peak electron velocity 
versus x  (after Hava and Auslender [1993]). 
(Reprinted with permission from the American Institute of 
Physics. О 1993.)
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Fig. 1.3.19. Average electron energy as a function 
of electric field, 300 К. 1. x = 0.25; 2. x  = 0.45 (after 
Lippens and Vanbesien [1987]).
(Reprinted with permission from ЮР Publishing. © 1987.)

Fig. 1.3.20. The field dependences of normalized 
longitudinal diffusion coefficient, 300 К. 1. x  = 0; 
2. x  = 0.25 (after de Murcia et al. [1993]). 
(Reprinted with permission from the American Institute o f  
Physics, ©  1993.)

«л .A? \  107 I I I 111

о
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102
Field F  (kV /cm )

Fig. 1.3.21. Field dependence of hole drift velocity, 
300 K. Monte-Carlo calculations (after Brennan 
and Hess [1986]).
(Reprinted with permission from the American Institute of 
Physics. ©  1986.)
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1.3.4. Transport Properties o f  Electron and Hole Two-D i^nsional Gas in 
High Electric Field

0 1 2  3 4 5 6 7 8 
Field F ( kV/cm) Field F I  kV/cm )

Fig. 1.3.22. Experimental field dependences of 
electron velocity for bulk GaAs with n0 = 1015 
cm-3 (curve 1) and two-dimensional modulation- 
doped heterostructures AljGai.jjAs/GaAs 77 K. 
2. x = 0.3; 3. jc = 0.5 (after Masselink [ 1989]).
(Reprinted with permission from IOP Publishing. О 1989.)

Fig. 1.3.23. Experimental field dependences of 
electron velocity for bulk GaAs with л0 = 1015 
cm-3 (curve 1) and two-dimensional modulation- 
doped heterostructures, 300 K. 2. x  = 0.3; 3. x  = 
0.5 (after Masselink [1989]).
(Reprinted with permission from IOP Publishing О 1989.)

Field F ( kV/cm)

Fig. 1.3.24. Experimental field dependences of 
hole velocity for two-dimensional hole gas. Single 
heterointerface samples, x  = 0.5, T = 77 K.
1. p  = 3.3 10u cm"2 , /i = 3300cm2/V s
2. p  = 4.2 10м cm"2 , \i = 4000 cm2/Vs 
(after Masselink et al. [1987]).
(Reprinted with permission from IOP Publishing. ©  1987.)
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13.5. Impact Ionization

Fig. 1.3.25. Fits to experimental values of 
electron and hole ionization coefficients for 
AlxGa(_xAs with x  = 0.1 +0.4,300 K. Expen- 
mental points are shown only for x  = 0 .1 
(after Robbins e t a l. [1988]).
(Reprinted with permission from the American 
Institute o f Physics. © 1988.)

Electron and hole ionization coefficients, 300 К (after Robbins et al. [1988]).

For electrons:

a f = a 0 e x p [-(F „ 0/ F ) " ]  (1 .3 .1 )

X a0 (cm-1) F„0(V/cm) m

0.1 1.8110s 6.31 10s 2.0
0.2 1.09-106 1.37106 1.3
0.3 2.21 10s 7.6410s 2.0
0.4 1.74107 3.39 106 1.0

For holes:

f t  =  A , e x p [ - ( F , 0/F ) " ]  (1 .3 .2 )

X 0o (cm"1) Fp o (V/cm) n

0.1 3.05 105 7.22-10s 1.9
0.2 6.45 10s 1.1M06 1.5
0.3 2.79-10s 8.47 10s 1.9
0.4 3.06-106 2.07 106 1.2
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Composition x

Fig. 1.3.26. Experimental ionization coefficients versus x  for electric fields 310s V/cm (bottom curves) 
and 4 -10s V/cm (upper curves). The lines are drawn only to connect the data points, 300 К (after Robbins 
etai. [1988]).
(Reprinted with permission from the American Institute of Physics, ©  1988.)

Breakdown voltage and breakdown field o f «+-GaAs//7-Al0.3Ga0 7As heterojunctions, 
300 К

N„ = 1014 cm '5, K, = 2 .8  kV, E, = 2.8 • 10s V/cm  

N„ = 1016 cm '5, К  = 70 kV, E, = 4.5 • 10s V/cm

(after H u t  et al. [1990]).
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1J.6. Recombination Parameters

Composition x

Fig. 1.3.27. Ambipolar diffusion length at a 
carrier density of 1017 + 1018 cm-3 versus*, 300 K. 
Measured by catodoluminescene technique (after 
Zarem et al. [1989]).
(Reprinted with permission from the American Institute of 
Physics. ©  1989.)

Composition x

Fig. 1.3.28. Carrier lifetimes at carrier density of 
~3 1018 cm-3 (high injection level) versus*, 300 K. 
Measured by photoluminiscence decay signal 
technique (after Zarem et al. [1989]).
(Reprinted with permission from the American Institute of 
Physics, ©  1989.)

Composition x

Fig. 1.3.29. Hole lifetime versus * 
for n -  Al^Ga,.* As with doping level 
N d - N a = 1015+10'6 cm"3, 300 К 
(after Timmons et al. [1988]). 
(Reprinted with permission from IOP 
Publishing. © 1988.)

Radiative recombination coefficient at 300 К in A l^G a^A s-lO -10 cm3/s.
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Auger coefficient at 300 К (after Takeshima [1985]):

C„ (for л-doped samples)
* = 0 1.9 10“3,cm6/s

0.1 1.2 10-3,cm6/s
0.2 0.7-10-3,cm6/s  

Cp (for p-doped samples)
* = 0 1210"3,cm6/s

0.1 8.5 10"3,cm6/s  
0.2 6.1-10_3Icm6/s.

Surface and interface recombination velocities in GaAs and Al^Ga^As (after Pavesi and Guzzi [1994]).

A1 composition (x) S (cm/s)

0 4 10s free surface

0 45 interface between 
GaAs/A1 yGai.j, As 

(> = 0.3)

0 450± 100 interface between 
GaAs/ AlyGai.j, As 

(^ = 0.5)p-type

0.08 4 10s free surface

0.08-0.18 - 3 1 0 4 interface between 
Al^Gai^As/Al^Gai.yAs 

(>> = 0.88) undoped

0.28 4200 interface between 
AljfGai., As/ Al^Ga,., As 

(>> = 0.5) undoped
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1.4. Optical Properties

Infrared refractive index (300 K):

n_ = ( * - )V2 = 3 .3 -0 .5 3 *  + 0.09.x2 (1 .4 .1)

Fig. 1.4.1. Refractive index n versus photon energy 
for three values of x. Solid lines are calculated. 
Dashed lines are experimental data, 300 К (after 
Jenkins [1990]).
(Reprinted with permission from the American Institute of 
Physics. О 1990.)

Fig. 1.4.2. Refractive index n versus wavelength 
for different values of x, 300 К (after Pikhtin 
and Yas’kov [1980]).
(Reprinted with permission from the American Institute 
of Physics, О 1980.)

Fig. 1.4.3. Normal incidence reflectivity versus 
photon energy, 300 K.
Curve 1 — jc 0.1. Curve 2 - x »  0.42.
Curve 3 - x  * 0.8 (after Aspnes et al. [1986]).
(Reprinted with permission from the American Institute o f  
Physics. © 1986.)

Photon energy h V ltV )
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Photon energy />v leV)

Fig. 1.4.4. Intrinsic absorption coefficient near the intrinsic absorption edge for different values of x, 
T  = 300 К (after Monemar et al. [ 1976]).
(Reprinted with permission from the American Institute of Physics. © 1976.)

Fig. 1.4.5. Intrinsic absorption coefficient near the intrinsic absorption edge for different values of x, 
7*= 4 К (after Monemar et al. [1976]).
(Reprinted with permission from the American Institute of Physics, © 1976.)
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Curve 1F'r  1n4:6 „The “bSOrp,'0n «efficient versus photon energy, 300 K.
Curve 1 -  o.l. Curve 2 - *  = 0.42. Curve 3 - *  -  0.8 (after Aspnes e ,  al. [1986]).

СReprinted with permission from the American Institute o f Physics, ©  1986.)

Fig. 1.4.7. Free exciton binding energy versus Al 
mole fraction x (after Pearah et al. [1985]).
(Reprinted with permission from The American Physical 
Society. ©  1985.)
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1.5. Thermal Properties

Fig. 1.5.1. Thermal resistivity versus Al frac
tion x. Solid curve is a theoretical fit to the 
experimental data, 300 К (after Afromowitz 
[1973]).
(Reprinted with permission from the American Institute 
of Physics, О 1973.)

Approximate formula for the lattice thermal resistivity: 

Rth= 2.27 +28 .83*- 3 0 * 2 (cm -K /W )

Temperature T (K)

Fig. 1.5.2. Temperature dependences of specific 
heat at constant pressure.
Curve 1 -  GaAs (after Lichter and Sommelet 
[1969]).
Curve 2 -  AlAs (after Barin et al. [1977]).
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Fig. 1.5.3. Lattice constant as a function of x, 
300 К (after Adachi [ 1985]).
(Reprinted with permission from the American Institute of 
Physics. © 1985.)

Temperature  Г (°C)

Fig. 1.5.4. Lattice constants of AlAs (line 1) and 
of GaAs (line 2) versus temperature (after Ettenberg 
and Paff [1970]).
(Reprinted with permission from the American Institute of
Physics. ©  1970.)

Fig. 1.5.5. Debye temperature as a function of 
x  for three different temperatures (after Adachi 
[1985]).
(Reprinted with permission from the American Institute of 
Physics. 0 1985.)

Melting point (°C):

solidus curve 1240-58X  + 558*2
liquidus curve 1240 +  1082x -  582X2
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1.6. Mechanical Properties, Elastic Constants, Lattice Vibrations, 
Other Properties

Density 5.32-1 .56* (g/cm 3)
Hardness ~ 5

on the Mohs scale

Cleavage plane {110}
Elastic constants at 300 К (after Adachi [1985]):

C„ (11.88 + 0.14л)-10" dyn/cm2
C,2 (5.38 + 0.32*) 10" dyn/cm2
C « (5.94 + 0 .05*)-10" dyn/cm2

С + 2C
Bulk modulus Bs = ■ — - — — Bs = (7 .55 + 0.26*)- 10м dyn/cm2 
(compressibility-1)

С —С
Anizotropy factor A - — ----- — Л = (0 .55 -0 .01* )

2 C aa

Shear modulus C' = ( C „ - C 12) /2 C' = (3 .25-0 .09x)-10"  dyn/cm2

[100] Young’s У е . Ю ' + ^ Х С ц  . Си) = (8 53_ 0 л 8jc) -Ю11 dyn/cm2 
modulus (C" + C|2)

[100] Poisson ratio <r0 = <~12 cr0 = (0.31 + 0 .be)
Сц +C|2

(after Adachi [1985])
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Acoustic Wave Speeds

Wave propagation 
direction

Wave character Expression for wave speed Wave speed 
(in units of 105 cm /s)

[100] vL (C,i/ p ) i/j 4.73 + 0.68x + 0.24x2

VT (C» /p )4 2 334 + 0.46x + 0.16x 2

V\ l(.Cu +C u +2Cu )/2p){/2 5.24 + 0.78x + 0.24x2
[110] У* v4 =VT = { C jp ) '! 2 334 + 0.46x + 0.16x 2

V* I(C„ -  C,2)/2p)]'/2 2.47 + 033x + 0.1 Ox 2

[HO]
V{ [(C|| + 2C|2 + 4C« )/3p)]'/! 5.40 + 0.79x + 0.26x2
v ; KC„ -  C,2 + C44)/3p)]'/J 2.79 + 038x + 0.12x2

Fig. 1.6.1. Optical phonon energy as a function of 
x. The compositional dependence o f the effective 
phonon energy (toLO) and ((0ro) are shown 
by the dashed lines (after Adachi [1985]).
(Reprinted with permission from the American Institute of 
Physics, О 1985.)

" AlAs-type

240

<W lo>

GaAs- type

0.0 0.2 0.4 0.6 08 1.0 
Composition x

Piezoelectric constant e ]A -(0 .16  + 0.065*) C/m2.
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CHAPTER 2 

GALLIUM INDIUM PHOSPHIDE (G a ^ n ^ P )

Yu. A. Goldberg

Ioffe Institute, St. Petersburg, Russia

2.1. Basic Parameters at 300 К
InP GaP Ga0Ji^n0.49P GaxIn,_xP

Crystal structure Zinc Blende Zinc Blende Zinc Blende Zinc Blende
Space group F43m F43m F43m F43m
Number of atoms in 1 cm3 3.96 -1022 4.94-1022 4.46-1022 (3.96+0.98^-Ю 22
Density (g/cm3) 
Dielectric constant

4.81 4.14 4.47 4 .8 1 -0 .6 7 *

static 12.5 11.1 11.8 1 2 .5 -1 .4 *
high frequency 9.61 9.11 9.35 9 .6 1 -0 .5 *

Effective electron mass: 
for * <0.63-5-0.68 
GaxIn!_xP is direct 
semiconductor (like InP).
The lowest valley of the 
conduction band is Г-valley
mr (in units of m a) 0.08 -  0.088

for *>0.74-*-0.77 
GaxIn!_xP is indirect 
semiconductor (like GaP).
The lowest valley of the 
conduction band is X -  valley.
Effective electron mass 
(in units of m0)

longitudinal m j m 0 -  Ы 2
transverse m j m 0 -  0.22 -

37
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InP GaP ^^0.51̂ 0.49̂

Density-of-states electron
mass ты /т 0 0.08 0.79 0.088

Effective hole mass
(in units o f ma)

heavy 0.6 0.79 0.7
light 0.089 0.14 0.12

Electron affinity (eV) 4.38 3.8 4.1

Lattice constant (A) 5.8687 5.4505 5.653
Optical phonon
energy (meV) 43 51

Band structure and carrier concentration

Energy gap (eV) 
for x <  0.63 
(direct gap) 
for 0.77 < x < l  
(indirect gap)

Energy separation between 
Г-valley and top o f the 
valence band Er  (eV)

Energy separation between 
^-valley and top of the 
valence band Ex (eV) 2.19 2.26 See Fig. 2.2.3

Energy separation between 
L-valley and top o f the
valence band EL (eV) 1.93 2.6 2.0

1.344 -  1.849 

2.26

1.344 2.78 1.849

Gaxbi)_xP 

0.63 + 0.13x(x> 0.74)

0.6 + 0.19x 
0.09 + 0.05x 
4.38 -  0.58x

See Fig. 2.5.3

See Sec. 2.6

1.34 + 0.69x + 0.48x2 

~  2.26

See Figs. 2.2.3 and 2.2.4

See Figs. 2.2.3 and 2.2.4

1.85 -  0.06x + 0.7 lx 2

Energy o f spin-orbital
splitting (eV) o .ll  0.08 0.11 0.101 + 0.042x -  0.05x2
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InP GaP G3q_5 jlnQ 4gP G a ^ In j.jfP

Effective conduction 
band density of states 
(cm-3)

*< 0 .63  5 .7 1 0 17 -  6.5-1017 
x  < 0.77 -  1.8 -1019 -  2 .5-10l9 (0.66 + 0.13*)V2

Effective valence 
band density of states
(cm'3) 1 .1 1 0 19 1.9 • 1019 1.45-1019 г.ЗЮ 'М О .б+О Л Эх)3'2

Electrical properties

Breakdown field (V/cm) = 5 1 0 s -1 -104 = (5 + 1 0 )10s =(5 + 1 0)105 
Mobility (cm2/ V s )  

electrons
jc< 0.63 <5400 -  See Figs. 2 .3 .1-2 .3 .3
0.77 < jc< 1 -  <250

holes <200 <150 See Figs. 2 .3 .4 -2 .3 .6

Diffusion coefficient (cm2/s) 
electrons

jc<0.63 <130
*> 0 .7 7  -  <6 .5

holes < 5  < 4

Optical properties

Infrared refractive index 3.1 3.02 3.06 3 .1 -0 .0 8 *

Radiative recombination
coefficient (cm3/s )  1 .2 1 0 -10 Ю"13 1 - 10_l°
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InP

Thermal and mechanical properties

Bulk modulus (dyn/cm2) 7 .1 1 0 “ 8 .8 1 0 м
Melting point (°C) 1060 1457
Specific heat (J/g °C) 0.31 0.43
Thermal conductivity
(W /cm °C ) 0.68 1.1
Thermal expansion, linear
(° c-1) 4 .6 -10-6 4.65 10-6

GaP Ga0 ̂  t In0 49P GaxIni_xP

8 .0 1 0 "  (7.1 + 1 .7*)-10  

0.37 0.31 + 0 .12*

See Fig. 2.5.1

2.2. Band Structure and Carrier Concentration

Fig. 2.2.1. Band structure of G ^ In ^ P  for x £  
0.63 + 0.68. Important minima of the conduction 
band and maxima of the valence band.

* - valley

Wave vector 
Heavy holes 

Light holes

"Split-off band

Fig. 2.2.2. Band structure of Ga^Inj^P for x  S  
0.74 + 0.77. Important minima of the conduction band 
and maxima of the valence band.

Fig. 2.2.3. Energy separations between Г-, X-, and 
//-conduction band minima and top of the valence band 
versus composition parameter x, 10 К (after Auvergne 
e ta i  [1977]).
(Reprinted with permission from Elsevier Science, ©  /977.)

Energy

<111>
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At 10 К (after Auvergne et al. [1977]):

Er  =  1.418+ 0.77jc +0.648.x2 (eV)

Ex  = 2.369-0.152jc + 0.147x2 (eV)

At 77 К (after Lange et al. [1976]):

Er  = 1.405 + 0.702x + 0.764x2 (eV)

Ex  = 2 .248+ 0.072x(eV)

At 300 К (after Krutogolov et al. [1989], Lange et al. [1976]): 

Er  =  1.349 + 0 .6 6 8 * + 0.76x2 

El = 1 .85-0 .06x + 0.71*2 (eV)

(2.2.1)

(2.2.2)

(2.2.3)

Fig. 2.2.4. Energy separation between Г-,Х- , and 
L conduction band minima and top of the valence 
band near crossover points (after Krutogolov 
etal. [1989]). Crossover points: 
xc ( T -  L) = 0.67 Er = El = 2.\3 eV 
xc ( T - X )  = 0.73 Er = Ex = 2.23 eV 
xc (.X -  L) = 0.78 Ex =El = 2.24 eV.

Energy gap for direct gap compositions (0 < * < 0.63) at 300 K: 

Eg = 1.34 + 0.69* + 0.48x2 (eV) 

x = 0 (InP): Eg =  1.344 eV
x = 0.51: Eg = 1.797 eV (after McDermott et al. [1990])
* = 0.67: £* = 2.13 eV (after Krutogolov et al. [1989])

(2.2.4)
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For x > 0.77 (indirect compositions) at 300 K:

Eg = 2.26 eV 

Energy of spin-orbital splitting Eso at 300 K:

Eso = 0.101 + 0.042* -  0.050*2 (after Lange et al. [1976])

2.2.1. Temperature Dependences

Temperature dependence of the energy gap E
* = 0 (InP): r

E = 1.421 -  4.9 • 10-4 — 1 (eV )  
T + 327 } (2.2.6)

* = 1  (GaP):

T 2
= 2.34-6.2 10-4— — _(eV) (after Panish and Casey [1969]) (2.2.7) 

Jt = 0.5 (Ga0 5In0.5P):

2.25

2.20

Fig. 2.2.5. Temperature dependence o f  the 
energy gap Eg for x = 0.62 (curve 1) and x =  0.64 
(curve 2) (after Chin et al. [1993]).
(Reprinted with permission from the American Institute 
of Physics, ©  1993.)

2.00 L -J----- 1------1
1 0 0  2 0 0  300 
Temperature 74 K)



Effective density of states in the conduction band Nc: 
x < 0.63 (direct gap)

Nc = 1.2 • 1014 -Г3/2 (cm”3) 

jc^0.78 (indirect gap)

Nc = 4.82 1015 T 3/2(0.66 + 0.13jc)3/2 (cm3) 

Effective density of states in the valence band Nv:

Nv s  4.82 • 1015 • Г3/2 ■ (0.6+0.19*)3/2 (cm"3)

Gallium Indium Phosphide (GaJn^xP) 43

(2.2.9)

(2.2.10)

(2.2.11)

,16 800
Temperature П К )  

500 400

1.0 1.5 2.0 2.5 3.0 3.5 
1 0 0 0 / П 1 / К )

Fig. 2.2.6. The temperature dependences o f  the 
intrinsic concentration. I. x = 0 ,2 . x -  0.5,3. x  =  1.

2.2.2. Dependences on Hydrostatic Pressure

* = 0 (InP): Ет = 1.36 + 8.410-* -  18-Ю-6 P1 (e V )

* = 0.36 Er = 1.75 + 9.6 10-’ P - 3 1 0 '5 P2 (eV )

* = 0.5 Ej-= 1.93 + 9.5• 10-3 P - 2.910-5 P2 (eV) )  

* = 1  (GaP): £ * = 2 .2 6 -2 .4 -10~3 P - 4 .6  10"6 P1 (eV) (after Vese/a/. [1985]), 

where P  is pressure in kbar.

(after Goni et al. [1989])



Handbook on Semiconductor Parameters: Vol. 2

Fig. 2.2.7. Pressure dependences o f the direct 
gap £ r (solid sym bols) and indirect gap 
(open symbols) for different values of composi
tion parameter x. 1 .x  = 0 (InP), 2. дг = 0.36,
3. x = 0.5, 4. x =  1 (GaP), 300 К (after Goni 
et al. [1989]).
(Reprinted with permission from The American Physical 
Society, ©  1976.)

