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PREFACE

This second volume of the Handbook Series on Semiconductor Parameters contains data
on the most popular ternary and quaternary III-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 II are organized in the same way, similar to how
it was done in Volume 1. 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.

vii



viii Preface

The additional information about the properties of I1I-V ternary and quaternary
compounds may be found in the book by S. Adachi, “Properties of II-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 III-V ternary and quaternary compounds are
also summarized in the famous Landolt-Bornstein 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. loffe 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 M. E. Levinshtein and S. Rumyantsev
(melev@nimis.ioffe.rssi.ru and s1@nimis.ioffe.rssi.ru) or to M. S. Shur (shurm@rpi.edu).

The Editors
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CHAPTER 1

ALUMINIUM GALLIUM ARSENIDE (Al,Ga,_,As)

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

1.1. Basic Parameters at 300 K

GaAs AlAs Al Ga,_,As

Crystal structure Zinc Blende Zinc Blende Zinc Blende
Space group F43m F43m F43m
Number of atoms in 1 cm? 4.42-102 4.25.1022 (4.42-0.17x)-10%2
Debye temperature (K) 370 446 370+ 54x + 22x2
Density (g/cm’) 5.32 3.76 5.32~1.56x
Dielectric constant

static 12.9 10.06 12.90 - 2.84x

high frequency 10.89 8.16 10.89-2.73x
Effective electron mass:
for x <0.41-0.45 Al,Ga,_,As
is direct gap semiconductor
(“like GaAs”™). The lowest
valley of the conduction band
is T-valley
mp (in units of m,) 0.063 - 0.063 +0.083x

(x<0.41)

for x>0.45 Al,Ga,_,As

is indirect gap semiconductor

(“like AlAs™). The lowest

valley of the conduction band

is X-valley. Effective electron

mass (in units of m,)
longitudinal m, /m, L1
transverse m, /m, 0.19



Density-of-states electron
mass my [m,

Conductivity effective
mass m,[/m,

Effective hole mass
(in units of m,)
heavy
light
Electron affinity (eV)

Lattice constant (A)
Optical phonon
energy (meV)

Band structure and carrier concentration

Energy gap (eV)
forx<0.45
(direct gap)
for0.45<x<1
(indirect gap)
Energy separation between
I'-valley and top of the
valence band E- (eV)
Energy separation between
X-valley and top of the
valence band E, (eV)
Energy separation between
L-valley and top of the
valence band E; (eV)
Energy of spin-orbital
splitting E,, (eV)

Handbook on Semiconductor Parameters: Vol. 2

GaAs AlAs Al Ga,_ As
0.71 0.85—0.14x (x> 0.45)
0.26 (0.45<x<1)
0.51 0.76 0.51+0.25x
0.082 0.150 0.082 + 0.068x
4.07 3.5 4.07-1.1x (x < 0.45x)
3.64-0.14x (0.45<x<1)
5.6533 5.6611 5.6533 +0.0078x
36 50 3625+ 1.83x+17.122-5.11°3
1.424 2.17 1.424 +1.247x
1.9+ 0.125x + 0.143x2
1.424 29 1.424 4+ 1.155x + 0.37x2
1.90 2.17 1.9+ 0.124x + 0.144x2
1.71 2.4 1.71 + 0.69x
0.34 0.3 0.34-0.04x



Intrinsic carrier

concentration (cm™)
x=0.1
x=0.3
x=0.5
x=0.8

Intrinsic resistivity
(S2cm)
x=0.1
x=03
x=05
x=0.38
Effective conduction
band density of states
(cm™)
x<0.41
x>0.45
Effective valence
band density of states
(cm™)

Electrical properties

Breakdown field (V/cm)
Mobility (cm2/V -s)
electrons
x<0.45
045<x<1

holes

4l

Gallium Arsenide (Al,Ga,_, As) 3
GaAs AlAs Al Ga,_,As
2.1-108 9.5

2.1-10%
2.1-10°
2.5-102
4.3.10!
3.5-108  1.6-10'
4-109
1012
10!4
5-10"
4.7-107  1.5-10"
2.5-10'% -(0.063+ 0.083x)¥2
2.5-10"-(0.85-0.14x)¥2
910  1.7-10" 2.5-10"%.(0.51-0.25x)%2
=410 =610 =~(4+6)-10°
<8500 <200
8-103-2.2-10%x +10%x2
—255+1160x ~ 720x2
<400 <140 370 -970x + 740x?
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GaAs AlAs Al,Ga,_, As
Diffusion coefficient (cm?2/s)
electrons <200 <5
x<0.45 200 - 550x +250x?2
045<x<1 —6.4+29x—18x2
holes <10 <3 9.2-24x+18.5x2
Electron thermal velocity (m/s) 4.4.10° 2.3-10°
x<0.4 (4.4-2.1x)-10°
045<x<1 2.3-10°
Hole thermal velocity (m/s) 1.8:10° 1.3.10% (1.8-0.5x)-10°
Optical properties
Infrared refractive index 33 2.86 3.3-0.53x +0.09x2
Radiative recombination
coefficient (cm3/s) 7-1071° =10710 ~10-1°
Thermal and mechanical properties
Bulk modulus (dyn/cm?) 7.55-10"  7.81-10"  (7.55+0.26x)-10"!
Melting point (°C) 1240 1740 1240 - 58x + 558x2
(solidus curve)
1240 +1082x — 582x2
(liquidus curve)
Specific heat (J/g °C) 0.33 0.45 0.33+0.12x
Thermal conductivity (W/cm °C) 0.55 0.91 0.55-2.12x +2.48x?2
Thermal diffusivity (cm?/s) 0.31 0.54 0.31-1.23x +1.46x2
Thermal expansion, linear, (°C™1) 5.73-10°% 5.2:107% (5.73-0.53x)-107¢