0.8

0.6

0Л

0.2

Fig. 2.2.8. Pressure dependence o f  the T - X  
crossover, 300 K. (after Goni et al. [1989]).

0.0 5.0 10.0 15.0 
Pressure P (GPq )



2.2.3. Energy Gap Narrowing at High Doping Levels
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Fig. 2.2.9. Energy gap narrowing versus donor 
(curve 1 and experimental points) and acceptor 
(curve 2) doping density for x = 0 (InP), 300 K. 
Curve 1 and experimental points after Bugajski and 
Lewandowski [1985]. Curve 2 -a fter  Jain et al. 
[1990].

Fig. 2.2.10. Energy gap narrowing versus donor 
(curve 1) and acceptor (curve 2) doping density 
for x = 1 (GaP), 300 К (Calculated according to 
Jain et al. [1990]).

For InP (x -  0), 

n-type:

p-type:

A£g = 17.2 • 10-9N f  + 2.62 10“7 - N'J* + 98.4 ■ lO"12 • N f

AEt = 10.3 • 10-*N p+  4.43 • lO'7 Ntf* + 3.38 • 10“12 N'J2 (eV)

For GaP (j:=  1), 

л-type:

p-type:

Д£г = 12.7 -10"9 N ^ +  5.85 10“7 N%* + 3.90-10“12 (eV)

(2.2.12)

(2.2.13)

Д£. = 10.7 • 10-9 ̂ У 3+ 3.45 • 10“7 Wjf4 + 9.97 • 10“12 JVjf2 (eV) (2.2.14)

(2.2.15)
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2.2.4. Band Discontinuities at Heterointerfaces

Lattice-matched interface Ga0 51In0 49P/GaAs:

AEC = 0.2 eV 
AEV = 0.28 eV

Д£с =0.43£ ,
AEV =0.51 Eg

AEC = (0 .6-0 .7) 

x = 0.44 AEC = 0.61 Eg 
x = 0.41 A£v = 0.85E^ 

(after Dawson and Duggan [1994] and Mowbray et al. [1994]).

2.2.5. Effective Masses 

Electrons:

For Г-valley, * = 0 (inP) m r  = 0.08m0
x = 0.5 mr = (0.088 ±0.003) m0
(after Emanuelsson et al. [1994]) 
x = 1 (GaP) m r  = 0.09mo

For L-valleys,
Effective mass of density of states for all L-valleys mu  = (0.63 + 0.13x) m0 

For X-valleys,
Effective mass of density of states for all X-valleys mxd = (0.66 + 0.13x) m0 

Holes:
heavy mh = (0.6 + 0.19x)mo

light mlp = (0.09+0.05.x) mc

Conduction band discontinuity 
Valence band discontinuity 

(after Bhattacharya et al. [1989]).

Gao.5Ino.5P/ Alo În0̂ P*

(after O’Brien et al. [1988]).

Ga0 ̂ Ino j  (Al yGaby )05 11П0.49Р 

G a^In^P/(A l0.7Ga0 3]̂  52 In0.48P:
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2.2.6. Donors and Acceptors

Ionization energies of shallow donors (meV):

jc = 0 (InP): S, Si, Sn, Ge -5 .7

* = 0.5: ~ 5

Ge (amphoteric behaviour)
For donor level Ec -E , = 47
(after Lee et al. [1993])

* = l(GaP): S -1 0 0
Se -1 0 0
Те 93
Ge 204
Si 85
Sn 72

Ionization energies of shallow acceptors (meV):

* = 0 (InP): Zn 35
Mg 30 (MBE)
Mn 270
Ge 21

* = 0.5:

Mg -2 1  + 35 (after Chang etai. [1988]), see also Lu etai. [1991]).

Composition x

Fig. 2.2.11. Ionization energy of Zn versus x (after 
Katoe ta i  [1980]).
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Ge (amphoteric behaviour) for acceptor level E ,- E v = 58 meV
(after Lee et al. [1993])

x = 1 (GaP): Ge 265
Si 210
Be 57
Mg 60
Zn 70

2.3. Electrical Properties

2-3.1. Mobility and Hall Effect

Fig. 2.3.1. Electron Hall mobility versus compo
sition parameter x, 300 К.
Electron concentration na = 10,7+ 1.5 ■ 10,8cm-3 
(after Macksey et al. [1973]).
(Reprinted with permission from the American Institute of 
Physics, ©  1973.)

x  — 0 (InP): at 300 К for n0 = 3 • 1013 cm-3, цп = 5 ■ 103 cm2/Vs
for na -  8 • 1017 cm"3, fin & 1.8 • 103 cm2/Vs

* = 1 (GaP): at 300 К for nQ = 5 • 1016 cm"3, цп = 200cm2/Vs
for nQ = 2.5 • 1018 cm"3, цп = 100cm2/Vs
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Temperature П К )

Fig. 2.3.2. Temperature dependence of electron 
mobility for x = 0.5. n0= 5 • 1016 cm-3 (after 
Zhang et al. [1994]). See also Driessen et al.
[1993].
{Reprinted with permission from Elsevier Science, 
© 1994.)

Fig. 2.3.3. Electron mobility versus electron con
centration for x = 0.52, 300 К (after Shitara and 
Eberl [1994]).
(Reprinted with permission from the American Institute of 
Physics. © 1994.)

Fig. 2.3.4. Hole Hall mobility versus temperature 
inZn-doped GajIn^P. Na (cm-3):
\ .x  = 0.65, Nc = 2.9 • 1017, 9=N d/Na = 0.26,
2. x = 0.32 ,Na = 1.1 • 1018, 0= 0 .1 8 ,
3. x  = 0.7, Na= 1.9 • 1018, 0= 0 .07 ,
4. x = 0.75, Na = 5.2 • 1018, в  = 0.086,
5. x  = 0.36, Na = 9.8 • 1017, 0= 0 .18 ,
6. x  = 0.55, = 2.2 • 1018, 0=0 .091 .
No significant dependence of the hole mobility on 
alloy composition is found (after Kato et al. [ 1980]). 
(Reprinted with permission from the Japanese Journal of 
Applied Physics. © 1976.)
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Fig. 2.3.5. Hole Hall mobility versus hole concen
tration for Zn-doped Gao.5Ino.5P, 300 К (after Ikedo 
and Kaneko [1989]).

60
\Л
К Fig. 2.3.6. Hole Hall concentration (squares) and
E mobility (circles) for Mg-doped Gao5In0jP  as a

^  function of Mg mole fraction in the growth solution,
^  300 К (after Chang et al. [ 1988)).

^  5  (Reprinted with permission from the American Institute of
о Physics, ©  1988.)

20 £ 
о 
X

10

23.2. Two-Dimensional Electron Gas Mobility at Ga0Slln049P/GaAs Interface 
(after Chan et a l [1989])

77 К цп =21300cm2/V -s (Sheet concentration N = 1.26 1012 cm-2) 

300 К = 3500cm2/V*s W = 1.89 1012 cm"2
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23.3. Transport Properties in High Electric Fields

Fig. 2.3.7. Field dependence o f the electron drift 
velocity in Gao s2In0.48P at 300 K. Monte-Carlo 
calculations (after Brennan and Chiang [1992]). 
(Reprinted with permission from the American Institute of 
Physics, © 1992.)

Field F I kV /cm )

Fig. 2.3.8. Field dependence o f  the hole drift 
velocity in G a ^ I n ^ F  at 300 K. Monte-Carlo 
calculations (after Brennan and Chiang [1992]).
(Reprinted with permission from the American Institute of 
Physics. ©  1992.)
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23.4. Impact Ionization

\ / F  (10'6cm /V )

Fig. 2.3.9. The dependences of ionization rates for 
electrons a, and holes ft versus l/F  for x =  0  (InP), 
300 К (after Cook et al. [1982]).
(Reprinted with permission from the American Institute of 
Physics. ©  1982.)

Fig. 2.3.11. The dependences o f ionization rates 
ai -  Pi versus 1 If  for x = 1 (GaP), 300 К (after 
Chau and Pavlidis [1992]).

Fig. 2.3.10. Breakdown voltage and breakdown 
field versus doping density for an abrupt p  -  n 
junction, x = 0 (InP), 300 К (after Kyuregyan and 
Yurkov [1989]).

Fig. 2.3.12. Breakdown voltage and breakdown 
field versus doping density for abrupt p - n  
junction, x = 1 (GaP), 300 К (after Sze and 
Gibbons [1966]).

ia i u
10" lO'” 10,J 10,e 10” 10' 

C oncentration  N (cm '3)

1015 1016 101 
Concentration AM cm*3)
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For* = 0.52:

О/ = 2.77 • 10s exp

pt = 2.75 10s exp

1.196 10*
1.95'

I '  J1
_lf 1.172-10*1

1.91*
I

_ 1I '  J1
(cm '1)

(cm"1),

where F  is electric field in Vcm-1 (Chin et al. [1997]).

2.3.5. Recombination Parameters 

Radiative recombination coefficient:

x = 0 (InP)
* = 0.5 (Gao.5Ino.5P)

x = l  (GaP)

300 K -  1.2 ■ Ю" 10 cm3/s 
300 K - (1.0±0.3)- 10-,0 cm3/s 
150 K - (4.0 ± 1 )- 10-'°cm3/s 

(after Strauss et al. [1994])

300 K:

coefficient

Auger coefficient (300 K):

* = 0 (InP) 
x = 0.5 (Gao.5Ino.5P) 
x = l  (GaP)

band-to-band recombination 
~ 10-13 cm3/s

~ 9 • 10"31 cm6/s
-  3 • Ю-30 cm6/s (after Strauss et al. [1994]) 
~ 10-30 cm6/s

Surface recombination velocity (x = 0.5, 300 K): 

free surface

interface GalnP/GaAs

- ( 2 - 5 ) -  104 cm/s 
(after Pearton et al. [1994])

1.5 cm/s
(after Olson et al. [1989])

interface Galn?l(A\01G ^ ) 05 Ino.5 P 20 cm/s -  undoped л-AlGaInP
100 cm/s -  AlGalnP with

n0 = 2.5 10,7 cm- 3 

(after Domen et al. [1992])
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2.4. Optical Properties

Fig. 2.4.1. Refractive index n versus wavelength 
for x = 0.5, 300 К (after Kaneko and Kishino 
[1994]).

Fig. 2.4.2. Refractive index n versus photon 
energy for x = 0.51, 300 К (after Schubert et al. 
[1995]).

Fig. 2.4.3. Normal incidence reflectivity versus 
photon energy, 300 K. Curve 1 -  x = 0 (InP). Curve 
2 - x =  1 (GaP) (after Aspnes and Studna [ 1983]).
{Reprinted with permission from The American Physical 
Society. ©  1983.)
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Photon energy /)V (eV)

Photon energy h v  (eV)

Fig. 2 .4 .4 . Optical absorption spectra for 
GaxInj_xP with different values of x, 7 K. x: 
1.0.016, 2.0.026, 3.0.057, 4.0.078, 5.0.076,
6. 0.093, 7.0.09, 8. 0.116 (after Bensaada et al. 
[1994]). (Data for samples 4, 5 and 6 have been 
multiplied by a factor of 2 for presentation 
purposes.)
(Reprinted with permission from the American Institute of 
Physics, © 1994.)

Fig. 2.4.5. The absorption coefficient versus 
photon energy. 1. x = 0 (InP) 2. x = 1 (GaP), 300 К 
(after Adachi [1989], see also Aspnes and Studna 
[1983]).
(Reprinted with permission from The American Physical 
Society, © 1983.)
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2.5. Thermal Properties

Fig. 2.5.1. Thermal resistivity versus alloy compo
sition parameter jc, 300 К (after Adachi [1983]). 
(Reprinted with permission from the American Institute of 
Physics. ©  1983.)

Fig. 2.5.2. Temperature dependence of specific 
heat at constant pressure. Curve 1 -  x = 0 (InP) 
(after Piesbergen [1963]). Curve 2 - x  = 1 (GaP) 
(after Sirota and Sidorov [1988]).
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Fig. 2.5.3. Lattice constant as a function o f alloy 
composition parameter x, 300 К (after Onton et al. 
[1971]). At* = 0.5 GalnP is lattice-matched to GaAs.
(Reprinted with permission from the American Institute of
Physics. ©  1971.)

Fig. 2.5.4. Linear expansion coefficient a  versus 
alloy composition parameter x, 300 К (after 
Kudman and Paff [1972]).
(Reprinted with permission from the American Institute of  
Physics. ©  1972.)

2.6. Mechanical Properties, Elastic Constants, 
Lattice Vibrations, Other Properties

Density 4.81 -  0.67* (g/cm3)
Hardness — 5 (on the Mohs scale)

Surface microhardness 
(using Knoop’s pyramid test)

* = 0 (InP) 460 kg/mm2
* =  1 (GaP) 850 kg/mm2
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Elastic constants at 300 K:

Си
C*12
C4 4

Bulk modulus Bs = 
(compressibility1) 3

(10.11 + 3.94*) • 1011 dyn/cm2 
(5.61 +0.59*) ■ 10n dyn/cm2 
(4.56 + 2.47*) ■ 10n dyn/cm2

B = (7.11 +1.71*) • 10u dyn/cm2

Shear modulus

[100] Young’s 
modulus

[100] Poisson 
ratio

—  C\2)/2

-2C12)Q 
(Cn + C I2)

С  = (2.25 +1.67*) • 1011 dyn/cm2

r0 . g n ± 2 C.2)(C „ - C ,2) уо =  (6Л1 + 4Л 9х). 10п йуп/стг

<т0 = <T0 = (0.36-0.05*)

Acoustic Wave Speeds

Wave propagation 
direction

Wave character Expression for wave speed Wave speed 
(in units o f 10s cm/s)

[100] Vl (CuIp )4> 4.58 + 1.25*

Vr (C «Ip )'/2 3.08 + 1.04*

v, t«=. 1 +  Cij + 2C „ )/2p)]'/2 5.08 + 1.35*
[110] V'.i V„ = VT = ( C j p ) ' l i 3.08 + 1.04*

t C Q i  -  Cn )l2p )}^ 2.16 + 0 .92*

[111]
V{ KC|1 +2Ci2 + 4C44 )/3p)]*/2 5 .2 3 + 1 .4 0 *
v; [(C || -  C|2 +  C44)j3p)]V2 2.51 + 0.95*

\
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Fig. 2.6.1. Compositional dependences o f longitudinal (dashed lines) and transverse (solid lines) phonon 
frequencies o f Ga,In| _,P (after Jahne and Ulrici [1980]).
(Reprinted with permission from Akademie Veriag GmbH. ©  1980.)

Phonon frequencies:
(afterLee etai. [1994])

0)LO (GaP -  like) = 404.99 -  38.97* -  18.18*2 (cnT1)

(0L0 (InP -  like) = 394.59-80.36*+ 30.26*2 (cm4 )

Qho (M) = 368.82 -  88.95* + 26.04*2 (cm"1)

0>ю(т) = 395.02 -  54.26x + 6.72x2 (cm '1)

Piezoelectric constant el4 -(0 .035+  0.065*) C/m2
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CHAPTER 3 

GALLIUM INDIUM ARSENIDE (G a ^ In ^ A s)

Yu. A. Goldberg and Natalya M. Shmidt
Ioffe Institute, St. Petersburg, Russia

3.1. Basic Parameters at 300 К

InAs GaAs Ga047lno^3As GaxInj_xAs

Crystal structure Zinc Blende Zinc Blende Zinc Blende Zinc Blende
Space group F43m F43m F43m F43m
Number of atoms in 1 cm3 3.59 1022 4.42 1022 3.98 1022 (3.59 + 0.83*)-1022
Debye temperature (K) 280 370 330 280 +110*
Density (g/cm3) 
Dielectric constant

5.68 5.31 5.50 5.68 -  0.37*

static 15.15 12.9 13.9 15.1-2.87* + 0.67л2
high frequency 

Effective electron mass:

12.3 10.89 11.6 12 .3 -1 .4 *

(in units of ma)

Effective hole mass: 
(in units of ma)

0.023 0.063 0.041 0.023 + 0.037* 
+ 0.003*2

heavy 0.41 0.51 0.45 0.41+0.1*
light 0.026 0.082 0.052 0.026 + 0.056*

Electron affinity (eV) 4.9 4.07 4.5 4.9 -  0.83*

Lattice constant (A) 
Optical phonon

6.0583 5.6533 5.8687 6.0583 -  0.405*

energy (meV) 30 36 34 See Sec. 3.6
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Band structure and carrier concentration

InAs GaAs Ga047In0̂ 3As

Energy gap (eV) 0.36 1.42 0.74

Energy separation 
between ̂ -valley and 
top of the valence
band Ex  (eV) 1.37 1.9 1.33

Energy separation 
between L-valley and 
top of the valence
band El (eV) 1.08 1.71 1.2

Intrinsic carrier
concentration (cm-3) 1 -1015 2 106 6.3-10'1

Effective conduction 
band density of
states (cm"3) 8.7 1016 4 .7 -1017 2.1-1017

Effective valence 
band density of
states (cm"3) 6.6 1018 9-1018 7.7-1018

Electrical properties
Breakdown field (V/cm) ~ 4* 104 « 4 1 0 5 « 2 - 10s 
Mobility (cm2/V • s)

electrons £ 4 1 0 4 <8500 <12000

holes <500 <400 <300

GaxIni-xAs 

0.36 +0.63*+ 0.43*2

1.37-0.63*+ 1.16*2

1.08- 0.02* + 0.65*2 

See Sec. 3.2.1

See Sec. 3.2.1

See Sec. 3.2.1

See Sec. 3.3.4 

(40 -  80.7* + 49.2*2) • 103 

-3 0 0 -4 0 0



InAs GaAs Ga047In0_53As

Diffusion coefficient
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(cm2/s)
electrons < 1 0 3 <200 <300
holes <12 <10 <7.5

Electron thermal
velocity (m/s) 7.7 -105 4 .4 1 0 5 5.510s
Hole thermal velocity
(m/s) 2 10s 1.8 105 2 10s

Optical properties

Infrared refractive
index 3.51 3.35 3.43
Radiative recombination
coefficient (cm3/s) l.l-lO"10 7 10"10 0.96-10"1

Thermal and mechanical properties

Bulk modulus
(dyn/cm2) 5.8-1011 7.53T011 6.62 101

Melting point (°C) 942 1240 «1100

Specific heat (j/g °C) 0.25 0.33 0.3
Thermal conductivity
(W/cm°C) 0.27 0.55 0.05
Thermal expansion, 
linear, O’C-1) 4.52-10- 6 5.73 10-6 5.66-10

GaxInj_xAs

(10-20.2x + 12.3x2)1 0 2 
- 7  + 12

(7 .7 -5 .9x  + 2.6x2)*105

(1.8+ 2 )-10s

3.51-0.16*

See Sec. 3.3.5

(5.81 +1.72*) 10n

See Sec. 3.5 

See Sec. 3.5
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3.2. Band Structure and Carrier Concentration

Energy

Fig. 3.2.1. Band structure o f GaxIn|_jAs. Important minima o f the conduction band and maxima of the valence 
band.

Fig. 3.2.2. Energy separations between Г X-, and 
/.-conduction band minima and top of the valence 
band versus composition parameter* (after Porod 
and Ferry [1983]).

0.0 0.2 0.4 0.6 0.8 1.0 
Composition x

At 300 K: 
Er = Eg s  0.36 + 0.63* + 0.43*2 (eV) 

= 1.37-0.63*+ 1.16*2 (eV) 
El = 1.08 -  0.02*+0.65*2 (eV) 

At 2 K: 
Er  = Eg 2  0.4105 + 0.6337* + 0.475*2 (eV) 

(after Goetz et a l [1983])

(3.2.1)
(3.2.2)
(3.2.3)

(3.2.4)
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Interfacial elastic strain induced by lattice parameter mismatch between epilayer and substrate 
results in significant band-gap shifts:

0.85 

0.84 

>  0.83 

^  0.82 >. ся
Ь 0.81с  Ш

0.80 

079
0.45 046 047 048 0.49 050 051 052 

Composition x

Fig. 3.2.3. Energy band gap Eg o f unstrained 
(solid line) and strained (dashed line and experi
mental points) Ga^lnj.jAs versus composition 
parameter x. Solid line is calculated according to 
Eq. (3.2.4). Experimental points are obtained at 
4 К (after Kuo et al. [1985]).
(Reprinted with permission from the American Institute of 
Physics. ©  1985.)

3.2.1. Temperature Dependences

E (x, T) = 0.42 + 0.625* -  f  — ^ -------- i l £ _ \  i O'4 T2x
* 1 /  + 300 T + 271J

T 2
-  4.19 10-4 ■ --------- + 0.475x2 (eV)

T + 271 v '

(after Paul et al. [1991]).

Fig. 3.2.4. Energy gap Eg versus temperature for 
G ^^ lno ssAs. Points are experimental data. Solid 
line is theoretical calculation. Eg(0) = 821.5 ±
0.2 meV (after Zielinski et al. [1986]).
(Reprinted with permission from the American Institute of 
Physics. ©  1986.)
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For Ga^Ini.^As on GaAs:

Eg (x,T) = Eg (0) -  (i6x2 -  8.6* + 5.2) • 1 O'4

(after Karachevtseva et al. [1994]).

T 2
T + (337л2 -  455*+196)<eV) (3-2'6)

Fig. 3.2.5. Energy gap Eg versus temperature for 
Gao.87lno 13AS. Solid line is calculated according 
to equation:

Eg(T) = 1.321 -4 .1  • 10-4 (eV)
Г + 139

Points are experimental data (after Karachevtseva
[1994]).
(Reprinted with permission from the American Institute of 
Physics. ©  1994.)

Effective density of states in the conduction band Nc: 

Nc  = 4.82 10ls Ч Т
« . J

T  3/2

= 4.821015 Г3/2 (0.023+0.037*+ 0.003*2)3/2(cm-3) 

Effective density of states in the valence band:

Nv = 4.82 • 1015 • Г3/ 2 • (0.41 + O.l* ) ^ 2 (cm"3)

Intrinsic carrier concentration я,- (after Paul et al. [1991]):

fij = 4.83 • 10,5[(0.41 + 0.09*)3/2 + (0.027 + 0.047*)3/2]1/2

x (0.025+ 0.043*)3/4 тз!2e-4 2'  3.75 3.28 2.46 1 +-----+
1/2'

(3.2.7)

(3.2.8)

(cm-3)

(3.2.9)

where v = Eg(x,T)/kT.

1.23 ‘-------‘-------1-------1-------1-------1------
0 100 200 300

Temperature Г(К)
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Fig. 3.2.6. Intrinsic concentration л, versus com
position parameter x for GaxIn(_^As at different 
temperatures (after Paul et al. [1991]).
(Reprinted with permission from the American Institute of 
Physics. ©  1991.)

Composition x

For Gao.47I110.53As at 300 К л,= 6.3 ■ 1011 cm-3.

3.2.2. Dependences on Hydrostatic Pressure 

x = 0 (InAs):

Eg = Eg(0) + 4.8 • 10_3/ > (eV)

El = El(Q)+3.2 • 10“3 P  (eV)

x = 0.47 (Gao47ln053As):

at 80 K: Eg = 0.796 +10.9 • 10"3Р  -  30 ■ 10~*P2 (eV)

at 300 K: Eg s  0.733 +11.0 • 10“3/> -  27 • 10~6P 2 (eV) 
(after Lambkin and Dunstan [1988]).

x = 1 (GaAs):

Eg = £ g(0) +12.6■ 10"3P -  37.7 • lO ^P 2 (eV) 

El = E L(0) + 5.5 10“3P(eV)
Ex = £ x(0)-1 .5  - 10“3/ >(eV) ,

where P is pressure in kbar.
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3.2.3. Energy Gap Narrowing at High Doping Levels

Fig. 3.2.7. Energy gap narrowing versus donor 
(solid line) and acceptor (dashed line) doping 
density for G a ^ In ^ jA s, 300 К (after Jain et al. 
[1990]).

For Gao.47Ino.53As at 300 K:

AEg = 10-9A- N'f3 + \0~1BN'/* +10~n CN'l2 (eV) (3.2.10)

n-G ao.47Ino.53As: A = 15.5; 1.95; C =  159

p  -  Gao.47Ino.53As: A = 9.2; В = 3.57; С = 3.65

N is carrier concentration in cm-3.

3.2.4. Band Discontinuities at Heterointerfaces

Band discontinuities at Ga-Jn^jAs/AljGa^yAs heterointerface 
(after Shur [1990]).

Valence band discontinuity AEV:

AEV = 0.4AEgg (eV), (3.2.11)

where AEgg (eV) = 1.247у  +1.5(1 -  x) -  0.4(1 -  x)2 (eV) is the difference 
between Г-valleys in Ga^In^As and Al^Ga^^As.

Conduction band discontinuity AEc:
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Energy gap discontinuity &Eg:

AEg = AEgg for у  < 0.45 (3.2.13)

A£ =0.476 + 0.125>> + 0 .1 4 3 /+ 1 .5 (1 - jc) - 0 .4 (1 -* )2 for у >0.45

Band discontinuities at Ga<) 47In0 53As/InP heterointerface:

AEc = 0.22 eV , A£u = 0.38 eV

Band discontinuities at Gao 47In0.53 As/Al0 48Ino 52 As heterointerface:

AEC = 0.52 eV, A£v = 0.2eV

For GaxIn ̂ -fAs/Al-Jn ̂ .rAs heterointerfaces:

AEc /А Eg =0.653 + 0.1(1 -  x) (eV)

(after Wolak et al. [1991]).
(See also Adachi [1992] and Hybertsen [1991].)

3.2.5. Effective Masses 

Electrons:
For Г-valley at 300 K: m r /m0 = 0.023+ 0.037*+ 0.003x2

(3.2.14)

(3.2.15)

(3.2.16)

(3.2.17)

Fig. 3.2.8. Electron effective mass mr versus 
composition parameter x for Gaxln|_jfAs (after 
Adachi [1992]).
(Reprinted with permission from John Wiley & Sons, 
© 1992.)

Composition x
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For* = 0.47 (Ga^471по.5зAs):

m r = 0.041mo at w = 2 1 0 ,7cm"3 
/wr  = 0.074mo at n = 6-10,8cm“3.

mL{L -  valley): mLlm0 = 0.29 

mx (X  -  valley): mx lm0 = 0.68

(after Pearsall [1982]).

Holes:
heavy

light

split-off band

mh = (0.41 + 0.1*)mo 

m//7 s  (0.026+0.056*)mc

mso=0.\5mo

3.2.6. Donors and Acceptors

Ionization energies of shallow donors (meV):

* = 0 (InAs) S, Se, Ge, Si, Sn, Те > 1 

x — 0.47 (Gao.4 7Ino.53As) Ge, Si, Sn, С e  5 

x = 1 (GaAs) S, Se, Ge, Si, Sn, Те = 6 

Ionization energies o f shallow acceptor (meV):

* = 0 (InAs) Sn -  10, Ge -  14, Si — 20, Cd — 15, Zn — 10

* = 0.47 (G ao.47Ino.53A s) Zn -  20, Mg -  25, Cd -  30, Mn -  50.
Fe — 150 (above valence band), 280,370, and 440 below
conduction band

* = 1 (GaAs) С -  20, Si -  three acceptor levels -  30, 100, and 220,
Ge -  30, Zn -  25, Sn -  20

0 < * <  1 Mg -  25, Be -  25, Cd-8-*-20
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3-3. Electrical Properties

33.1. Mobility and Hall Effect

Fig. 3.3.1. Electron drift (dashed curves) and 
Hall (solid curves) mobility versus composition 
parameter x. 300 К. 1, Г. n =  3 - 10,5cm“3;
2, 2'. л = 4 • 10l6 cm“3, 3. n = 2.3 • 10,7cm“3.
For curve 3 electron Hall and drift mobility 
values are practically equal. Symbols are experi
mental data from several different papers (after 
Chattopadhyay et al. [1981]).
(Reprinted with permission from IOP Publishing. © 1981.)

0.0 0.2 0.4 0.6 0.8 T o  
Composition x

For weakly doped n - G a J n , .^  at 300 K: 

H„ = (40 -80 .7дс+ 49.2*2) ■ 103 cm2/Vs (3.3.1)

Fig. 3.3.2. Electron Hall mobility versus tem
perature for Gao.^InojjAs. Electron concentration 
n0= 3.5 • 1014cm-3 at 300 К (after Oliver, Jr. et al. 
[1981]).
(Reprinted with permission from Elsevier Science. ©  1981.)
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(a )  (b )

Fig. 3.3.3. Electron Hall mobility in Ga047Ino.53As at 77 К (a) and 300 К (b) for different compensation 
ratios e=(N j+N ^ln . 1. 0 =  1, 2 .0  = 2, 3 .0 = 5 ,4 .0 = 1 0 .
Symbols represent the experimental data from several works (after Pearsall [1982]).
(Reprinted with permission from the author.)

Fig. 3.3.4. Hall factor for л-type Ga0 47In0 53As 
versus temperature. 1 - n 0 = 10l5cm-3, 2 -  
n0 — 10,7cm~3 (after Pearsall [1982]).

(Reprinted with permission from the author.)
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For weakly doped p - G a J n ^ s  at 300 K:

\ip < 500 cm2/Vs at x = 0 (InAs)

Hp <300cm 2/Vs at * = 0.47 (Ga0.47ln0 53As) 

Up < 400 cm2/Vs at x = \ (GaAs)

Fig. 3.3.5. Hole Hall mobility versus temper
ature for Gao.47Ino.53As. Hole concentration 
P o -  5.5 • I0 ,scm-3 at 300 К (after Novak et al. 
[1989]).
(.Reprinted with permission from Elsevier Science. ©  1989.)

Ю3И 
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(b)

Fig. 3.3.6. Hole Hall mobility in Ga^In© 53As at 77 К (a) and 295 К (b) versus total impurity concentration 
Nd + Na (after Pearsall and Hirtz [ 1981 ]).
(.Reprinted with permission from Elsevier Science. ©  1981.)
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Temperature T( K)

Fig. 3.3.7. Temperature dependence o f the electron 
mobility цп ( 1) and sheet electron density л20Еg (2) 
in Gao.47Ino.33As/Alo.4gIno.52As heterostructure. 
Doping density in AlInAs layer is equal to 
3 • 1017 cm '3, 300 К (after Matsuoka et al. [ 1990]).
(Reprinted with permission from the Japanese Journal of 
Applied Physics, © 1990.)

Composition ж

Fig. 3.3.8. Hall electron mobilities of pseudo- 
morphic GajIni-jtAs/AIo^Ino^As MODFETs at 
77 К (1) and 300 К (2) (after Pamulapati et al. 
[1990]).
(Reprinted with permission from the American Institute of 
Physics. © 1990.)

Measured Hall data from stress compensated Ga^In 1_xAs/A]Q 48In0 As modulation-doped 
heterostructures (after Chin and Chang [1990]).

X

/V (cm 2/Vs)

300 К 77 К

2DEG density (cm-2)

300 К 77 К

0.25 14100 113000 1.71 -1012 1.651012
0.20 15200 123100 1.84 10*2 1.8I-10*2
0.15 15300 70700 1.84-1012 1.81 1012
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ьзооо 
2  

2000

2P-25

&0 1.0 2.0 3.0 
Density n20EG ( 1012cm'2)

/У2-15 Fig. 3.3.9. Electron mobility versus 2D carrier 
density at ЗОО К for pseudomorphic HEMT structures 
AlGaAs/GaxIn)_xAs/(Al)GaAs.
H -  homogeneously doped structures,
P -  planar doped structures. For #1-15, W2-15, 
/ 4 5  and 2P-15 samples the value o f x is equal to
0.85. For P-25 and 2P-25 - x  = 0.75 (after Gaonach 
e ta i  [1990]).
(Reprinted with permission from the IOP Publishing, С 1990.)

2DEG concentration and electron mobility of multiple (samples A, B, and C) and single 
(sample D) 5-doped GaAs/Ga^Ino^As/GaAs structures (after Shieh et al. [1994]).

300 К

n 2DEG
(x 10,2cm-2)

77 К 300 К
(cm _2/Vs)

77 К

Sample A 4.3 2.5 3910 18400
Sample В 8.8 6.0 2710 6540
Sample С 6.2 4.1 4630 19100
Sample D 2.0 1.8 5600 22000

|

10 100 400
Temperature П К )

Fig. 3.3.10. Hole Hall mobility ( 1) and 2DHG 
density (2) versus temperature for single strained 
GaAs/Gao.glno^As/GaAs quantum well structure 
(after Fritz et al. [1986]).
(Reprinted with permission from the American Institute of 
Physics. ©  1986.)
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Fig. 3.3.11. Hole Hall mobility at 76 К versus 2D 
carrier density for 90 А-thick GaAs/Gao gIn<> 2As/ 
GaAs single strained quantum well (after Fritz 
etal. [1986]).
(Reprinted with permission from the American Institute of 
Physics. ©  1986.)

33.3. Transport Properties in High Electric Field

Fig. 3.3.12. Field dependence o f  the electron drift 
velocity for Gao ^Ino.sjAs, 300 K. Solid line 
represents Monte-Carlo calculation. Points and 
triangles are experimental data for two samples. 
Points: лв= 2 .9  • 1015cm-3, jio= 8 5 0 0  cm2/Vs. 
Triangles: лв= 9  10м cm-3, ц0-  10000 cm2/Vs 
(after Balynas et al. [1990]).
(Reprinted with permission from Springer- Verlag GmbH. 
©  1990.)

Fig. 3.3.13. Field dependence of the electron drift 
velocity
for x = 0.47 (unstrained, curve 1), 

x = 0.22 (strained, curve 2) 
and x -  0.22 (unstrained, curve 3), 300 К (after 
Thobel et al. [1990]).
(Reprinted with permission from the American Institute of 
Physics. ©  1990.)
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Fig. 3.3.14. Field dependence o f  the electron 
drift velocity for Gao.47In0 53As, 300 K. Electron 
concentration n0(cm"3): 1. 1015, 2. 1017, 3. 10,s 
(after Haase et al. [1985]).
(Reprinted with permission from the American Institute of 
Physics. ©  1985.)

8.0

5Ц1------ 1-------1____ i____ i
0 100 200 300 400 500 

Temperature П К )

Fig. 3.3.15. Electron saturation velocity versus 
temperature for Gao.47lno.53As (after Adachi 
[1992]).

c T m T  Wilhp*rmi5sionf rom John т1еУ <* Sons. Inc..

Fig. 3.3.16. The field dependence o f  longitudinal 
( 1) and transverse (2) diffusion coefficient for 
С ^^^кш А в (after Bourel et al. [1991]).
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Field F ( k V /cm )

Fig. 3.3.17. Calculated field dependence o f the 
hole drift velocity forx  = 0.47 (curve 1) and x  =  1 
(GaAs, curve 2), 300 K. (after Adachi [1992]). 
(Reprinted with permission from John Wiley & Sons. Inc., 
© 1992.)

3.3.4. Impact Ionization

Fig. 3.3.18. Electron a, and hole Д ionization 
coefficients in Gao.47Ino.53As versus l/F (after 
Osaka et al. [1985]).
(Reprinted with permission from IEEE. © 1985.)

Fig. 3.3.19. Electron a, and hole Д  ionization 
coefficients in Gao glno.iAs -  GaAs strained layer 
superlattice versus l/F (after Bhattacharya et al. 
[1986]).
(Reprinted with permissionfrom Elsevier Science. ©  1986.)
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Impurity concentration N (cm -3)

Fig. 3.3.20. Avalanche breakdown voltages for 
Gao.47Ino.53As (curve 1) and InP (curve 2) p+-n 
abrupt junctions versus carrier concentration (after 
Arnold et al. [1984]), 300 K.
(Reprinted with permission from IOP Publishing. © 1984.)

33.5. Recombination Parameters

Fig. 3.3.21. Nonradiative (curves 1 and 2) and 
radiative (curves 3 and 4) lifetimes forGao^IrioJ3As 
versus majority carrier density. 300 K. Solid curves 
are dependences for л-type, dashed curves are 
dependences forp-type (after Henry et al. [1984]). 
(Reprinted with permission from IEE, ©  1984.)

Fig. 3.3.22. Coefficient o f the bimolecular recombi
nation as a function of temperature for Gao.47Ino.5j ̂  
(after Zielinski et al. [1986]).
(Reprinted with permission from the American Institute of  
Physics. ©  1986.)

\
\  ■
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Fig. 3.3.23. Electron diffusion length in 
p -G a^ Ify  S3 As as a function of hole concen
tration (after Ambree et al. [1992]).
(Reprinted with permission from IOP Publishing. 0 1992.)

Pure л-type Gao.47In0.53As {n0 ~ 2 • 1015 cm-3):

The longest lifetime of holes 

Diffusion length Lp-  (.Dp • rp)112

Surface recombination velocity

Radiative recombination coefficient 
for Gao 471по.5зAs at 300 К

Auger coefficient
for Gao 47In(j 53A s  at 300 К

xp < I0"5s 
Lp <> 100 /лп

< 106cm/s 

0.96 • 10"10 cm3/s 

7 • 10“29 cm6/s
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3.4. Optical Properties

Infrared refractive index (300 K):

и_ = (£ _ ) |/2=3.51-0.21х

Fig. 3.4.1. Refractive index n versus alloy 
composition x at different photon energies hv. 
1. h v=  1.2 eV, 2. h v=  0.9 eV, 3 .h v  =  0.6 eV 
(after Takagi [1978]).
(Reprinted with permission from the Japanese Journal of 
Applied Physics. © 1978.)

Fig. 3.4 .2 . Refractive index n versus photon 
energy for G a^ Ino 53 As. T =  300 К (after Adachi 
[1992]).
(Reprinted with permission from John Wiley & Sons, Inc., 
© 1992.)

Fig. 3.4.3. Normal incidence reflectivity versus 
photon energy for Gao.47Ino.53As 300 К (after 
Adachi [1992]).
{Reprinted with permission from John Wiley & Sons, Inc., 
© 1992.)



Gallium Indium Arsenide (GaxIn^xAs)
83

0.700 0.750 0.800

Photon en er g y  AV (eV)
0.850

Fig. 3.4.4. The absorption coefficient versus photon 
energy at different temperatures for Gao.47Ino.53As. 
Electron concentration n0 = 8 • 1014 cm-3. Curves 
are shifted vertically for clarity (after Zielinski 
et al. [1986]).
(Reprinted with permission from the American Institute of 
Physics. ©  1986.)

Fig 3.4.5. The absorption coefficient versus photon 
energy for Gao.47Ino.53As, 300 К (after Adachi 
[1992]).
(Reprinted with permission from John Wiley & Sons. Inc.. 
© 1992.)

A ground state Rydberg energy Rx\ = 2.5 meV (for x = 0.47).

Xljim)
( a )

\lp.m)
(b)

Fig. 3.4.6. Free carrier absorption coefficient 
versus wavelength. a — T=  300 K, b — T= 92 K. 
1 ,1 '. Gao.ogIno.92As, N j = \ A  ■ 1017 cm"3. 
2,2'. Gao.1Ino.9As, Nd = 5.4 • 1017 cm' 3 (after Aliev 
etal. [1987]).
(Reprinted with permission from Akademie Verlag GmbH. 
© 1987.)



84 Handbook on Semiconductor Parameters: Voi 2

3.5. Thermal Properties

Fig. 3.5.1. Thermal resistivity versus composi
tion parameter x in GaxIn,_xAs, 300 K. Solid 
curve shows the experimental data. Dashed curve 
represents the theoretical calculation (after Adachi 
[1983]).
(Reprinted with permission from the American Institute
of Physics. ©  1983.)

Fig. 3.5.2. Temperature dependences of specific 
heat at constant pressure for different values of x in 
GaJni.jAs.
l . x  = 0, 2 .x  =  0.2, 3 . x = 0.4,
4. x = 0.6, 5. x = 0.8, 6 . x — 1 
(after Sirota et al. [1982]).

Fig. 3.5.3. Debye temperature as a function of temper
ature for different values o f x in Ga^Ini-^As. ( 1. x = 0,
2. x = 0.2, 3. x = 0.4, 4. x  =  0.6, 5. x = 0.8, 6 . x = l )  
(after Sirota et al. [1982]).
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3.6. Mechanical Properties, Elastic Constants,
Lattice Vibrations, Other Properties

Density 5.68 -  0.37* (g/cm3)

e  600
cn
t  580

|  560
I  540 a
а  520 
|  500
*  0 10 20 30 40 50 60 70 80 90 

A ngle from  <110 >

Fig. 3.6.1. Knoop microhardness anisotropy on 
the {100} plane for Gao.47I110.53As (after Adachi 
[1992]).
(Reprinted with permission from John Wiley <4 Sons, Inc., 
О 1992.)

Cleavage plane {1 1 0 }
Elastic constants at 300 K:

C„ (8.34 + 3.56*)- 10n dyn/cm 2

C , 2  (4.54 + 0.8*) • 10n dyn/cm 2

C4 4  (3.95 + 2.01*) • 1011 dyn/cm 2

Bulk modulus Bs = C" * 2 Q 2  = (5.81 + 1.72*) • 101 ‘dyn/cm 2

Anizotropy factor A = A = (0.48 + 0.07*)
2 C44

Shear modulus C/ = (C1 1 - C 1 2 ) / 2  С  = (1.9 +1.38*) Ю11 dyn/cm 2

[100] Young’s y0  = ( C | 1 + 2 C l 2 ) ( C l 1  C'-^  Y0 = (5.14 + 3.45*)-10n dyn/cm 2  

modulus 1

[100] Poisson <t0 = — — —  cr0 = (0.35-0.04*)
ratio C „+ C , 2
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Acoustic Wave Speeds

Wave propagation 
direction

Wave character Expression for wave speed Wave speed 
(in units o f 10s cm/s)

[100] VL 3.83 + 0.90.x

Vt (C „ Ip )41 2.64 + 0.7 Ix

V\ [(C„ + C12+2C„)/2 p # 4.28 + 0.96x

[110] У* K i = Vt = ( c„ I p )'I2 2.64 + 0.7 lx

V,L [(C„-C,j)/2p)]'/2 1.83+0.65*

[ 111]
V\ KC„+2Cu + 4C„)/3p)]'/J 4.41 + 0.99x

v; [(C„ -  C,2 + Сф, )/3p)]'/2 2.13 + 0.67x

Com position x

Fig. 3.6.2. Raman-active phonon modes in 
GaxIn|_xAs. The symbols show experimental 
results.
1. LO phonon behavior,
2. TO phonon behavior,
3. 4. mixed mode behavior (after Pearsall et al. 
[1983]).
(,Reprinted with permission from the American Institute 
of Physics. ©  1983.)