Aluminium Gallium Arsenide (Al,Ga,_ As)

1.2. Band Structure and Carrier Concentration

En:irgy

X-valley

E,

oo | £

Mvalley

L=valley

Ey

0 1)

w

o~ Wave vector
Heavy holes

Light holes

N

Split-off band

Fig. 1.2.1. Band structure of Al,Ga,_,As for
x<0.41-0.45. Important minima of the
conduction band and maxima of the valence

band.

30
28

' 1

At 300 K:

1 1
02 0L

06 08 10
Composition x

En:.rg\,II
1
M-valley
X-valley
> £
E,
AL
--""'—7 \ —— Wave vector
Eso Heavy holes
Light holes
Split-off band

Fig. 1.2.2. Band structure of Al,Ga,_,As for
x20.45. Important minima of the conduction

band and maxima of the valence band.

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

Crossover points:

x.(L-X)=035
x. (T-X)=041
x. (F=L)=047

E,=E.=195eV
Er=E,=197eV
Er=EL:2.04 eV,

(Reprinted with permissi

Er =1.424+1.155x + 0.37x2 (V)
E, =1.9+0.124x +0.144x2 (eV)

E,

=1.7+0.69x (eV).

 from JOF Publishing, © 1980.)

According to Hava and Auslender [1993], crossover point x (I"~ X) =0.43.
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I Emaai AL ERELl_ il snmll mmail mal

Fig. 1.2.4. Ratio of the total carrier concentration
to the carrier concentration in I'- valley as a function
of equilibrium carrier concentration, 300 K (after
Zarem ef al. [1989]).

(Reprinted with permission from the American Institute of
Physics, © 1989.)

10" 10" 10" 107!
Concentration ng {em?)

1.2.1. Temperature Dependences

To estimate the temperature dependences of energy difference between the top of the
valence band and the bottom of the I, X, and L valleys of the conduction band Ey, Ey and
E; one can use the data for GaAs (Aspnes [1976]).

T2
T+204 V) 1.2.9)

Er(0)=1.519+1.155x + 0.37x2 (eV)

Ep = Ep(0)-5.41-107%-

T2
Ey=Ex(0)-4.6-10"%. (eV)
T+204 (1.2.5)
Ex(0)=1.981+0.124x +0.144x2 (eV)
E, =E;(0)-6.05-10"% I (eV)
=£.0)=605-107"- €
T+204 (1.2.6)

E; (0)=1.815+0.69x(eV) ,

where T'is temperature in degrees K.



Aluminium Gallium Arsenide (Al,Ga)_, As)

Effective density of states in the conduction band N.:
x<0.41
32
mr
N,=4.82.10" [—) TY?
mﬂ
=4.82-10'5 . T¥2(0.063+0.083x)¥2 (cm~?)
x>0.45
32
m
N.=4.82-105 M- —‘] -TY2

¥2
54.82-10‘5'(—"'1] TY2 (cm™?)
or ‘

N, =4.82-10'5-7¥2.(0.85-0.14x)¥2 (cm™?)

M =3 is the number of equivalent valleys in the conduction band.

(1.2.7)

(1.2.8)

m. is the effective mass of the density of states in one valley of the conduction band.

m., is the effective mass of the density of states.

P ey

?

E

S L

2

¢ 10

E Fig. 1.2.5. Effective density of states in the
“ conduction band versus x. Calculated according
o 18 to Egs. (1.2.7) and (1.2.8), 300 K.

> 10

]

[ =}

[

e 10"

'} L L L
02 0L 06 08 10
Composition »

S

Effective density of states in the valence band:

N, =4.82-10'5-T92.(0.51+0.25x)¥? (cm~3)

(1.2.9)
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Intrinsic carrier concentration:

E
n;=(N_-N,)/? exp(- u:].] (1.2.10)

Temperature T(K}

600 500 400 300
1W0F ; ; = —
& 10" 1
5 A Fig. 1.2.6. The temperature dependences of the
- L 4 intrinsic carrier concentration.
€08 | 1 1.x=0, 2.x=03, 3.x=06, 4. x=1.
102 [ 1 1 1 A 3]
10 15 20 25 30 15

1000/T (1/K)