Piezoelectric constant eM -  (0.045+0.115x)C/m2
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CHAPTER 4

GALLIUM INDIUM ANTIMONEDE (Ga^In^Sb)

Yu. A. Goldberg
Ioffe Institute, St. Petersburg, Russia

4.1. Basic Parameters at 300 К

InSb GaSb GaJrIn1_xSb

Crystal structure Zinc Blende Zinc Blende Zinc Blende
Space group F43m F43m F43m
Number of atoms in 1 cm3 2.94-1022 3.53-1022 (2.94 + 0.59*) 1022

Debye temperature (K) 160 266

Density (g/cm3) 5.77 5.61 5.77-0.16*
Dielectric constant

static 16.8 15.7 16 .8-1 .1*
high frequency 15.7 14.4 15.7-1 .3*

Effective electron mass:
(in units of ma) 0.014 0.041 0.014 + 0.0178* + 0.0092*

Effective hole mass:
(in units of m0)

heavy hole 0.43 0.4 0.43 -  0.03*
light hole 0.015 0.05 0.015 +0.01*+ 0.025*2

Electron affinity (eV) 4.59 4.06 4.59-0.53*

Lattice constant (A) 6.479 6.096 6.479-0.383*

Optical phonon energy (eV) 0.025 0.0297 See Sec. 4.6
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Band structure and carrier concentration

InSb

Energy gap (eV) 0.172

GaSb

0.726

Energy separation between 
Г-valley and L valleys ETL (eV) 0.51 0.084

Energy separation between 
Г-valley and X valleys Erx (eV) 0.83 0.31

Energy of spin-orbital 
splitting Eso (eV) - 0.8 - 0.8

Intrinsic carrier 
concentration (cm~3) 2-1016 1.5-1012

Effective conduction 
band density of states (cm-3) 4 .2 1 0 16 2.1 • 1017

Effective valence
band density of states (cm-3)

Electrical properties
Breakdown field (V/cm) 
Mobility (cm2/V-s) 

electrons 
holes

7 .31018 1.8 -1019

- 1 0 3 5 -104

< 7 .7 1 0 4 < 3 1 0 3 
<850 <1000

Ga^fry^Sb 

0.172 + 0.139.x + 0.415*2

See Fig. 4.2.4

See Fig. 4.2.4

See Fig. 4.2.5

See Fig. 4.2.7

2.5*1019(0.014 + 0.0178jc 
+ 0.0092x2)3/2

~(1 + 50)103

See Fig. 4.3.1 
<1000
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InSb GaSb

Diffusion coefficient (cm2/s)
electrons < 2 ■ 103 <75
holes <22 <25

Electron thermal velocity (m/s) 9 .810s 5.8 * 105
Hole thermal velocity (m/s) 1.8 105 2.1-105

Optical properties
Infrared refractive index 4.0 3.8 
Radiative recombination
coefficient (cm3/s) 5 1 0 “n =10"10

Thermal and mechanical properties
Bulk modulus (dyn/cm2) 4.66 10м 5.62 10м
Melting point (°C) 527 712
Specific heat (J/g°C) 0.2 0.25
Thermal conductivity (W/cm °C) 0.18 0.32
Thermal diffusivity (cm2/s) 0.16 0.23
Thermal expansion, linear, (X -1) 5.37 10-6 7.7510-'6

Ga-.IiyjSb

(9 .8 -4 x )1 0 5 
(1.8 + 0.3jc) • 10s

4.0 -  0.2x

(4.66 + 0.96x) 10" 
See Fig. 4.5.6

See Fig. 4.5.1
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4.2. Band Structure and Carrier Concentration

X-valley
Energy

<100>
Wave vector 

Heavy holes 
Light holes

^Split-off band

Fig. 4 .2 .1 . Band structure o f  InSb (jc =  0). 
Important minima o f the conduction band and 
maxima o f the valence band.
£* = 0.17 eV, El = 0.68 eV 
Ex=  1.0 eV, EJO = 0.8 eV.

Fig. 4.2.2. Band structure o f  GaSb (x = 1). Important 
minima o f  the conduction band and maxima o f the 
valence band.
Eg = 0.73 e V ,^  = 0.81 eV  
Ex = 1 .03 eV, EJO = 0.8 eV.

Fig. 4 .2.3. Energy gap Eg o f  GaxIn|_xSb as a 
function o f composition parameter*. 1. T= 80 K,
2. Г =  300 К (after Auvergne et al. [1974]).
СReprinted with permission from Elsevier Science, © 1974.)

At300: = 0.172 + 0.139* + 0.415*2 (eV) (4.2.1)

At 80: £ g = 0.234+ 0.154* +0.415** (eV) (4.2.2)
(after Auvergne et al. [1974])
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Fig. 4.2.4. Energy separation between Г, X and 
//•conduction band minima and top of the valence 
band versus alloy composition parameter jr. 300 К 
(after Zitouni etai. [1986]).
(Reprinted with permission from The American Physical 
Society. © 1986.)

Composition x

Fig. 4.2.5. Energy of spin-orbital splitting Eso 
versus composition parameter x, 77 К (after 
Auvergne et al. [1974]).
(Reprinted with permission from Ebevier Science, ©  1974.)

4.2.1. Temperature Dependences

Fig. 4.2.6. Temperature dependences of energy 
gap Eg for different G a ^ n ^ b  compositions 
(after Roth et al. [1980]).
(Reprinted with permission from CISTl/Research Press, 
© 1980.)
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Eg(x,T) = Eg(x,0 )-6 .2 •10-4 ■ T2x — ± - —  3.8• 10“4Г2(l - x) 1
Г + 260

+ 5 • 10“5 Tx(\ -  x) (eV)

Eg(x, 0) = 0.235 + 0.1653jc + 0.413jc2 (eV) 
(after Roth et al. [1980])

T + 200
(4.2.3)

Temperature T (K) 
500 300 200

3 4  5 6 7 8 9  10 
1 0 0 0 /Г  ( 1 / K)

Fig. 4.2.7. The temperature dependences o f the 
intrinsic carrier concentration.
1.jc = 0, 2. * = 0.3, 3 .x  =  0.6, 4 . x = 1.

Fig. 4 .2.8. Composition dependence o f  the 
intrinsic conductivity at 300 К (after Wooley 
and Gillet [I960]).
(Reprinted with permission from Elsevier Science. ©  I960.)

4.2.2. Dependences on Hydrostatic Pressure (After Zitouni etaL[1986J)

dEe
= (15 -  0.5*) • 10~3eV/kbar

dE
= (5.5 -  0.5x) ■ 10-3eV/kbar 

dE
= -1.5 • 10~}eV/kbar

(4.2.4)
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Fig. 4.2.9. Energy separation between Г-, L-, X- 
conduction band minima and top of the valence band 
for Gao 78In0.22Sb versus hydrostatic pressure. 300 К 
(after Zitouni et al. [1986]).
(Reprinted with permission from The American Physical 
Society, © 1986.)

4.2.3. Effective Masses 

Electrons:
For Г-valley mr = (0.014 + 0.0178* + 0.0092*2) • m0 (4.2.5)

Fig. 4.2.10. Effective electron mass versus com
position parameter x at 300 К (curve 1), and 6 К 
(curve 2). Experimental results have been taken 
from five experimental works (after Roth and 
Fortin [1978]).
(Reprinted with permission from CIST!/Research Press. 
© 1978.)

light mlp = (0.015 + 0.01* + 0.025*2)^
split-off band mso & (0.12 + 0.02x)m0

Holes:
heavy mh = 0.4mo

Pressure P  Ikbar)
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4.2.4. Donors and Acceptors 

Ionization energies of shallow donors (meV):

S, Se, Те <0.7
S{L) 150,
S(X) 300
Se(L) 50
Se(X) 230
Te(Z) 20
Щ Х) <80

Ionization energies of shallow acceptors (meV):

x = 0 (InSb): Cd - 10, Z n -1 0 , C r-7 0 , C u ° -2  
x = 1 (GaSb): £ e I=30, £ fl2=100, S i-1 0 , G e~ 9 ,

!, Cu" -  56 
Zn ~ 37



Gallium Indium Antimonide (GaJn^Sb) 97

43. Electrical Properties 

4.3.1. Mobility and Hall Effect

Fig. 4.3.1. Electron mobility versus composition 
parameter x for Ga^Ini.^Sb, 300 K. Circles 
represent the data by Miki et al. [1975]. Full 
circles -  InSb substrate, open circle -  GaSb 
substrate. Squares represent the data by Kawashima 
and Kataoka [1979].
(Reprinted with permission from the Japanese Journal of 
Applied Physics, © 1979.)

Electron concentration n0 -  1015 + 1016 cm-3.

Fig. 4.3.2. Electron Hall mobility versus 
temperature for G a^In i^b  1.x  = 0 .10, 2 . x =
0.47, 3.x = 0.70, 4 .x  =0.86, 5 .x  = 0.91 (after 
Wooley and Gillett [1960]. See also Coderre and 
Woolley [1969]).
(Reprinted with permission from Elsevier Science. © 1960.)
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Fig. 4.3.3. Electron Hall mobility versus electron concentration for GaSb (.x=  1). T - 77 K. Open circles 
represent measurements with a group of samples having approximately the same residual acceptor 
concentrations Na. Full symbols: specimens with lower residual acceptor concentrations. Solid lines represent 

e eoretical calculations for different values of compensating acceptor densities -  either singly (Nj) or 
doubly (N r )  ionized.

! ' v " - l ! ' M ^ 7 0rWr  =  °'4 ' l0 '7 СШ~3' 2 Л,."= 2 .85  - 1017 or W --= 0 .9 5  - 1017cm-5,
• Na 4.5 10 or N~~ -  1.5 - 1017 cm"3 (after Baxter et al. [1967]).

(Reprinted with permission from The American Physical Society, ©  1967.)

Fig. 4.3.4. Electron mobility versus electron 
concentration for InSb (x=  0), 77 К (after Litwin- 
Staszewska et al. [1981]).

Concentration (cm'3)

Fig. 4.3.5. The electron Hall factor versus carrier 
concentration for InSb (x= 0), 77 К (after Baranskii 
and Gorodnichii [1969]).

Concentration n0 (cm"3)
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Temperature П К )

Fig. 4.3.6. Hole Hall mobility versus temperature 
for GaSb (jc= 1). MBE technique. Carrier concen
tration p0 at 300 K:
1.2.28- 1016 cm-3,
2. 1.9- 1016 cm-3
(after Johnson et al. [1988]).
(Reprinted with permission from IOP Publishing, ©  1988.)

Fig. 4.3.8. Hole Hall mobility versus hole concen
tration for InSb (x = 0).
1. 77 К (after Filipchenko and Bolshakov [1976]).
2. 290 К (after Wiley [1975]).
(Reprinted with permission from Academic Press, ©  1975.)

Fig. 4.3.7. Hole Hall mobility versus hole con
centration for GaSb (x = 1), 300 K. Experimental 
data are taken from five different papers (after 
Wiley [1975]).
(Reprinted with permission from Academic Press, © 1975.)

Fig. 4.3.9. The hole Hall factor versus carrier 
concentration for InSb (x = 0), 77 К (after Baranskii 
and Gorodnichii [1969]).
(Reprinted with permission from Akademie Verlag GmbH. 
© 1969.)

Concentration p 0 (cm*3 )
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43.2. Transport Properties in High Electric Field

Field F ( k V /cm )

Fig. 4.3.10. Field dependences of the electron 
drift velocities calculated by Monte Carlo method 
for different values of x, 300 К (after Ikoma et al. 
[1977]).
(Reprinted with permission from the Japanese Journal of 
Applied Physics, О 1977.)

Fig. 4.3.11. Fraction of electrons in the Г-valley 
as a function of field for different values of x 
(after Ikoma et al. [1977]).
(Reprinted with permission from the Japanese Journal of 
Applied Physics. О 1977.)

Fig. 4.3.12. Electron mean energies in the Г- and 
valleys of Ga05ln05Sb as a function of field, 

300 К (after Ikoma et al. [1977]).
(Reprinted with permission from the Japanese Journal of 
Applied Physics. © 1977.)
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4.3.3. Recombination Parameters 

Forx = 0 (InSb)
For pure InSb at T >250 К lifetime of carries (electron and holes) is determined by the 
Auger recombination

t„ = zp = l/Cnj ,

where C = 5 ■ 10~26 cm6/s is Auger coefficient, щ is intrinsic concentration.
For 300 К: т„ = xp = 5 1 0 "8 s
At 77 К for pure InSb л-type: the lifetime of holes Tp ~ 10-6 s

p-type: the lifetime of electrons T„ ~  10“10 s 
Radiative recombination coefficient 5 • 10-11 cm3/s
Auger coefficient С = 5 • 10"26 cm6/s

Forx= 1 (GaSb)

Concentration  Na (cm'3)

Fig. 4.3.13. Electron radiative (squares) and 
nonradiative (triangles) lifetime versus acceptor 
concentration for/т-GaSb (дг = 1), 77 К (after Titkov 
etal. [1986]).

Radiative recombination coefficient 
Auger coefficient

Auger coefficient in In As/Ga^In^Sb 
superlattices (after Youngdale [1994])
Surface recombination velocity for Gao glno^Sb 
(after Mbow et al. [1993])

77 К 
300 К 
77 К 
300 К

~ 10-10 cm3 Is 
2 ■ 10“29 cm6/s 
5 -10-30 cm6/s 
1.3 • lO"27 cm6/s 
8 - 10_25cm6/s 
2 • 107 cm/s
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4.4. Optical Properties

Infrared refractive index (300 K):

2 = 4 .0 -0 .2 *

Long wave TO phonon energy at 300 К (meV):

* = 0 (InSb) 22.9
* = 1 (GaSb) 27.8

Long wave LO phonon energy at 300 К (meV):

* = 0 (InSb) 24.4 
x = 1 (GaSb) 28.9

Fig. 4.4.1. Refractive index n versus photon energy 
for x = 0 (InSb, curve 1) and x = 1 (GaSb, curve 
2), 300 К (after Adachi [1989]). See also Paskov 
[1997].

Fig. 4.4.2. Normal incidence reflectivity versus 
photon energy for x = 0 (InSb, curve 1) and x = 1 
(GaSb, curve 2), 300 К (after Aspnes and Studna
[1983]).
{Reprinted with permission from The American Physical 
Society, © 1983.)
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W avenum ber (cm '1)

Fig. 4.4.3. Wavenumber dependence of the reflec
tance for different alloy compositions of GajJnj.jSb, 
300 K. 1 .x *  I, 2. x = 0.84, 3. x = 0.6
4. x = 0.3, 5. x = 0.05, 6 . x = 0 
(after Brodsky et al. [1970]).
(Reprinted with permission from The American Physical 
Society, © 1970.)

Photon energy /)V (e V )

Fig. 4.4.4. The absorption coefficient versus 
photon energy for x = 0 (InSb, curve 1) and x = 1 
(GaSb, curve 2), 300 К (after Adachi [1989]). 
(See also Aspnes and Studna [1983]).
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Photon energy />V (e V )

Fig. 4.4.5. Intrinsic absorption edge for different 
alloy compositions of л-type G a ^ . jS b  (curves 1, 
2) and p-type Ga^Inj.^Sb (curves 3-6). T = 300 K.
1. jc =s 0, 2 .x  = 0.07, 3 .x  = 0.36,
4 .x  = 0.7, 5 .x  = 0.78, 6 .x  = 0.97 
For л-type samples electron concentration 
л0 «  2 • 1017 + 1018 cm"3.
For p-type samples hole concentration 
p0 ~ 1018 + 6 • 1019 cm-3.
(after Rousina et al. [1990])
(Reprinted with permission from the American Institute of 
Physics. €>1990.)

Photon energy />V (eV)

Fig. 4.4.6. Absorption coefficient versus photon 
energy for different doping levels, x = 0. (л-InSb). 
Г = 1 3 0 К .л Д сп Г 3):
1.6.6 1013, 2. 7.5 - 1017,
3.2.6 1018, 4 .6  10'8 
(after Ukhanov [1977]).

Photon energy /)V (eV)

Fig. 4.4.7. Absorption coefficient versus photon 
energy for different doping levels, x = 1. (/>-GaSb). 
Г = 7 7  К. Na (cm-3):
1 .2 .9 - 1017, 2 .5 -  1018,
3. 1.8 • 10,9,4 . 3 • 10*9 (after Iluridze et al. [ 1987]).
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4.5. Thermal Properties

Fig. 4.5.1. Thermal resistivity versus composition 
parameter x. Solid curve shows the theoretical 
calculation (after Adachi [1983]). Points represent 
experimental data of different authors (after Briggs 
e /a/. [1970]).

T em perature Г ( К ) Temperature П К )

Fig. 4.5.2. Temperature dependence of the specific Fig. 4.5.3. Temperature dependence of specific heat
heat at constant pressure (low temperatures). at constant pressure (high temperatures).
1.x  =  0 (InSb), 2. x  =  1 (GaSb) 1. x = 0 (InSb), 2. x = l  (GaSb)
(after Piesbergen [ 1963]). (after Okhotin et al. [ 1972]).
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Fig. 4.5.4. Lattice constant as a function of com
position parameter* for Ga*Ini_xSb (after Auvergne 
et al. [1974]).
(Reprinted with permission from Elsevier Science. © 1974.)

Fig. 4.5.5. Temperature dependence of linear 
expansion coefficient.
1.x = 0 (InSb) (after Gibbons [1958]).
2. x = 1 (GaSb) (after Novikova and Abrikosov 
[1963]).
(Reprinted with permission from The American Physical 
Society. © 1958.)

Fig. 4.5.6. Pseudobinary phase diagram for 
G ajln^Sb system, (after Ufimtsev et al. [1971]).
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4.6. Mechanical Properties, Elastic Constants,
Lattice Vibrations, Other Properties

Density (5.77 -  0.16*) g/cm3

Surface microhardness 
(using Knoop’s pyramid test)

Cleavage planes 
Elastic constants at 300 K:

Ci i 
C , 2
C 4 4

Bulk modulus 

Anizotropy factor 

Shear modulus

* = 0 (InSb) -  220 kg/mm2 
x = 1 (GaSb) -  450 kg/mm2

{ п о н т }

(6.67 + 2.16*) • 10'1 dyn/cm2 
(3.65 + 0.37*)- 10" dyn/cm2 
(3.02+ 1.30*)- 1011 dyn/cm2

Bs = (4.66 + 0.96*) ■ 101 ‘dyn/cm2 

/4 = 0.5 + 0.06*

O' = (1.51 + 0.89*) -101 •dyn/cm2

Cn +2C l2
3

q , - C |2
2C„

C' = ( C „ - C I2) /2

[100]Young’s уо = (С |1+ 2С,2) (С ||-С |?) Го = (4 0 9  + 2 .22x)-10'‘dyn/cm2 
modulus (c n + c i2)

[100] Poisson <70 = — —  ff0 = 0.35 -  0.04*
ratio C" + C '2
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Acoustic Wave Speeds

Wave propagation 
direction

Wave character Expression for wave speed Wave speed 
(in units of 105 cm/s)

[100] vL (C „ /p )'/2 3.40 + 0.57*

VT (C „ /p )'/2 2.29 + 0.48*

V\ K q ,+ q 2+ 2c „ ) / 2p)]'/2 3.76 + 0.62*

[110] V4 r ll = V T = (C jf> )'tz 2.29 + 0.48*

r * [ ( C „ - C l2)/2p)f/J 1.62 + 0.45*

[H I]
V{ [(С| | + 2С ,г + 4 С „)/З р )]'/2 3.88 + 0.62*

v; t(C,i -  C,2 + C44 )/3p)]^2 1.87 + 0.46*

Fig. 4.6.1. Г- and A'-phonons as a function of 
composition parameter * for G a,ln|_^b. Solid 
and dashed curves show Г- and A'-phonons, 
respectively. Open and full circles show LO (Г) 
and TO (Г) phonons, respectively (after Kleinert
[1984]).

Piezoelectric constant e14 -  (0.07+0.06*) C/m 2
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CHAPTER 5

GALLIUM ARSENIDE ANTIMONIDE (GaAs,_xSbx)

A. Ya. Vul’
Ioffe Institute, St. Petersburg, Russia

5.1. Basic Parameters at 300 К

GaAs GaSb GaAs^Sbjr

Crystal structure Zinc Blende Zinc Blende
Space group F43m F43m
Number of atoms in 1 cm3 4.42-1022 3.53 1022

Debye temperature (K) 360 266

Density (g/cm3) 5.32 5.61
Dielectric constant

static 12.9 15.7
high frequency 10.89 14.4

Effective electron mass:
(in units of m0) 0.063 0.041

Effective hole mass:
(in units of m0)

heavy hole 0.51 0.4

light hole 0.082 0.05

Electron affinity (eV) 4.07 4.06

Lattice constant (A) 5.6532 6.0959

Optical phonon energy (eV) 0.035 0.03

Zinc Blende 
F43m 

(4.42 -  0.89*) 1022

5.32 + 0.29*

12.90 + 2.8* 
10.89 + 3.51*

0.063 -  0.0495* + 0.025Sx2

0.51-0.11* 
0.082 -  0.032x

4.07

See Sec. 5.5 
See Sec. 5.6

ill
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Band structure and carrier concentration

GaAs GaSb GaAsj.^Sbj

Energy gap (eV) 1.424 0.726 1.42 -  1.9x + 1.2X2
(for 0 < дс < 0.3)

Energy separation between
Г-valley and L-valleys ETL (eV) 0.29 0.084 See Fig. 5.2.4

Energy separation between
Г-valley and JT-valleys £ r*(eV) 0.48 0.31

Energy of spin-orbital
splitting Eso (eV) 0.34 0.8

Intrinsic carrier
concentration (cm*3) 2.1 106 1.5-1012 See Sec. 5.2.1

Effective conduction
band density of states (cm-3) 4.7-1017 2.1*1017 2 .5 -1019 (0.063

-  0.0495* + 0.025 8x2)3/2
Effective valence
band density of states (cm-3) 9 • 1018 1.8 • 1019

Electrical properties
Breakdown field (V/cm) * 4 • 105 * 5 • 104 See Sec. 5.3.2
Mobility (cm2/V-s)

electrons <8500 <3000 See Sec. 5.3.1
holes £400 £1000
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GaAs GaSb

Diffusion coefficient (cm2/s)
electrons ^  200 <75
holes < 10  ^25

Electron thermal velocity (m/s) 4 .4-105 5.8 105 4.4
Hole thermal velocity (m/s) 1.8 105 2.1 10s

Optical properties
Infrared refractive index 3.3 3.8 
Rediative recombination
coefficient (cm3/s) 7 1 0 “10 «Ю -10

Thermal and mechanical properties
Bulk modulus (dyn/cm2) 7.53 10n 5.63 TO11
Melting point (°C) 1240 712
Specific heat (J/g°C) 0.33 0.25
Thermal conductivity (W/cm °C) 0.55 0.32
Thermal diffusivity (cm2/s) 0.31 0.23
Thermal expansion, linear, (0C"!) 5.73-10"6 7 .75-10"*

GaAs^jSbj

105(1 + OAx -  0.09*2) 
(1.8 + 0.3x)105

3.3 + 0.5*

(7.53-1.9дг)10п 
See Sec. 5.5
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5.2. Band Structure and Carrier Concentration

X- valley

<Ш > _
Wave Vector 

Heavy holes 
Light holes

4Split-off band

Fig. 5.2.1. Band structure of GaAs (x = 0). Important Fig. 5.2.2. Band structure of GaSb (x = 1). Important
minima of the conduction band and maxima of the minima of the conduction band and maxima of the
valence band. valence band.
Eg = 1.42 eV, E i -  1.71 eV Eg = 0.73 eV, EL = 0.81 eV
Ex =  1.90 eV, Eso =  0.34 eV. Ex = 1.03 eV, Es0 =  0.8 eV.

There is a miscibility gap in the composition range, 0.39 < *<0.62 .

Fig. 5.2.3. Variation of energy gap Eg with com
position x for GaAsi.jfSb, (after Biryulin et al. 
[1979a]).
(Reprinted with permission from the American Institute of 
Physics. © 1979.)

Composition x

For O C X  <0.3 at 300 K:
Eg = 1.42-1.9*+1.2jc2 (5.2.1)



Gallium Arsenide Antimonide (GaAs\.xSbt) 115

Composition x

Fig. 5.2.4. Energy separation between L-valley of 
conduction band and top of the valence band 
(curve 1, after Rosenbaum and Woolley [1975]) 
and energy gap (curves 2-4, after Taylor and Fortin 
[1970]) versus composition*.
2. T=  100 K,3. T = 210 К,
1,4. Г=ЗО ОК.

5.2.1. Temperature Dependences

Fig. 5.2.5. Temperature dependences of energy gap 
Eg for GaAsj.jSbr
1.x = 0.026, 2 .x  = 0.05 (after Biryulin et al. 
[1979b]).
(Reprinted with permission from the American Institute of 
Physics. © 1979.)

Tem perature П К )

For GaAs (x = 0): Eg = 1.519 -  5.405 • 10~4 

For GaSb (x = 1): £_ = 0.813 -  3.78 • 10“4 •

T2
Г + 204

(eV)

Г2 
Г + 94

(eV)

(5.2.2)

(5.2.3)
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Temperature П К )  
500 400 300

1.0 1.5 2D 2.5 3.0 35 4.0 4.5 5.0 
1000/Г  (1 /K J

Fig. 5.2.6. The temperature dependences of the 
intrinsic carrier concentration.
1. jc = 0 (GaAs), 2 .x  = 0.3,
3 .x  = 0.8, 4 .* =  1 (GaSb).

5.2.2. Dependences on Hydrostatic Pressure 

x = 0 (GaAs):

Eg = Eg(0) + 0 .0 \2 6 P -3 .n  ■ 10-5 />2 (eV)

El = El(0) + 5.5 ■ 1СГ3 ■ P (eV) (5.2.6)

Ex = Ex(0) -  1.5 • 10-*-P  (eV) 

x = 1 (GaSb):

£ g = £ g(0) + 0.0145f (eV)

El = £ д(0) + 5 • 10-3 • P (eV) (5.2.7)

J ,  = « - l . S . i r ! -P  (eV),

where P  is pressure in kbar.
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5.23 . Effective Masses 

Electrons:

mr = (0.063-0.0495* + 0.0258л:2) *m0 (5.2.8)

Fig. 5.2.7. Dependence of electron effective mass 
mr on composition parameter x. The curve is 
calculated according to Eq. (5.2.8). Dashed part of 
the curve corresponds to the miscibility gap. 
Symbols are experimental data taken from Delvin 
etai. [1981].

Holes:
heavy щ  = (0.51 -  0.1 \x)m0
Light m,p = (0.082 -  0.032x)mo
split-offband mso = 0 .15m0

5.2.4. Donors and Acceptors

Ionization energies of shallow donors (meV):

* = 0 (GaAs): S - 6 , S e - 6, Те- 3 0
= 1 (GaSb): S (L) -  150, Se (L) ~ 50 Те (L) ~ 20 

S (X) ~ 300 Se (X) ~ 230 Те (X) < 80

For typical donor concentrations N j>  1017 cm-3 the shallow donor states in GaSb connected 
with Г-valley do not appear.
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Ionization energies of shallow acceptors (meV). 

x = 0 (GaAs): Si - three acceptor levels
-3 0 , 100 and 220

Zn -2 5
Ge - 3 0

Si - 1 0
Zn - 3 7
Ge - 9

The dominant acceptor of undoped GaSb seems to be a native defect. This acceptor 
doubly ionizable: Eal = 30 meV, Ea2 = 100 meV.



5.3. Electrical Properties

5.3.1. Mobility and Hall Effect
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Composition x

Fig. 5.3.1. Electron Hall mobility versus* for four 
sets of samples, 77 K. Electron concentration 
л0 S5-1016 cm-3 (after Biryulin el al. [1981]).
(Reprinted with permission from the American Institute of 
Physics. © 1981.)

Fig. 5.3.2. Temperature dependences of electron 
Hall mobility for GaAS|_,Sbx. Electron concen
tration n0 £ 5 -1 0 16 cm-3. l .*  = 0.07, 2 .*  = 0.12 
(after Biruylin et al. [1981]).
(Reprinted with permission from the American Institute of 
Physics. ©  1981.)

Fig. 5.3.3. Temperature dependences of electron Hall 
mobility for GaSb (*=1). 1. Л ^=1.7-1018 cm 3, 
2. 2.8 • 1017cm“3 (after Mathur and Jain [1979]).
(Reprinted with permission from The American Physical Society. 
© 1979.)
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Fig. 5.3.4. Electron drift (solid curves) and Hall 
(dashed curves) mobilities versus electron concen
tration n0 for GaAs (x = 0) for different degrees 
of compensation, 77 K. (Nd + Na)ln0 . 1 .1, 2.2, 
3. 5, 4. 10 (after Rode [1975]).
(Reprinted with permission from Academic Press. ©  1975.)

Fig. 5.3.5. Electron Hall mobility versus electron concentration n0 for GaSb (x = 1), T=  77 K. Open circles 
represent measurements with a group of samples having approximately the same residual acceptor concentrations 
Na. Full symbols: specimens with lower residual acceptor concentrations. Solid lines represent the theoretical 
calculations for different values of compensating acceptor densities -  either singly (N„) or doubly (i4T ) 
ionized.
1. N~ =  1.2 ■ 1017 cm-3 or N-~=  0.4 • 1017 cm"3, 2. N~ = 2.85 • 1017 cm"3 or N~~=0.95 • 10‘7 cm"3,
3. N~ = 4.5 • 1017 cm“3 or 1.5 ■ 1017 cm"3 (after Baxter et al. [1967]).
(Reprinted with permission from The American Physical Society. ©  1967.)
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Fig. 5.3.6. Temperature dependences of hole Hall 
mobility for three high-purity GaAs (x = 0) samples 
(after Wiley [1975]).
(Reprinted with permission from Academic Press, ©  1975.)

Fig. 5.3.7. Temperature dependences of hole 
Hall mobility for two GaSb (x= 1) samples. 
MBE technique. Hole concentration at 300 K: 
1.2.28 • 10,6cm“3, 2. 1.9 • 10,9cm“3 (after Johnson 
et al. [1988]).
(Reprinted with permission from IOP Publishing, © 1988.)

Fig. 5.3.8. Hole Hall mobility versus hole con
centration pa for GaAs (x = 0), 300 К (after Wiley 
[1975]).
(Reprinted with permission from Academic Press, © 1975.)

Fig 5 3 9. Hole Hall mobility versus hole con
centration p0 for GaSb (дг = 1), 300 К (after Wiley 
[1975]).
(Reprinted with permission from Academic Press. © 1975.)
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53.2. Impact Ionization

Fig. 5.3.10. The dependences of ionization rates for electrons a, and holes Д versus l/F. curves 1- 4 . * = 0.10, 
curves 5, 6 . x = 0.125, curves 1, 3, 5 show a  ( l / f )  dependences, curves 2, 4, 6 show P (llF ) dependences. 
Temperature 7\K): 1,2 , 5, 6 -3 0 0 , 3 ,4 -7 7  (after Andreev et al. [1981]).
(Reprinted with permission from the American Institute o f Physics, © 1981.)

Fig. 5.3.11. The dependences of a, and p, versus 
l/F  for GaSb (* = 1),77K.
Open symbols: F | | ( 111).
Filled symbols: F  11(100) (after Zhingarev et al 
[1981]).

(Reprinted with permission from the American Institute of 
Physics, О 1981.)

l / F  (10 c m /V )

Fig. 5.3.12. The dependences of oc, and P, versus 
l/F  for GaSb (*=  1), 300 K. F  II (100) (after 
Hildebrand et al. [1980]).
(Reprinted with permission from the American Institute o f 
Physics, © 1980.)



5.4. Optical Properties

Infrared refractive index (300 K):

л ~ = ( 0 ,/2= 3.3+0.5*

Long wave TO phonon energy at 300 К (meV): 

hvro = 33 .2-5 .4*

Long wave LO phonon energy at 300 К (meV):
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Fig. 5.4.1. Refractive index n versus photon energy 
for x = 0 (GaAs, curve 1) and x -  1 (GaSb, curve 
2), 300 К (after Adachi [1989]).

Fig. 5.4.2. Normal incidence reflectivity versus 
photon energy for x = 0 (GaAs, curve 1) and x = 1 
(GaSb, curve 2), 300 К (after Aspnes and Studna 
[1983]).
(,Reprinted with permission from The American Physcial 
Society. © 1983.)

1.5 2.5 a5 4.5 S5 
Photon energy /)V (eV)

* = 0 (GaAs) 36.1
* = 1 (GaSb) 28.9
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Fig. 5.4.3. Wavenumber dependences of the 
reflectance for four alloy  compositions of 
GaAs^Sb*, 300 K.
1.x = 0.07, 2 .x  = 0.09,
3. x = 0.89, 4. x = 0.93 (after Lucovsky and Chen 
[1970]).

Fig. 5.4.4. The absorption coefficient versus 
photon energy for x = 0 (GaAs, curve 1) and x = 1 
(GaSb, curve 2) 300 К  (after Adachi [1989]).
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Fig. 5.4.5. Absorption coefficient near the intrinsic 
absorption edge for x  = 0 (GaAs) (after Sturge 
(1962)).
(Reprinted with permission from The American Physical 
Society, © 1962.)

Fig. 5.4.6. Intrinsic absorption coefficient near the 
intrinsic absorption edge for x -  1 (GaSb). T\K): 
I. 300, 2. 77, 3. 4.2 (after Becker et al. [1961)).

Fig. 5.4.7. Absorption edge of GaAso.gSbo.j 
(jc = 0.1) at different temperatures (after Swanjp et 
al. [1981]).
(Reprinted with permission from Akademie Verlag. © 1981.)

A ground state Rydberg energy Rxl (meV):

* = 0 (GaAs) - 4 .2  
* = 1  (GaSb) - 2 .8
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5.5. Thermal Properties

Fig. 5.5.1. Temperature dependences of the Fig. 5.5.2. Temperature dependences of the
thermal conductivity for x = 0 (GaAs). 1 + 3 -  thermal conductivity for x = 1 (GaSb). 1 + 3 —
л-type samples. л0 (спГ3): 1. 1016, 2. 1.4 x 1016, л-type samples. n0 (300 K), cm"3: 1. 1.6 - 10'7,
3 .1018, 4,5. p-type samples. p 0 (cm-3): 4 .3  • 1018, 2. 8 .6 -1 0 17, 3. 1.8 • 10 18. 4. /7-type sample.
5. 1.2 - 1019 (after Carlson et al. [1965]). p 0 (300 K) = 1.4 • 1017 cm-3 (after Poudjade
(Reprinted with permission from the American Institute of and Albany [1969]). For 300 < T < 800 K,
Physics. © 1965.) К  =  0.32 (Т/300)", <s (W/cmK).

The essential decrease of the thermal conductivity has been usually observed for intermediate 
alloy compositions 0 < x < 1 (See Chaps. 1,3  and 7 ).

Fig. 5.5.3. Temperature dependences of specific 
heat at constant pressure. 1. x = 0 (GaAs), 2. x = 1 
(GaSb) (after Piesbergen [1963]).
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0 80 160 240 320
Temperature П К )

(a)

(b)

Fig. 5.5.4. Lattice constant as a function o fx (after 
Lendvay [1984]).

Fig. 5.5.5. Temperature dependences o f linear 
expansion coefficient, (a) x = 0 (GaAs) (after 
Novikova [1961]). (b) x =  1 (GaSb) (after Novikova 
and Abrikosov [1963]).

Fig. 5.5.6. Pseudobinary phase diagram for 
GaAS|_xSbx system (after Gratton and Woolley 
[1980]).

Composition x
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5.6. Mechanical Properties, Elastic Constants, 
Lattice Vibrations, Other Properties

Density
Hardness

Surface mocrohardness 
(using Knoop’s pyramid test)

Cleavage plane 
Elastic constants at 300 K: 

Сц 
^12 
C44

Bulk modulus 

Anisotropy factor 

Shear modulus

[100] Young’s 
modulus

Bs =

A =

C\\+2C\2
3

C,i -  Cj 2
2 C44

C' = ( c „ - C 12)/ 2

у _ (Qi + 2C|2)(Ci 1 — Сц) 
0 (C „ + C l2)

5.32 + 0.29* (g/cm3) 
between 4 and 5 
on the Mohs scale

ж = 0 (GaAs) -  750 kg/mm2 
x =  1 (GaSb)-4 5 0  kg/mm2

{110}

(11.9 -  3.07л:) • 10" dyn/cm2 
(5.34 -1 .32*)- 10" dyn/cm2 
(5.96 -  1.64x) • 10“ dyn/cm2

Bs = (7.53 -  1.9дг) • 10“ dyn/cm2

A = 0.55

С  = (3.28 -  0.88л) 10м dyn/cm2

У0= (8.59-2.28*) ■ 1011 dyn/cm2

[100] Poisson 
ratio

<*(> = '12
C|1 +C\2

(To =  0.31
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Acoustic Wave Speeds

Wave propagation 
direction

Wave character Expression for wave speed Wave speed 
(in units of 10s cm/s)

[100] vL (Culp)^ 4 .73-0 .76*

vT (C uIp )^ 2 3 .35-0 .58*

Vx [ ( q , + q 2 + 2C44)/2p)]'/2 5 .24-0 .86*

[110] Уп II ■7= II P ■5- 3 .35-0 .58*

Уч [ (C „ -C ,j) /2 p ) ]^ 2 .48-0 .41*

v< [ (C „ + 2 C ,j+ 4 C „ ) /3 p )]^ 5 .40 -0 .90*
[111]

у; К C n - C u + C u p p r f 2 2 .8 0 -0 .4 7 *

Fig. 5.6.1. Optical phonon energy as a function of 
*. Full and open circles show TO phonon 
frequencies (after Lucovsky and Chen [1970]). 
Crosses show LO phonon frequencies (data are 
taken from Filion and Fortin [1974]).

Piezoelectric constant el4 -  (0.16 -  0.03x) C/m2
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CHAPTER 6 

INDIUM ARSENIDE-ANTIMONIDE (InA s^S b*)

M. S. Bresler
Ioffe Institute, St. Petersburg, Russia

6.1. Basic Parameters at 300 К

InAs

Crystal structure Zinc Blende
Space group F43m
Number of atoms in 1 cm3 3*5 9 . ю 22
Debye temperature (K) 280

Density (g/cm3) 5.68 
Dielectric constant

static 15.15
high frequency 12.3

Effective electron mass:
(in units of m a) 0.023

Effective hole mass:
(in units of m 0)

heavy hole 0.41
light hole 0.026

Electron affinity (eV) 4.9

Lattice constant (A) 6.0583
Optical phonon energy (eV) 0.030

InSb InAsi_xSbjr

Zinc Blende Zinc Blende
F43m F43m

2.94 1022 (3.59 -  0.65*) 1022

160 
250 (at 77 K)

5.77 5.68 + 0.09*

16.8 15.15+1.65*
15.7 12.3 + 3.4*

0.014 0.023 -  0.039* + 0.03*2

0.43 0.41+0.02*
0.015 0.026-0.011*

4.59 4 .9 -0 .31*

6.479 6.0583 + 0.4207*
0.025 See Sec. 6.6

132



Indium Arsenide-Antimonide (InAs\.xSbx) 133

Band structure and carrier concentration

InAs InSb

Energy gap (eV) 0.354 0.17

Energy separation between 
Г-valley and L-valleys ErL (eV) 0.73 0.51

Energy separation between 
Г-valley andA'-valleys Erx (zV) 1.02 0.83

Energy of spin-orbital 
splitting Eso (eV) 0.41 0.80

Intrinsic carrier 
concentration (cm-3) MO15 2 * 1016

Effective conduction 
band density of states (cm-3) 8.7-1016 4.2-1016

Effective valence
band density of states (cm-3) 6 .6 1 0 18 7 .1 1 0 18

Electrical properties
Breakdown field (V/cm) 
Mobility (cm2/V s) 

electrons 
holes

» 4 1 0 4

S4-104
<I5-102

« 103

<7.7 104 
< 8.5102

InAsj-xSbj 

0.351 -  0.774x + 0.598*2

0.39 -0.15X+  1.17X2

See Sec. 6.2.1

2.5 1019 (0.023-0.039* 

+ 0.03л2 f*

2.51019 (0.41 + 0.02x)V2

5 -io2 < < 4 -io 4

See Sec. 6.3.1 
< 5 - 102
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InAs InSb InAsi_*Sbx

Diffusion coefficient (cm2/s)
electrons < 103 < 2 1 0 3 < 103
holes <13 < 2 2  < 10

Electron thermal velocity (m/s) 7.7 • 10s 9.8 10s 7.7 • 105(1 +1.1 Sx - 0.9lx2)
Hole thermal velocity (m/s) 1.8 10s 1.8 10s 1.8 105 (0 < x < l)

Optical properties
Infrared refractive index 3.51 4.0 
Rediative recombination
coefficient (cm3/s) 8 -10“11 4 .9 1 0 -11 See Sec. 6.3.3 

Thermal and mechanical properties

Bulk modulus (dyn/cm2) 5.8 1011 4.7 10n (5 .8 - l . l x ) 10n
Melting point (°C) 942 527 See Sec. 6.5
Specific heat (J/g°C) 0.25 0.2
Thermal conductivity (W/cm °C) 0.27 0.18
Thermal diffusivity (cm2/s) 0.19 0.16
Thermal expansion, linear ^C -1) 4.52 • 10"6 5.37 • 10"6
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6.2. Band Structure and Carrier Concentration

Energy

Fig. 6.2.1. Band structure o f InAsi_xSbx. Important minima of the conduction band and maxima of the 
valence band.

Composition x

Fig. 6.2.2. Variation of energy gap Eg with com
position x for InAsi-jSb, at 77 K( 1) and 300 K(2) 
(after Rogalski [1989]).
(Reprinted with permissionfrom Elsevier Science. 0 1989.)

At 300 K:
Eg = 0.351 -  0.774лт + 0.598*2 (eV)

A tlO K :
Et  = 0.415( 1 -  *) -  0.672* (1 -  *) + 0.235* (eV) 

(after Fang et al. [1990]).
Energy of spin-orbital splitting Es0 (eV), 300 K:

Eso = 0 .39-0 .75*+1.17*2
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6 .2.1. Temperature Dependences

Temperature dependence of energy gap (after Wieder and Clawson, [1973])

Eg(X>T) = 0.411 -  3.4 • 10"4 ■ -  J  -  0.876* + 0.70*2 + 3.4 • 10"4 • * • T • (1 -  *) (e V )

(6.2.4)for 77 < Г < 300 К 

Effective density of state in the conduction band:

Nc = 4.82 -1015
f \V2m r  

mn
■ Т У  2

(6.2.5)
= 4.82 • 10,s • 7’3/2(0.023 -  0.039* + 0.03*2)V2 (cm- 3)

Effective density of state in the valence band:
3/2

= 4.82-1015 ™Cd
m,

Intrinsic carrier concentration:

Г3/2 = 4.82 • 1015 ■ r 3/2 ■ (0.41 + 0.02x)3/ 2 (cm-3)

(6.2.6)

Fig. 6.2.3. Intrinsic carrier concentration in 
InAS|_,Sbx as a function of composition for various 
temperatures. Points represent the experimental 
data taken from several papers (after Rogalski and 
Jozwikowski [1989]).
(Reprinted with permission from Elsevier Science, © 1989.)

a0 0.2 0.4 Q6 0.8 1.0 
Composition x
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For al] InAs^jSb* compositions there is a temperature Tc below the solidus temperature at 
which the band gap passes through zero and the band gap structure passes from a normal to 
an inverted form.

Fig. 6.2.4. Variation of normal-inverted transition 
temperatures Tc and solidus temperature Ts with 
composition parameter x (after RogalskJ (1989]).

6.2.2. Dependences on Hydrostatic Pressure

* = 0 (InAs):

Eg = Eg(0) + 4.8 • 10_3P (eV)

Ei = El(0) + 3.2 • 10-3/* (eV)

* = 1  (InSb):

Eg = Eg(0) + 13.7 • 10-3P -  3.6 • 10-5/>2 (eV) 

El = El(0 ) + 4.7 • 10-3P -  1.1 • 10~5PZ (eV)

Ex = Ex(0) -  3.5 • 10'3P + 0.64 • 10~5P2 (eV),

(6.2.7)

(6.2.8)

where P is pressure in kbar.
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6.23. Effective Masses 

Electrons:

Composition x

Fig. 6.2.5. Dependence of electron effective 
mass mr on composition parameter x for 
InAsj-jfSb;, (after Rogalski [1989]).
(Reprinted with permission from Elsevier Science, 
© 1989.)

m r lm 0 *0.023 -  0.039* + 0.03*2 (6.2.9)

h2k2
Non-parabolicity: E( 1 + aE) = ------ ; * = 0 (InAs) a  = 1.4 (eV-1)

2 тГ  * = 1 (toSb) a  = 4.1 (eV"1)

Holes:
heavy mh « (0.41 + 0 .02*)mo
light m tp * (0.026 -  0 .011x)m0
split-off band mso « (0 .1 6 - 0.04*)mo

6.2.4. Donors and Acceptors

Ionization energies of shallow donors AEd (meV): 0.5 < ДEd < 1

Ionization energies of shallow acceptors AEa: for * = 0.04 AEa = 21.8 meV 
(after Yen et al. [1988]) for x =  0.13 AEa =13.4 meV
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6.3. Electrical Properties

6.3.1. Mobility and Hall Effect

Fig. 6.3.1. Electron drift mobility (dashed curves) 
and Hall mobility (solid curves) versus x for 
InAsi_,Sbx, 300 K. Electron concentration 
/1 = 5- 1016 cm-3 for all curves. Ionized impurity 
concentration N, (cm-3): 1.5- 1016, 2. 1.25 • 1017,
3. 2.5 ■ 1017. Experimental points (triangles, full 
circles, and crosses) are taken from three different 
papers for n = 5 • 1016 cm-3 (after Chattopadhyay 
et al. [ 1981 ]). Squares are experimental results for 
n = 5 • 1015 cm-3 (from Tsukamoto et al. [1990]).

Fig. 6.3.2. Electron drift mobility of InAsi-jSb* 
versus x at 77 K. Ionized impurity concentration 
(cm-3): 1 .5- 10». 2. 10'5. 3. 5 - 10'», 4. 10“
5. 5 • 1016 (after Chin et al. [1992]).
(Reprinted with permission from the American Institute of 
Physics. © 1992.)
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Fig. 6.3.3. Temperature dependence of electron 
mobility for InAS|_xSbx. Solid line represents 
theoretical calculation. A dislocation density of 
1.5 * 108 cm-2 and a compensation ratio 0.5 are 
included.
Open triangles: x = 0.78
Full circles: x = 0.76
n = 1017 cm-3 (after Egan et al. [1994]).

10w Ю15 Ю16
Electron concentration n0 (cm"3)

J___l Ш Ш---------1-----1 l I III*'.;—•—1L
Ю15 Ю16

Electron concentration n0 I cm'3)

Fig. 6.3.4. Electron mobility versus electron 
concentration n = Nd- N a with series of compen
sation ratios 9=  N jN d for* = 0.6,77 K. (after Chin 
et al. [1992]).
(.Reprinted with permission from the American Institute of 
Physics, ©  1992.)

Fig. 6.3.5. Electron mobility versus electron con
centration n = Nd - N a with series of compensation 
ratios в = N jN d for x = 0.9,77 К (after Chin et al. 
[1992]).
(Reprinted with permission from the American Institute of 
Physics, ©  1992.)
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Fig. 6.3.6. Hole Hall mobility (R ■ a) versus 
temperature for different acceptor densities, x = 0 
(InAs) (after Kesamanly et al. [1968]). Hole 
concentration at 300 К Po(cm"3): 1. 5.7 • 1016, 
2. 2.6 • 1017, 3. 4.2 • 1017, 4. 1.3 • 1018.

Fig. 6.3.7. Hole Hall mobility versus temperature 
for different hole concentrations, x = 1 (InSb) 
p„(cm-3): 1. 8 ■ 10'", 2. 3.15 • 10". 3. 2.5 ■ 10" 
(after Zimpel et al. [1989] and Filipchenko and 
Bolshakov [1976]).

10

I»*

10

• ••

" '1  " " 1  »"Ч-гч

••

Г  - 2 **S. 1

■

" Ч & в Л  :QmJ) •

v

-mat i.yd u d  x L L

1013 1015 1017 101S

Hole concentration p0 (cm*3)

Fig. 6.3.8. Hole mobility versus hole concentration 
1.77 К (after Filipchenko and Bolshakov [ 1976]),
2. 290 К (after Wiley [1975]). jc = 1 (InSb).



142 Handbook on Semiconductor Parameters: Vol. 2

6.3.2. Impact Ionization

CO.

1 / F  (10 cm /V ]

Fig. 6.3.9. The dependences of ionization rates for 
electrons (a) and holes (/J) versus l/F, 77 K. au 
/J, -  for* = 0 (InAs) (after Mikhailova et al. [1976]). 
«2> fh -  for * = 0.12 (after Matveev et al. [1979]).

For electrons:
a , = a0 exp(- F j F )  (6-3.1)

* = 0 o 0 = 1.8 • 105 cm-1, F„„=1.6- 105 V/cm (77K)

л = 0.12 a0 = 0.7 • 10s cm-1, Fno= 1.5 • 10s V/cm (77 K)

For holes:
Pi= Po exp(- Fpn/F) (6.3.2)

x = 0 1.5 • 104 V /cm c.F<3 • 104V/cm-
Д, = 4.7 • 10s cm '1, Fpo= 0.85 • 105 V/cm (77 K)

3 • 104 V /c m < F < 6 - 104V/cm-
Д, = 4.5 • 106 cm-1, Fpo= 1.54 • 10s V/cm (77 K)

x = 0.12 F < 4.5 • 104 V/cm Д, = 1.1 • 10s cm '1, Fpo= 1.0 • 10s V/cm
F > 4 .5  • 10" V/cm Д, = 6 • 10s c n r1, Fpo= 1.75 ■ 10s V/cm
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6.3.3. Recombination Parameters

Fig. 6.3.10. Carrier lifetime in intrinsic 
InAsj.^Sbjf versus x (for Auger recombination), 
300 К (after Rogalski and Orman [1985]).

Fig. 6.3.11. Dependence of carrier lifetime on 
normalized doping concentration for (а) дг = 0 
(InAs), (b)x = 0.65, (c )x = l  (InSb), 300 K. n, is 
the intrinsic concentration. Dashed lines represent 
radiative lifetimes. Solid lines represent Auger 
recombination lifetimes for different components 
of Auger processes. Symbols represent the experi
mental data (after Rogalski and Orman [ 1985]).
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6.4. Optical Properties

Infrared refractive index n„ = ( k ^ 2 at 300 K: 
x = 0 3.51
jc=1 4.0

Long wave TO phonon energy Луго at 300 К (meV):
* = 0 27
x =  1 * 22.9

Long wave LO phonon energy hvw  at 300 К (meV): 
x = 0 29
x = 1 *24.4

Fig. 6.4.1. Refractive index n versus photon energy 
for x = 0 (InAs) -  curve 1 and x = 1 (InSb) -  
curve 2, 300 К (after Adachi [1989]).

Fig. 6.4.2. Normal incidence reflectivity versus 
photon energy for* = 0 (InAs) -  curve 1 and x = 1 
(InSb) -  curve 2, 300 К (after Aspnes and Studna 
[1983]).
(Reprinted with permission from The American Physical 
Society. © 1983.)
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Fig. 6.4.3. Optical absorption coefficient versus 
photon energy for different values of x. 1. x = 0,
2. x = 0.05, 3 .x  = 0.07, 4. jc  = 0.15, 5 .x  = 0.21,
6 . x = 0.31, 7 - x  = 0.89 (after Stringfellow and 
Greene [ 1971 J).
(Reprinted with permission from the Electrochemical 
Society, Inc., © 1971.)

Fig. 6.4.4. Absorption coefficient of InAs 
versus photon energy, 300 К (after Bethea et al. 
[1988]).
(Reprinted with permission from the American Institute of 
Physics. С  J988.)

Fig. 6.4.5. Absorption coefficient versus photon 
energy for x = 0 (InAs) and x = 1 (InSb), 300 К 
Dashed line -  x = 0. Solid line -  x -  1 (after 
Adachi [1989]).
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6.5. Thermal Properties

Fig. 6.5.1. Temperature dependences of thermal 
conductivity fo rx  = 0 (InAs). 1, 2. л-type samples. 
1. n0— 1.6• 1016 cm-3, 2 . n0— 2 - 1017 cm-3. 3 .p-type 
sample, pa = 2 - 1017 cm-3 (after Tamarin and Shalyt 
[1971]).

Fig. 6.5.2. Temperature dependences of thermal 
conductivity for* = 1 (InSb). 1 -3 .  n-type samples. 
Electron concentration n0 (cm-3) at 78 К: 1.2 • 1014, 
2. 4 .8 -1016, 3. 4 -1018. 4. p-type sample. Hole 
concentration at 78 К, p a~ 6-1018 cm-3 (after 
Kosarev et al. [1971]).

Fig. 6.5.3. Temperature depend
ences of specific heat at constant 
pressure. 1. * = 0 (InAs) (after 
Piesbergen [1963]). 2, 3. * = 1  
(InSb) 2. after Piesbergen [1963], 
3. after Okhotin et al. [1972].
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Fig. 6.5.4. Lattice constant as a function ofx (after 
Rogalski [1989]).

Fig. 6.5.5. Temperature dependences of linear 
expansion coefficient for x = 0 (InAs) and 
x = 1 (InSb). 1. x = 0 (after Sirota and Berger 
[1959]), 2. x =  I (after Gibbons [1958]).

Fig. 6.5.6. Pseudobinary phase diagram 
for InAsj-^Sbj. system (after Stringfellow 
and Greene [1971]).
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6.6. Mechanical Properties, Elastic Constants, 
Lattice Vibrations, Other Properties

Density
Hardness

5.68 + 0.09* (g/cm3)
-  4 (on the Mohs scale)

Surface microhardness 
(using Knoop’s pyramid test)

* = 0 (InAs) -  430 kg/mm2 
* = 1  (InSb)-2 2 0  kg/mm2

Cleavage plane 
Elastic constants at 300 K:

C\\
C\2
C44

{110}, {Ш }

(8 .34 - 1.67*)- 10n dyn/cm2 
(4 .54-0 .89*)- 1011 dyn/cm2 
(3.95 -  0.93*) • 1011 dyn/cm2

Bulk modulus Cn +2C12 
B'  3

B5 = (5.81 —1.15*) 1011 dyn/cm2

Anizotropy factor C\\-Cn
A 2 Q III 0 0»

Shear modulus e '= (c ,,- c 12)/2 C' = (1.9 -  0.39*) • 101 ‘dyn/cm2

[100] Young’s 
modulus

Y _  ( Q i+ 2Ci2)(Cn - C !2) 
0 (C „+ C 12)

Y0 = (5.14 -1.05*) • 10‘ ‘dyn/cm2

[100] Poisson 
ratio

cr0 = Cn 
C„ + C12

cr0 = 0.35
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Acoustic Wave Speeds

Wave propagation 
direction

Wave character Expression for wave speed Wave speed 
(in units of 10s cm/s)

[100] VL (Cu Ip ),/2 3.83-0.43дг

Vt (C«/p)'/2 2.64 -  0.35*

Y\ [(C,, + q ,+ 2 C 44)/2p)f/2 4 .2 8 -0 .5 2 *

[110] У* = fv  = (C « /p )'/2 2 .6 4 -0 .3 5 *

У.1 [ ( C „ -C ,2)/2p)]'/2 1.83-0.21*

v{ ((Cu +2C,J +4C44)/3p)]'/2 4 .41-0 .53*
[111]

v; [ ( C „ - C l2 + C44)/3p))'/2 2 .13-0 .26*

Phonon frequencies (in units of 10,2Hz):

jc = 0 (InAs) x = 1 (InSb)

Vlo(D 7.01 5.90

уто(П 6.44 5.54

VM 0 0 1.70 1.12

(X) 4.94 4.30

vlo(X) 6.20 4.75

vrc> (X) 6.47 5.38

vw (L) 1.50 0.98
v ^ (L ) 4.46 3.81

vi 0 (L) 6.26 4.82

v to (L) 6.44 5.31
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Fig. 6.6.1. Raman scattering spectra for 
InAsj.jfSbjf (DALA-disorder-activated longitudi
nal acoustic phonon) (after Cherng et al. [1988]). 
(Reprinted with permission from the American Institute of 
Physics. © 1988.)

Ram an frequency shift {cm'1}

Fig. 6.6.2. Raman frequency shift versus com
position parameter x (after Cherng et al. [ 1988]). 
(Reprinted with permission from the American Institute of 
Physics. © 1988.)

Raman frequencies (cm-1):
x = 0 (InAs) 

LO 242
TO 220

Piezoelectric constant e14 (C/m2): 

Electron g-factor:

x = 1 (InSb) 
193 
185

x = 0 (InAs) 
x - \  (InSb)

x = 0 (InAs) 
* =  1 (InSb)

-4 .5 -  10"2 
-7 .0 -  10"2

-17.5
-50.6
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CHAPTER 7

GALLIUM INDIUM ARSENIDE PHOSPHIDE ( G a ^ I n , . ^ / , . , )

Yu. A. Goldberg and Natalya M. Shmidt
Ioffe Institute, St. Petersburg, Russia

7.1. Basic Parameters at 300 К

Crystal structure Zinc blende
Group of symmetry T} -  F43m

To estimate the value of any parameter b  of GajIn^ASyPi-j, one can use an approximate 
formula (after Adachi [1982]):

b(x,y) = (1 - x ) y b  InAs+ (1 -  x)(\ -  y)  • 6InP + xy ■ Z>GaAs

a = 5.8688 -  0.4176* + 0.1896y + 0.0125лу (A) (after Adachi [1982]) (7.1.2) 

For compositions lattice-matched:

+ *(1 — y ) ‘bCzp (7.1.1)

Lattice constant a (A) 5.4505 (GaP) + 6.0583 (InAs)

to InP a = 5.8687 A

to GaAs
X ~ 2.08

Л ± z a = 5.65325 A
v у

to ZnSe a = 5.6676 A
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Energy gap Eg (eV) 0.354 (InAs) + 2.27 (GaP)
Direct energy gap (eV)

min 0.354 (InAs)
max 2.17

For direct energy gap compositions:

Eg =1.354- 0.668* - 1 .O687  + 0.758*2 + 0 .0 7 8 7 2

-  0.069jq> -  0.332*27 + 0.03xyz (eV) (7.1.3)

7.1.1. Basic Properties o f  GaxIn1_xAsyP1_>, Compositions Lattice-Matched 
to InP at 300 К  (x=  0.47y)

7  = 0 у  = 1 0 < y <  1
(InP) (Ga0-47ln0i53As)
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Number of atoms in 1 cm3 3.96 1022 3.96 1022 3.96 1 022

Auger recombination
coefficient (cm6/s) 9 • 10~31

7  = 0.24 l.M O "31
7  = 0.6 2 .9 -lO"30

Debye temperature (K) 425 322 425 -  1037
Density (g/cm3) 4.81 5.50 4.81 + 0 .5527  + 0.1З872

Dielectric constant 
static
high frequency

12.5
9.61

13.94
11.61

12.5+1.447
9.61+27
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y = 0  y = 1 0 < y < 1 

(InP) (Gao.47Ino.53A s ) ____________

Effective electron mass
(in units of m0) 0.08 0.041 0.08-0.03 у

Effective hole mass:
(in units of mQ)

heavy 0.6 0.42 0.6 -0 .1  Sy

light 0.12 0.051 0.12-0.099^ + 0 .0 3 /

Lattice constant (A) 5.8687 5.8687 5.8687
Optical phonon energy (meV) 43

Band structure and carrier concentration

Energy gap (eV) 1.344 0.74 1 .344-0 .738 ,+ 0 .138/ 

Energy separation between
X-valley and top of the л
valence band Ex  (eV) 2.19 133 21 ' y

Energy separation between
I-valley and top of the
valence band EL (eV) 1 -93 12  1.93 -  0J3y

Energy separation of n 1 , ,
spin-orbital splitting Eso (eV) O.ll 0 35

Intrinsic carrier t (
concentration (cm-3) 1.3-Ю7 6.7*10 4  3 Ю8

y  = 0-21 4.4 109
У = 0А1 6.7-10"
y =  1

Effective conduction 2 5-10'9(0.08-0.039,)*2
band density of states (cm-3) 5.7-10
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y = 0  У=1
(InP) (Ga047ln0 53As)

Effective valence
band density of states (cm-3) 1.1 • 1019 6.8 • 1018

Electrical properties

Breakdown field (V/cm) * 5 • 105 « 2 • 10s
Mobility (cm2/V-s)

electrons < 5400 < 12000
holes <200 <300

Diffusion coefficient (cm2/s)
electrons <130 < 300
holes <5 <7.5

Electron thermal velocity (m/s) 3.9 105 5.5* 105
Hole thermal velocity (m/s) 1.7 * 10s 2 • 105

Optical properties

Infrared refractive index 3.1 3.56
Radiative recombination 
coefficient (cm3/s) 1.2 • 10“10

у = 0.24 
у = 0.6

Thermal and mechanical properties

Bulk modulus (dyn/cm2) 7.1 1011 6.61 1011
Melting point (°C) 1060 » 1100
Specific heat (j/g °C) 0.31 0.34
Thermal conductivity (W/cm °C) 0.68 0.05
Thermal expansion, linear, CC"1) 4 .6 -10-6 5.66 10-6

0 < y  < 1

2.5-iol9(o.6-o.i8)03/2

= (5 + 2 )1 0 5

< (5400—7750)' + 14400)’2) 
й (200 -  400y+ 500y2)

< (130- 190y + 360y2) 
< (5 -1 0 y  + 12.5y2)

(3 .9 + Ь б у ) - ^  
(1.7+0.3y)-10*

3.1 + 0.46y

1.2 - 10-10 
1.1 10-10

(7.1 - 0 .5 16y + 0.02y2) 10“ 
= 1100 

0.31+0.038У -  0.008y2 
0.68 - 1 .77>- +1.25>-2 

(4.6+1.06У И 0-6
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7.2. Band Structure and Carrier Concentration

GaAs 1.0

Fig. 7.2.1. Energy gap Eg o f  Ga^n^^As^Pi-y 
versus lattice constant. Solid lines represent direct 
band region. Dashed lines represent indirect band 
region (after Foyt [ 1981 ]).
(Reprinted with permission from Elsevier Science, 
© 1981.)

GaP

02 0.4 0.6 0.8 1.0 
У

Fig. 7.2.2. Energy gap Eg of Ga^In^^ASyP,  ̂versus 
x  and y, 300 K. Dashed lines represent the 
compositions lattice-matched to GaAs (1) and 
InP (2) (after Gorelenok et al. [1981]).
(Reprinted with permission from the American Institute of 

Physics. © 1981.)

For direct band region (300 K):

Eg s  1.35+ 0.668* -1.068^ + 0.758*2 + 0.078^2
-  0.069лу -  0.332jc27 + О.ОЗху2 (eV) (7.2.1)

Energy

X-valley

<111>
Wave vector

Heavy holes 
Light holes

4 Split-off  band

Fig. 7.2.3. Band structure o f  alloys lattice-matched to InP. Important minima o f the con-

duction band and maxima o f the valence band.

&3 5.5 5.7 5.9 6.1 
Lattice cons tan t  a I A0)
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For compositions lattice-matched to InP (300 K):

Eg =1.344- 0.738у  + 0 .138y2 (eV)

For compositions lattice-matched to InP (4.2 K):

Eg = 0.41(1 -  x)y +1.42(1 -  jc)(1 -  y) +1.5 Ixy + 2.34jc(1 -  y)
-  0.54jc(1 -  x) -  0.1ly ( \ -  у) = \ A 2 - у  + 0.37у 2 (e V)

(after Benzaquen et al. [1994])

(7.2.2)

(7.2.3)

Fig. 7.2.4. Energy gap Eg as a function o f  у  for 
GajInj.jrASjP^ lattice-matched to GaAs (1) and 
ZnSe (2), 300 К (after Adachi [1982]).
(Reprinted with permission from the American Institute of 
Physics. ©  1982.)

7.2.1. Temperature Dependences

Temperature dependence of the energy gap for G a^ In ^ A s^ .^  lattice-matched to InP (after 
Satzke et al. [1988]):
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Tem perature  П К )

Fig. 7.2.5. The temperature dependences o f  the 
energy gap Eg for three Ga^Ini.^As^i^ compo
sitions lattice-matched to InP. 1 .y  = 0.3,2 .y  = 0.48, 
3.>>=0.69 (after Yamazoe et al. [1981]).

(Reprinted with permission from IEEE, О 1981.)

Temperature dependence of lasing wavelength A0 for GalnAsP/lnP double-heterostructure 
lasers:

^ r  = 4A /K  at Д<, = 1.3/лп O' = 0.6}
(after Arai et al. [ 1980])

= 5 A/К  at A0 =1.55 /яп {у = 0.9)
аТ

Effective density of states in the conduction band Nc (for GalnAsP alloys lattice-matched 
to InP):

(  V/2
^<. = 4.82 1015 —  I TV2

mr

= 4.8210,5 Г3/2(0.08-0.039^)3/2 (cm"3) (7-2.5)

Effective density of states in the valence band Nv (for GalnAsP alloys lattice-matched 
to InP):

N  =4.82-10,5- r 3/2
/  \V2 
Щ 
mn\

= 4.82 • 1015 • T3'2(0.6 -  0.18j>)3/2 (cm-3) C7-2-6)

Intrinsic carrier concentration:



(JD
q/лэ 

01 )d
P

/
63P
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Fig. 7.2.6. The temperature dependences of the 
intrinsic carrier concentration for Ga^In^AsyPi-,, 
alloys lattice-matched to InP. I. у  = \ ,  2. y  = 0A7, 
3. у  = 0.21, 4. у  = 0.

7.2.2. Dependence on Hydrostatic Pressure

Fig.7.2.7. Hydrostatic-pressure coefficient 
dependence of the energy gap Eg as a function 
оГу for Ga^Ini.^As^t^ lattice-matched to 
InP (after Adachi [1992]).
(Reprinted with permission from John Wiley & Sons, 
Inc.. ©  1992.)

7.2.3. Band Discontinuities at GalnAsP/lnP Heterostructure

0.0 0.1 0.2 0.3 0.4 0.5 0.6 
Д £ 9 leV)

Fig.7.2.8. The conduction-band discontinuities 
ДEc versus band-gap differences AEg between 
GaJLn^jASyP^ composition and InP for GainAsP/ 
InP heterojunctions, 300 К (after Forrest et al. 
[1984]).
(Reprinted with permission from the American Institute of 
Physics, ©  1984.)
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At 77 K:

A£c= 268^ + 3 /  (meV)
(after Adachi [1992]).

bEv= 5 Q 2 y - \5 2 f  (meV)

Band discontinuities at Gao.47Ino.53As and Alo.4gIno.52As heterojunction at 300 K: 

ДЯС=520 (meV) (see also Adachi [1992]).

7.2.4. Effective Masses 

Electrons:

Fig. 7.2.9. Electron effective mass mr in 
GalnAsP alloys as a function of у  for com
positions lattice-matched to InP (after Pearsall 
[1982]).

For alloys lattice-matched to InP at 300 K:

m r /m0 = 0.08 -  0.05^ + 0.017y 2 = 0.08 -  0.039y (7.2.8)
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Fig. 7.2.10. Electron effective mass mr  in 
Ga<, |Ino 9Aso.3P<).7 alloy versus electron concen
tration, 80 К (after Vilkotsky et al. [1986]). 
{Reprinted with permission from the American Institute of 
Physics, ©  1986.)

Holes:
heavy mh = (0.6 -  0.18y)m0
light m,p~ (0.12 -  0.099>; + 0.03/)т о
split-off band mso = (0.21 -  0.0 \y  -  O.OSt2) /^

7.2.5. Donors and Acceptors

For composition alloys lattice-matched to InP,

Ionization energies of shallow donors (meV):

Sn, Ge, Si, Те, S ~ 5

Ionization energies of shallow acceptors (meV):

Zn - from 37.5 to 22 for у  -  0.3 + 0.9 
Cd - from ~ 60 to 30 for y -  0.2 + 0.9 
Be - 4 0  
Mg - 3 5
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Fig. 7.2.11. Ionization energy of Cd versus у  for 
GalnAsP alloys lattice-matched to InP (after 
Wehmann et al. [1986]).
(Reprinted with permission from IEE Publishing. 0 1986.)

Fig. 7.2.12. Ionization energy of Cd versus 
acceptor concentration Na for four GalnAsP 
alloys lattice-matched to InP, 77 K. \ .y  = 0 (InP); 
2 .y  = 0.47; 3. у  = 0.64; 4. у  = 1 (after Wehmann 
etai. [1986]).
(Reprinted with permission from IEE Publishing. О 1986.)
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7.3. Electrical Properties

7.3.1. Mobility and Hall Effect

Fig. 7.3.1. Electron mobility versus alloy com
position parameter у  for Ga^Inj.^ASyP,^. lattice- 
matched to InP, 300 K. The experimental points 
correspond to samples with electron concentra
tion = (1 5) • 1016 cm-3. Full curve shows 
calculations for n0= 1015 cnT3 (after Pearsall 
(1982]).

T em p era tu re  П К )

Fig. 7.3.2. Electron mobility versus temperature 
for GaJn^jASyPi.y alloys lattice-matched to InP. 
Electron concentration n„ = (1 5) • Ю16 cm"3. 
Curve 1. у  = 0.31 
Curve 2. у  = 0.50
Curve 3. у ~ 0.91 (after Pearsall [1982]).
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30000

Fig. 7.3.3. Electron Hall mobility versus electron 
concentration for three G a ^ n ^ A s ^ . , ,  alloy 
compositions lattice-matched to InP, 300 K.
1. у  s  0.9 (A = (1.239lEg) = 1.55 /m )
2. у  в  0.6 (А=1.3/дп, circles) and у  = 0.3 (A = 
1.1 /an, squares) (after Tappura [1993]).
(Reprinted with permission from the American Institute o f  
Physics, ©  1993.)

10u  1015 1016 Ю17 1016 1019 Ю20 1021 
Electron concentration л0 С cm"3)

Fig. 7.3.4. Electron Hall mobility versus electron 
concentration for three G a^In^A s^!.,, alloy 
compositions lattice-matched to InP, 77 K.
1.у з  0.9 (A =1.55 /mi)
2 .y ~  0.3 (A= 1.1 fim)
3.y  = 0.6 (A = 1.3 /лп) (after Tappura [1993]).
(Reprinted with permission from the American Institute of 
Physics, © 1993.)

Fig. 7.3.5. Hall factor for л-type G a ^ In ^ A s  (y = 1) 
versus temperature.
1. nQ= 1015 cm-3
2. n0 = 1017 cm-3 (after Pearsall [1982]).
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Fig. 7.3.6. Hole mobility versus alloy composition
parameter7  for G a^In^^A s^^ lattice-matched to
InP, T=  300 K. Hole concentration:
curve l .p 0= 4 -  10l6 cm~3
curve 2./?0= 2 ■ 1018 cm-3 (after Pearsall [1982]).

Fig. 7.3.7. Hole mobility versus temperature for 
Ga^Int.^As^Pj.j, lattice-matched to InP.
Curve l . y  = 0.64 
Curve 2. у  = 0.8
Curve 3. y  = 0.91 (after Hayes et al. [1982]).
(,Reprinted with permission from JOURNAL OF ELEC
TRONIC MATERIALS, a publication of the Minerals, 
Metals & Materials Society, Warrendale, Pennsylvania 
15086.)

50 100 200 300 
Temperature T (K)
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(o) (b) (c)

Fig. 7.3.8. Field dependences of the electron drift velocity for three GalnAsP composition alloys lattice- 
matched to InP, 300 K.
a. y - 0.42, л0 = 1015 cm-3, b. >» = 0.65. n0= 8 • 1015 cm-3, c. j>=0.8. л0=2.5 • 1014 cm' 3 (after 
Galvanauskas et al. [1988]).
(Reprinted with permission from the American Institute o f Physics, © 1988.)

Fig. 7.3.9. Field dependences of the electron drift velocity in high electric fields. Gao.2Ino.8Aso.44Po.S6 
(Ag= 1.2 pm) (after Windhom et al. [1982]).
(Reprinted with permission from the American Institute o f Physics, © 1982.)
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Tem peratu re  T I K )

Fig. 7.3.10. Temperature dependence of the 
electron saturation velocity for three different 
composition alloys lattice-matched to InP.
1. у -  0,2. у  = 0.44,3. у  = 1 (after Adachi [ 1992]).
(Reprinted with permission from John Wiley A. Sons. Inc., 
©  1992.)

Fig. 7.3.11 Composition dependence of the 
threshold electric field E,h for the G aJni-^A s^]^ 
lattice-matched to InP, 300 K. Experimental data 
are taken from different papers (after Adachi 
[1992]).
{Reprinted with permission from John Wiley and Sons, Inc., 
©  1992.)
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7.3.3. Impact Ionization

Fig. 7.3.12. Field dependence of electron (a,) 
and hole (Д) ionization coefficients for 
Сао.зз^о 67As0 7P0 3, 300 К (after Osaka et al. 
[1984]).
(Reprinted with permission from the American Institute of 
Physics. ©  1984.)

Fig. 7.3.14. Calculated donor concentration for the 
avalanche-Zener breakdown transition as a function 
of у  for GalnAsP alloys lattice-matched to InP, 
300 К (after Pearsall [1982]).

\ /F  ( 10' 6cm/V)

Fig. 7.3.13. Field dependence of electron {a)  
and hole (ft) ionization coefficients for 
Gao.,,In0.89As0.74P0.26> 300 К (after Takanashi and 
Horikoshi [1979]).

Fig. 7.3.15. Calculated avalanche breakdown 
voltage for InP O' = 0) and Gao.47Ino.53As (У= 0  
abrupt p - n  junctions, 300 К (after Pearsall
[1982]).
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7.3.4. Recombination Parameters

Fig. 7.3.16. Calculated dependences of Auger 
coefficients R (solid lines) and radiative recom
bination coefficients В (dashed lines) versus 
electron-hole concentration for two composition 
alloys lattice-matched to InP, 300 К. Дл = Др. 
1, Г. у  = 0.6,2,2'. у  -  0.24 (after Garbuzov et al. 
[1984)).
(Reprinted with permission from the American Institute of 
Physics. © 1984.)

T em p era tu re  Г IK)

Fig. 7.3.17. Calculated dependences of Auger 
coefficients R (solid lines) and radiative recom
bination coefficients В (dashed lines) versus 
temperature for two composition alloys lattice- 
matched to InP. 1 ,1 '. > = 0.6, 2 , 2/.y  = 0.24 
Дл = Др = 2-1018 cm-3 (after Garbuzov et al. 
[1984]).
(Reprinted with permission from the American Institute of 
Physics, <0 1984.)

Characteristic surface recombination rates ~ 104 -*• 105 cm/s
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7.4. Optical Properties

Fig- 7.4.1. Refractive index n versus wavelength for 
different composition alloys lattice-matched to InP, 
300 К (after Burkhard et al. [1982]). l . y = l ,  
2. у = 0.7, 3. у  = 0.61, 4. у  = 0.54, 5. у  = 0.
(Reprinted with permission from the American Institute of 
Physics. © 1982.)

Fig. 7.4.2. Refractive index n versus photon 
energy for different composition alloys lattice- 
matched to InP, 300 К (after Kelso et al. 
[1982]). I .y =  I, 2. у = 0.55, 3 .y = 0.
(Reprinted with permission from The American Physical 
Society. © 1982.)

Fig. 7.4.3. Refractive index n for composition 
alloys lattice-matched to InP versus composition 
parameter у at wavelength A= 1.55 /лп. Symbols 
represent the experimental and calculated data from 
several papers (after Amiotti and Landgren [ 1993]).
(Reprinted with permission from the American Institute of 
Physics. © 1993.)
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E-£p(eV)

Fig. 7.4.4. The absorption coefficient versus 
energy difference E - E g (Eg is an energy gap) for 
different composition alloys of GalnAsP lattice- 
matched to InP, 300 К. 1. y =  1 (Eg = 0.75 eV),
2. 0.54 < y <  0.7, 3. y = 0 (E*=1.35eV) (after 
Burkhard etal. [1982]).
(Reprinted with permission from the American Institute of 
Physics. © 1982.)

Photon energy />V (eV)

Fig. 7.4.5. The absorption coefficient near the 
intrinsic absorption edge for Gao.28ln0.72Aso6Po.4 
(Ge doped, composition alloy lattice-matched to 
InP) versus photon energy at different doping levels 
N, 80 K. \ .N  = 2- 1016cm~3,2 .N = 3 .5 - 10l7cm-3, 
3. N = 9.8 • 1017 cm '3, 4. N = 2 A -1018 cm"3 (after 
Rajalakshmi and Arora [1990]).
(Reprinted with permission from the American Institute of 
Physics. © 1990.)

Fig. 7.4.6. The absorption coefficient versus 
photon energy for Ga^nj^ASjP^y composition 
alloys lattice-matched to InP, 300 К. 1. у = 0.24, 
2 .y =  1 (after Adachi [1989]).
(Reprinted with permission from the American Institute of 
Physics. ©  1989.)
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7.5. Thermal Properties
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Fig.7.5.1. Thermal resistivity versus composition 
parameter у  for G a^In^^A s^., lattice-matched 
to InP, 300 K. The solid circles are experimental 
data. The solid and dashed lines are the results 
calculated according to two different models (after 
Adachi [1992]).
(.Reprinted with permission from John Wiley & Sons, Inc., 
0 1992.)

о.:
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0 100 200 300
T em perature Г ( К )

Fig- 7.5.2. Temperature dependence o f specific heat at constant pressure for different Ga^Inj.jrAs^i-y alloys 
(after Sirota et al. [1982]). 1. x = y  = 0.2; 2. x = y  = 0.4; 3. x = y  = 0.8.



De
by

e 
te

m
pe

ra
tu

re
 

(К
)

174 Handbook on Semiconductor Parameters: Vol. 2

Fig. 7.5.3. Debye temperature as a function of 
temperature for different G a ^ n ^ ^ A s^ .^  alloys 
(after Sirota et al. [1982]). 1. x = y  = 0.2;
2 .x = y =  0.4; 3 .x = y  = 0.6; 4 .x = y  = 0.8.

Fig. 7.5.4. Thermal expansion coefficients 
as a function of the ̂ -composition param
eter for Ga^Ini.jASyPj^ lattice-matched 
to GaAs (curve 1), ZnSe (curve 2) and InP 
(curve 3) (after Adachi [1982]).
(Reprinted with permission from the American 
Institute o f Physics. 0 1982.)
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1*6. Mechanical Properties, Elastic Constants,
Lattice Vibrations, Other Properties

Density (for GajIni^As^P,^
lattice-matched to InP) 4.81 + 0.552,+  0.1 3 8 /(g/cm3)

Fig. 7.6.1. Surface microhardness (using Knoop’s 
pyramid test) measured on ( 100) plane along the 
(100) direction as a function of у for the undoped 
GajIn^jfAsyP,^ lattice-matched to InP (after Watts 
and Willoughby [1984]).
(Reprinted with permission from the American Institute of 
Physics. О 1984.)

Elastic constants at 300 K,
for Ga^Inj.^ASyPj.y lattice-matched to InP (after Adachi [1992]):

^12
Caa

Bulk modulus

Anizotropy factor A = — ——
2C44

Shear modulus С  = (C, x -  C12) /2

(10.11-O .I27) ■ 10" dyn/cm2 
(5 .61- O.687) • 1011 dyn/cm2 
(4.56 + 0.337)- 1011 dyn/cm2

Bs = (7.11 -  0.5167  + O.O2 7 2) -10" dyn/cm2

A = 0.493 + 0.0357 “  0-0I7 2 

С  = (2.25 + O.287 ) -10м dyn/cm2
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[100] Young’s y0 = ( q . * 2q 2XC„ c n) y0 = (6.106 + 0.976y
modulus ( ^ h + Q 2) -0.344_y2)- 10n dyn/cm2

[100] Poisson oQ = ■ -  СЦ— <т0 =0-357-0.033>> + 0.006y2 
4 i + 2C12

(after Adachi [1992])

Acoustic Wave Speeds (after Adachi (1992))

Wave propagation 
direction

Wave character Expression for wave speed Wave speed 
(in units of 105 cm/s)

[100] VL (C n b P 4.594 -  0.334y

Vt 3.085- 0.1 Q4y

Vy t(Cll + CIJ+2C 44)/2p)]1/2 5.092-0.355у

[ 110] Kl v., = vT=(cJp)'/1 3.085 -0 .1 04>>

Va K C „ - C 12)/2p)f/! 2.167 -0.023>»

V; [ (C ,, + 2 C ,2  + 4 C „ ) /3 p ) ] ' / 2 5 .2 4 7  -  0 .3 6 2 ^

v ;  [ ( C „ - C , j  +  C 4 4 )/3 p ))^  2 .5 1 1 - 0 .0 5 6 ^
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Fig. 7.6.2. Longitudinal optical phonon frequency 
(Olo versus composition у  for G a ^ In ^ A s^ ,^  
lattice-matched to InP (after Adachi [1992]).
(Reprinted with permission from John Wiley & Sons. Inc., 
С 1992.)

Fig. 7.6.3. Transverse optical phonon frequency Ofo 
versus composition у  for GajInj.^As^JPi^ lattice- 
matched to InP (after Adachi [1992]).
(Reprinted with permission from John Wiley & Sons. Inc., 
© 1992.)

Fig. 7.6.4. Piezoelectric constant e l4 as a function 
of composition parameter у  for G a ^ i^ A s ^ i^  
lattice-matched to InP (after Adachi [1982]). 
(Reprinted with permission from the American Institute of 
Physics. О 1982.)
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CHAPTER 8

GALLIUM INDIUM ARSENIDE ANTIMONIDE ( G a ^ I n ^ s ^ . , )

Maya P. Mikhailova
Ioffe Institute, St. Petersburg, Russia

8.1. Basic Parameters at 300 К

Crystal structure 
Group of symmetry

Zinc blende
T j -  F43m

To estimate the value of any parameter b of G aJnj^A s^Sb^one can use an approximate 
formula (after Adachi [1987]):

Ь(хуу)  = ХуЬСлМ + X(\ -  y)bQaSb + (1 -  *)jKbIrvAs + C1 “  ■X)(1 “  ̂ In S b  (8* 1 • 1)

Lattice constant a (A) 6.0959 (GaSb) -  6.0583
(InAs)

For compositions lattice-matched:

to GaSb
0.3835-0.3835* 

У ~ 0.4210 + 0.216*
(0 < * < 1) a = 6.0959 A (8.1.2)

0.4210 -  0.3835*
(0 £ * < 1 )  a = 6.0583 A (8.1.3)to InAs у  0 42Ю +0.0216*

(after Adachi [1987])
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8.1.1. Basic Properties o f  GaxIn1_.cAs^Sb1_y Compositions Lattice-Matched 
to GaSb

* = 0 x -  1 0 < * <  1
(InAso.9 ] Sbo.09) (GaSb)

Number of atoms in 1 cm3 3.53 1022 3.53-1022 3.53-1022

Auger recombination
coefficient (cm6/s) - 2 Ю "27 5-10"30

Debye temperature (K) -2 8 0 266 -2 7 0
Density (g/cm3) 5.69 5.61 5.69 -  0.08*

Dielectric constant
static 15.3 15.7 15.3 + 0.4*
high frequency 12.6 14.4 12.6 + 1.8*

Effective electron mass
(in units of m0) 0.022 0.041 0 .0 2 2 + 0.03*-O.Oi:

Effective hole mass
(in units of mQ)

heavy hole 0.4 0.4 0.4
light hole 0.025 0.05 0.025 + 0.025*

Electron affinity (eV) 4.87 4.06 4.87-0.81*

Lattice constant (A) 6.0959 6.0959 6.0959

Optical phonon energy (eV) -0 .03 -0 .03 -0 .03
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Band structure and carrier concentration

x = 0  x = 1

(InAsg 9 j Sb0.09) (GaSb)

Energy gap (eV) 0.29 0.726

Energy separation between 
-Y-valley and top of the
valence band Ex (eV) 1.37 1.03

Energy separation between 
L-valley and top of the
valence band EL (eV) 1.02 0.81

Energy of spin-orbital
splitting Eso (eV) 0.33 0.76

Effective conduction
band density of states (cm-3) 8 • 106 2.1 • 1017

Effective valence
band density of states (cm-3) 6 .6  * 1018 1 .81019

Electrical properties

Breakdown field (V/cm) ~ 4 • 104 ~ 5 • 104
Mobility (cm2/V-s):

electrons й 4 • 104 < 3000
holes < 500 <> 1000

0 < x <  1 

0.29-0A 65x + 0.6^

See Fig. 8.2.4

See Fig. 8.2.4 

See Fig. 8.2.5 

2.5 • 10,9(0.022 + О.ОЗх
-0.012д:2)3/2

2.5-1019 (0.41 + 0.1 6jc 

+ 0.23X2)3/2

~ 5-104 

See Sec. 8.3.1

Diffusion coefficient (cm2/s):
electrons < 103
holes ^13

<75
<25
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Optical properties

* = 0 x = 1 0 < jc < 1
(InAso 91 Sbo.op) (GaSb)

Infrared refractive index 3.5 3.8 See Fig. 8.4.1 
Radiative recombination
coefficient (cm3/s) - 1 0_10 - 1 0-10 

Thermal and mechanical properties

Bulk modulus (dyn/cm2) 5.7-1011 5.7-1011 5 .71011
Melting point (°C) -7 0 0  -7 1 2  See Sec. 8.5
Specific heat (J/g°C) -0 .25  -0 .25

8.1.2. Basic Properties o f  GajIn^^ASySbj^ Compositions Lattice-Matched 
to InAs

*  = 0 * = 1  0 < * <  1 
(InAs) (GaAso.oeSbo.92)

Number of atoms in 1 cm3 3.59 1 022 3.59-1022 3.59-1022

Debye temperature (K) 280 -  270 -  270
Density (g/cm3) 5.68 5.59 See Sec. 8.6

Dielectric constant: 
static
high frequency

15.15
12.3

15.5
14.1

15.15 + 0.35* 
12.3+1.8*
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x = Q 
(InAs)

Effective electron mass
(in units of m0) 0.023

Effective hole mass:
(in units of m0)

heavy hole 0.41
light hole 0.026

Electron affinity (eV) 4.9

Lattice constant (A) 6.0583

Optical phonon energy (eV) 0.03

Band structure and carrier concentration

Energy gap (eV) 0.36

Energy separation between
A'-valley and top of the
valence band Ex  (eV) 1.38

* = 1  0 < x <  1 
(GaAs0.08Sb0.92)

0.041 0.023 + 0.032X-0.012X2

0.41 0.41
0.052 0.026 + 0.026*

4.07 4 .9 -0 .83*  

6.0583 6.0583

~ 0.03 ~ 0.03

0.60 0 .3 6 -0 .2 3 * + 0.54*2

1.07 See Fig. 8.2.7

Energy separation between 
L-valley and top of the
valence band EL (eV) 1.09 0.82 See Fig. 8.2.7

Energy of spin-orbital
splitting Eso (eV) 0.41 0.76

Effective conduction
band density of states (cm-3) 8.7 -1016 2.2 1017 2.5 1019(0.023 + 0.032*

-0 .012*2)3/2
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* = 0 * = 1
(InAso.91Sbo.09) (GaSb)

Effective valence
band density of states (cm-3) 6 .6 *1018 1 ■ 1019

Electrical properties

Breakdown field (V/cm) ~ 4 • 104 -  4 • 104
Mobility (cm2/V-s):

electrons < 4 -104 £2-104
holes < 500 < 500

Diffusion coefficient (cm2/s)
electrons <103 ^500
holes < 1 2  < 1 2

Optical properties

Infrared refractive index 3.51 3.76
Radiative recombination
coefficient (cm3/s) ~ 10_l° - 10"10

Thermal and mechanical properties

2.5-1019(0.41 + 0.14* 

+ 0.23*2)V2

-4 -1 0 4

3.51+0.25*

Bulk modulus (dyn/cm2) 5.8 • 1011
Melting point (°C) 942
Specific heat (J/g°C) 0.25

5.8-1011 
715 

— 0.25

5.8-10n 

-0 .25
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8.2. Band Structure and Carrier Concentration

Fig. 8.2.1. Band structure of G aJn i.^A s^b ,^ . Fig. 8.2.2. Energy gap Eg of Ga^nj.^As^bi-y 
Important minima of the conduction band and versus lattice constant, 
maxima of the valence band.

Within the whole range of the compositions the G aJn^A S yS b^ is a direct gap 
semiconductor.

Fig. 8.2.3. Energy gap Eg as a function of x for 
GajIn^jAs^Sb^y lattice-matched to GaSb. Experi
mental points are taken from five different papers. 
A ttows show the region of the miscibility gap. 
ЦК): 1. 300, 2. 77 (after Mikhailova and Titkov 
[1994)).

Energy 

t

<111>
Wave vector 

holes
holes

For Ga^In^jfASySbj.y compositions lattice-matched to GaSb there is a miscibility gap 
for 0.25 < x <, 0.75 with a critical temperature estimated to be 1467°C (after Cherng et al. 
[1986]).
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For GaJn^^As^Sbj^ compositions lattice-matched to GaSb (after Karouta et al. [19871): 

Г = 3 0 0 К  Eg = 0.725*+0.290(1-* ) - 0 .6 * ( l - * )  (eV) (8.2.1) 

Г=  77 К Ee = 0.801* +0.354(1- * ) - 0 .6 * ( l - * )  (eV) (8.2.2)

Composition x

Fig. 8.2.4. Energy separations between Г, L 
and X conduction band minima and top of the 
valence band versus composition parameter x for 
GaxInl_xAs>5b|_)r lattice-matched to GaSb (after 
Adachi [1987]).
(Reprinted with permission from the American Institute of 
Physics, ©  1987.)

Composition x

Fig. 8.2.5. Energy of spin-orbital splitting Eso 
versus composition parameter x for GalnAsSb 
lattice-matched to GaSb (after Toumie [1990]).

Fig. 8.2.6. Energy gap Eg as a function of x 
for GajIn^jAsySb^ lattice-matched to InAs. ЦК):
1. 300, 2. 77 (after Voronina et al. [ 199 la]).

Composition x



188 Handbook on Semiconductor Parameters: Vol. 2

For G&'In'.xAs^bi.y compositions lattice-matched to InAs: 

Г = 3 0 0 К  Eg = 0.36 -  0.23* + 0.54x2 (eV)

T=  77K  E , s 0.41-0.29дс + 0.66х2 (eV)

(8.2.3)

(8.2.4)

Fig. 8.2.7. Energy separation between Г, L and 
X  conduction band minima and top o f the 
valence band versus composition parameter x for 
Ga^nj.jASySb^ lattice-matched to InAs (after 
Adachi [1987]).
(Reprinted with permission from the American Institute of 
Physics. © 1987.)

8.2.1. Temperature Dependences

Temperature dependence of the energy gap for GaSb (x = I, у  = 0): 
(after Wu and Chen [1992])

T 2
E .=  0 .813-3 .7810-4 — ----- (eV)

* 7 4 9 4
Temperature dependence of the energy gap for InAs (x = 0, у  = 1): 
(after Fang et al. [1990])

T 2
E . = 0 .415-2.76-10-4 — -----  (eV)

* Г+83 v ’
Temperature dependence of the energy gap for Gaoo7Ino.93AoggSbo.12: 
(after Gong et al. [1994])

T2Eg = 0.378- 4.27 10"4 -
* T + 288

(eV)

(8.2.5)

(8.2.6)

(8.2.7)
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Effective density of states in the conduction band Nc for GalnAsSb lattice-matched to GaSb:

(  V/2
ЛГС = 4.82 1015 —  T3/2

{ mo )  (8.2.8)
=  4.82 • 1015 • Г-У2(0.022+О.ОЗдс -  0.012x2 )^2 (cm"3)

Effective density of states in the valence band Nv for GalnAsSb lattice-matched to GaSb:

(  V/2
Ny = 4 .82-I015 Г3/2 —

I ' M  (8.2.9)
= 4.82 • 1015 • Г V2 (0.41 + 0.16x + 0.23x2)3/2 (cm"3)

T em peratu re  П К )

Fig. 8.2.8. The temperature dependences of the 
intrinsic carrier concentration for GajIni.jASySbi^ 
alloys lattice-matched to GaSb. 1. x = 0,2. x = 0.2,
3 .jc = 0.8, 4. jr= 1.

1000/Г (1/K)

Effective density of states in the conduction band Nc for GalnAsSb lattice-matched to InAs:

\3/2
Г 3/2

(8.2.10)(?J
= 4.82 • 1015 • Г3/2 (0.023 + 0.032* -  0.012*2)^2 (cm-3)
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Effective density of states in the valence band Nv for GalnAsSb lattice-matched to InAs:

\3 /2

Ar„s4 .82-10ls-rV*
mr

= 4 .821015 Г ^2(0.41 + 0.14л:+0.23*2)^2 (cm"3)
(8.2.11)

Temperature П К )

Fig. 8.2.9. The temperature dependences of the 
intrinsic carrier concentration for Gayln^jASySbi-y 
alloys lattice-matched to InAs. 1. x = 0, 2. x = 0.2,
3. дг = 0 .8 ,4. x = 1.
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8.2.2. Band Discontinuities at GalnAsSb/GaSb and GalnAsSb/lnAs Heterojunctions

Fig. 8.2 . 10. Valence band offset AEv versus 
composition parameter x for lattice-matched 
Ga^n^ASySbi.j/GaSb heterostructure (after 
Mebarki et al. [1993]).

Fig. 8.2.11. Conduction band offset AEc versus 
composition parameter x for lattice-matched 
Ga^In^^s^Sbi^/GaSb heterostructure (after 
Mikhailova and Titkov [1994]).

Fig. 8.2.12. Valence band offset ДEv versus 
composition parameter x for lattice-matched 
Gajtoj.jfASySb^/lnAs heterostructure (after Nakao 
et al. [1984]).
(Reprinted with permission from Elsevier Science. ©  1984.)



192 Handbook on Semiconductor Parameters: VoL 2

8.2.3. Effective Masses 

Electrons:

For GalnAsSb lattice-matched to GaSb (estimated according to Eq. (8.1.1)):

mTjm0 = 0.022 + 0.03* —0.012*2 (8.2.11)

For GalnAsSb lattice-matched to InAs (estimated according to Eq. (8.1.1)):

mr/m0 =0.023+ 0.032*-0.012*2

Holes:

(8.2.12)

Effective mass of density of states mv for GalnAsSb lattice-matched to GaSb (estimated 
according to Eq. (8.1.1)):

Effective mass of density of states mv for GalnAsSb lattice-matched to InAs (estimated 
according to Eq. (8.1.1)):

8.2.4. Donors and Acceptors

G a ^ I n ^ ^ ^ b i .y  (0  <  *  <  0 .2 )
(after Baranov et al. [1990], Voronina et al. [1991b])

Undoped G a^.jA SySbi.y  compositions (0 < * < 0 .2 ) have the conductivity of p-type. 
Three native acceptor traps have been observed for these compositions:

E ,- E v =0.01 eV 
Et - E v =. 0.03+0.035 eV 
E ,-E v = 0.07 eV

mv/m0 = 0.41 + 0.16* + 0.23*2 (8.2.13)

m jm , = 0.41 + 0.14* + 0.23*2 (8.2.14)
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Ge, Cd - (Et -  Ey) = 0.01 eV (acceptor)
Ge + Vac - (Et -  Ev) = 0.017 eV (acceptor)
Cd + Vac - (Et - E v) = 0.017 eV (acceptor)
Zn - (Et -  Ev) = 0.1 -s- 0.15 eV (acceptor)
Те - (£c - £ r) = 5-10-3 eV (donor)

(Ec - E t) = 0.04 -ь 0.05 eV (donor)

G a^Ini^s^Sb!^ (x > 0.8).
(after Voronina et a l  [1991a])
Undoped Ga^Inj.^As^Sb,^ compositions (0.76 £ x £ 1) have the conductivity of л-type. 
Native donor trap has been observed for these compositions:

(Ec - E t) = 0.09 + 0.1 eV 
Mn - (Et -  Ey) = 0.02 -  0.025 eV (acceptor)
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83. Electrical Properties 

8.3.1. Mobility and Hall Effect

5000

1000
60 100 200 300

Temperature T (K)

Fig. 8.3.1. Temperature dependences of the 
electron Hall mobility for GaJni-xAs^bj.y (Те). 
д: = 0.1. For all samples acceptor concentration 
Na = 5 • 1016 cm-3. Donor concentration (Те). 
Nd (cm"3): 1. 2.5 • 1017, 2. 8.5 • 1017, 3. 4 • 1018 
(after Voronina etal. [1991b]).
(Reprinted with permission from the American Institute of 
Physics. © 1991.)

Fig. 8.3.3. Temperature dependences of the 
electron Hall mobility for Ga^ni.^As^bj.y. x -  
0.8. For all samples donor concentration Nd = 
5-10,8 cm-3. Acceptor concentration (Mn) Na 
(cm-3): 1. 4.4 • 1017, 2. 6 • 1017, 3.7.8 • 1017 (after 
Voronina et al. [1991a]).

1 0 V Г IK*')

Fig. 8.3.2. Temperature dependences of the Hall 
coefficient for the same samples as in Fig. 8.3.1 
(after Voronina et al. [1991b]).
(Reprinted with permission from the American Institute of 
Physics. ©  1991.)

Fig. 8.3.4. The temperature dependences of the 
Hall coefficient for the same samples as in 
Fig. 8.3.3 (after Voronina et al. [1991a]).
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Tem peratu re  T (K)

Fig. 8.3.5. Temperature dependences of the hole 
Hall mobility for GaxIn|_TAs>Sb|_>, for different 
dopants and different doping levels, x = 0. 1.
1. undoped: Na -  4.4 • 1016 cnT3, Nd -  1.7 • 1016 
cm"3; 2-5. samples doped with Ge. N (cm-3):
2. Л/д- 1.9 • 1017, Nd- 5  • 1016, 3. Ne -  6.4 • 1017, 
Nd - 2 -  1017 , 4. Na -  3.4 • 1018, Nd -  6 • 1017 , 
5. Na -  1.6- 10,9, ^ rf- 2 *  10l8 ,6. Sample doped 
with Cd. Na - 9 -  1016 cm"3, Nd -  2 • 1016 cm’3. 
7-8. Samples doped with Zn. N  (cm-3): 7. Na -  
4.2 • 1017, Nd -  2 • 1016, 8. Na -  6.2 • 10*7, Nd -  
2 ■ 1016 (after Voronina et al. [1991b]).
(Reprinted with permission from the American Institute of 
Physics. ©  1991.)

Fig. 8.3.6. Temperature dependences of the Hall 
coefficient for the same samples as in Fig. 8.3.5 
(after Voronina et al. [1991b]).
(Reprinted with permission from the American Institute of 
Physics. © 1991.)
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T em pera tu re  Г(К)

Fig. 8.3.7. Temperature dependences of the hole 
Hall mobility for Ga3rIn,_JCAs>Sbi_), x = 0.8. For all 
samples donor concentration Nd = 1018 cm-3, 
Acceptor concentration (Mn) (cm-3): 1. 1.7 • 1018, 
2. 2 3  • 1018, 3. 5 • 1018 (after Voronina et al. 
[1991a]).

83.2. Impact Ionization

1 / F 2, l O ^ l c m / V } 2

103/ Г  IK ”1)

Fig. 8.3.8. Temperature dependences of the Hall 
coefficient for the same samples as in Fig. 8.3.7 
(after Voronina et al. [1991a]).

Fig. 8.3.9. Field dependences o f electron (a) 
and hole (fi) ionization coefficients for 
Ga<) gIno 2Aso.17Sbo.83, 230 К (after Andreev et al. 
[1991]).

a  = cc e x p i-F jF )2. (8.3.1)

a*. = 2.41 • 106 cm-1, F„ 0 = 4.45 ■ 105V/cm 

P=fim exp^-FpalF)2. (8.3.2)

£ .=  1.98 ■ 106 cm-1, = 3.69 • 105V/cm
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8.4. Optical Properties

P h o to n  e n e rg y  his/ leV) Photon ene rgy  AV(eV)

Fig. 8.4.1. Refractive index n versus photon energy 
for Gajfln^AsySb^ lattice-matched to GaSb (after 
Adachi [1987]).

Fig. 8.4.2. Refractive index n versus photon energy 
for GaJnj.pASySb^ lattice-matched to InAs (after 
Adachi [1987]).

Photon  energy  AV(eV)

Fig. 8.4.3. The absorption coefficient versus 
photon energy, 300 K. Curve 1: x = 1, у  = 0 (GaSb), 
Curve 2: x = 0, у  = 1 (InAs) (after Adachi [ 1989]).
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8.5. Thermal Properties

Thermal resistivity for several GalnAsSb compositions (y  = 1 -  jc), 300 К (after Both et al. 
[1990]).

Composition Thermal resistivity
(eV) (cm K/W)

Gao.94Ino.06As0.05Sb0.95 0.67 5.5

Gao.gsbio. 15 As0.13Sb0.g7 0.59 7.1

Gao.8 j Ino. 19AS0. i бБЬо.8з 0.56 10.4

Fig. 8.5.1. Temperature dependences of thermal 
conductivity, x -  1, у  = 0. (GaSb). 1 + 3 -  л-type 
samples, n (300 K), cm"3: 1. 1.6 Ю 17,
2. 8.6 • 1017, 3. 1.8 - 1018, 4. p -type sample. 
p  (300 K) = 1.4 • 1017 cm"3 (after Poudjade and 
Albany [1969] and Okhotin et al. [1972]).

Fig. 8.5.2. Temperature dependences of thermal 
conductivity. x = 0, у  -  1. (InAs). 1, 2 -  л-type 
samples. 1. л0= 1.6 • 1016 cm-3, 2 . no = 2  • 1017 
cm-3, 3. p -type sample, Po = 2 • 1017 cm-3 (after 
Tamarin and Shalyt [1971] and Okhotin et al. 
[1972]).

1 10 10' 10' 
Temperature П К )
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0.3

.0.2

0.1

0.0

1 1 ' l ■ . i . > . . | 0.3

2 Г
5
СП

2  0.2
/ о* /

/ "5 /
j / л /
/ 3= 0.1 - /

/ ’о«1 /
U)

1 . 1 .
0 100 1000 0 100 200 300

Temperature Г С К1 Temperature ПК)

Fig. 8.5.3. Temperature dependence of specific heat 
jr= 1,^ = 0 (GaSb) 1. after Piesbergen[ 1963], 2. after 
Okhotin et al. [1972].

Fig. 8.5.4. Temperature dependence of specific 
heat at constant pressure. x ~ 0 ,y =  1 (InAs) (after 
Piesbergen [1963]). For 298 < T < 1215 K. 
Cp = 0.24 + 3.97 ■ 10~5 T (j/gK) (after Barin et al. 
[1977]).

InSb x  GaSb

Fig. 8.5.5. Contours of constant lattice-mismatch 
as a function of x and у  in a GalnAsSb system 
grown on a GaSb substrate (after Ghiti and O’Reilly 
[1993]).
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Fig. 8.5.6. Phase diagram for GalnAsSb at 530°C. Experimental points: о -  concentration of Sb in liquid 
phase* . Solid phase is lattice matched to GaSb (after Guseinov et al. [1989]).
(Reprinted with permission from the American Institute of Physics, © 1989.)

Fig. 8.5.7. Solidus isothermes for several 
GalnAsSb compositions lattice-matched to GaSb 
as a function of the Sb concentration in liquid 
phase *5b (after Tournie [1990]).

Sb concen t ra t io n
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8.6. Mechanical Properties, Elastic Constants,
Lattice Vibrations, Other Properties

Density (g/cm3) GaSb - 5.61 InAs - 5.68
GaAs - 5.32 InSb - 5.77

Hardness on the Mohs scale GaSb - 4.5 InAs - 3.8
GaAs - between 4 and 5

Surface microhardness (kg/mm2) GaSb - 450 InAs - 430 
(using Knoop’s pyramid test) GaAs - 750 InAs - 220

Elastic constant at 300 K:

for compositions lattice-matched to GaSb (estimated according to Eq. (8.1.1)):

Cn (8.19 + 0.64*) • 10" dyn/cm2
C | 2 (4.46 -  0.44*) • 1011 dyn/cm2
C44 (3.89 + 0.43*) ■ 10" dyn/cm2

for compositions lattice-matched to InAs (estimated according to Eq. (8 .1.1)):

C„ (8.34 + 0.73*) • 10n dyn/cm2
C12 (4.54 -  0.42*) • 10n dyn/cm2
C44 (3.95 + 0.50*) • 10“ dyn/cm2
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For GalnAsSb compositions For GalnAsSb compositions 
lattice-matched to GaSb lattice-matched to InAs

Bulk modulus ~ 5.7 ~ 5.8 
(-1011 dyn/cm2)

Shear modulus 
(1 0 11 dyn/cm2)

1.86 + 0.54* 1.9 + 0.57*

[100] Young’s modulus 
(-1011 dyn/cm2)

5.04+ 1.27* 5.14+1.35*

[100] Poisson ratio 0.35 -  0.04* 

Acoustic Wave Speeds

0.35 -  0.04*

Wave propagation Wave character Wave speed 
direction (in units of 10s cm/s)

for GalnAsSb compositions 
lattice-matched to GaSb

Wave speed 
(in units of 105 cm/s) for 
GalnAsSb compositions 
lattice-matched to InAs

[100] VL 3.79 + 0.18* 3.83 + 0.2*

Vt 2.61 + 0.16* 2.64 + 0.17*

Ъ 4.23+0.15* 4.28 + 0.17*

[110] К, 2.61 + 0.16* 2.64 + 0.17*

Уц 1.81 + 0.26* 1.83 + 0.27*

[П 1]
V{ 4.36 + 0.14* 4.41 + 0.16*

К 2.11 + 0 .22* 2.13 + 0.24*
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Composition x

Fig. 8.6.1. Frequencies of the LO and TO phonons 
in Ga^Inj^ASySbi.y as a function of the com
position x for у = 1 -  x. The solid curves represent 
the calculated results using the modified REI model 
(after Jaw et at. [1989]).
(Reprinted with permission from the American Institute of 
Physics, © 1989.)

Fig. 8.6.2. Frequencies of the LO and TO phonons 
in Ga^Ini.^ASySbi^ as a function of the composition 
x for у  = 1.48 - x .  The solid curves represent the 
calculated results using the modified REI model 
(after Jaw et al. f 1989)).
(Reprinted with permission from the American Institute of 
Physics. © 1989.)
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