1.2.2. Dependences on Hydrostatic Pressure (After Adachi [1985])
dE,
?j" =(11.5-1.3x)-10~3 (eV/kbar)

dEy

—2=-0.8-10"3-(eV/kbar 1.2.11
P (eV/kbar) ( )
dE;
—£=2.8-10"3 (eV/kbar
- (eV/Kbar)
0‘5 T L) T T T T
x 0LF .
S03f 4 ‘
= Fig. 1.2.7. Pressure dependence of the I'-X
go2f S 4 crossover, 300 K (after Saxena [1980]).
E > (Reprinted with permission from IOP Publishing, © 1980.)
o 01 -~ s
e
i 1 1 1 1 L ~
00 05 10 15 20 25 30 35

Pressure PI{GPa)



Aluminium Gallium Arsenide (Al,Ga,_, As)

1.2.3. Energy Gap Narrowing at High Doping Levels

-
(=]
o

Jp—T T LB AL yi

Energy £ (meV!|
EH

-
(=]

10" 10" 10" 10%°
Concentration N [cm™)

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

(Reprinted with permission from Pergamon Press, © 1991.)

For GaAs:

y3 ya 2
N N N
AE, =4 (m] +B [IOT) +C {YBTE) (meV)

n-GaAs: 4=163; B=747, C=90.65

p-GaAs: 4=9.71; B=12.19; C=3.88

(after Jain and Roulston [1991]).

For AlAs:

AE, =107 4,-N'3 +1077-By-NV4 +10712.C, - N2 (eV)

n-AlAs: 4y=9.76; By=4.33; Cp=2.93
p-AlAs:  4,=10.6; By=5.47; Cp=3.01
(after Jain et al. [1990]).

N is carrier concentration in cm™3,

103 Ty

T

0°E

Energy £ {meV)

Al ]

10 1 aanal 1
1017 1013 .mls

o
Concentration N {cm™)

Fig. 1.2.9. Energy gap narrowing versus donor
(curve 1) and acceptor (curve 2) doping density for
AlAs (x=1). The curves are calculated according
to Jain et al. [1990] (see Eq. (1.2.12b)).

(Reprinted with permission from the American Institute of
Physics, © 1990.)

(1.2.12a)

(1.2.12b)
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1.2.4. Band Discontinuities at Al Ga,_.As/GaAs Heterointerface

Valence band discontinuity
AE, =-046x(eV) O<x<l (1.2.13)
Conduction band discontinuity
AE,=AE (x)- AE,
At 300 K:
for 0<x<0.41 AE_=1.25x-0.46x=0.79x (eV) (1.2.14)
for 0.45<x<1 AE, =0.475-0.335x+0.143x2 (eV)
10f T T T T ] 300} ”~
— > A
1 £
€ o :
= W 200} . 1
W <
< - .
> 2
g € o 1
(1]
S0 0z or 06 08 10 00 01 02 03 0k

Composition x

Composition x

Fig. 1.2.10. Valence band edge discontinuity
at A],Gal_,As/GaAs heterointerface versus
x. Points represent various experimental data
(after Langer and Heinrich [1985]).

(Reprinted with permission from Elsevier Science,

Fig. 1.2.11. Conduction band discontinuity at
AI,Ga.-,As/GaAs heterointerface versus
x(x £ 0.45). Points represent experimental
data (after Langer and Heinrich [1985]).

(Reprinted with permission from Elsevier Science,

© 1985.) © [985.)

£00 L ¥ T T

z |
€ 300f 4 , . —
% I § Fig. 1.2.12. Conduction band discontinuity at
g ° o heterointerface versus x(0 < x < 1 ). Solid line is
> 200 7 calculated using Eq. (1.2.14). Experimental points
ST 1 are taken from Haase et al. [1987].
S 100f 7 (Reprinted with permission from the American Institute of
- 1 Physics, © 1987.)
L L L L
0.0 02 0L 06 08 10

Camposition x



1.2.5. Effective Masses
Electrons:

For I'-valley:

Aluminium Gallium Arsenide (Al,Ga)_, As)

mp = (0.063+0.083x)m, (0 < x <1)

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

x=0(GaAs)

x=1(AlAs)

ForO<x<1

m;=19m,; m,=0.075m,

Effective mass of density of states
my, = (16mm?2)"? =0.56m,

Conductivity effective mass

-1
11 2
m"’_[3(mf+mf)] =0.11m,

m;=19m,; m,=0.096m,
Effective mass of density of states my =0.66m,
Conductivity effective mass m. =0.14m,

Effective mass of density of states my; =(0.56+ 0.1x)m,
Conductivity effective mass mg. =(0.11+0.03x)m,

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

x=0(GaAs)

m;=19m,, m,=0.19m,
Effective mass of density of states

my, = (9m;m2)¥? =0.85m,

Conductivity effective mass

-1
1
my, = |:l[_+_'2"}:| =0.27m,
3 my m,
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x=1(AlAs); m=1.1m,; m,=0.19m,
Effective mass of density of states m,=0.71m,
Conductivity effective mass mg, =0.26m,
For0<x<1
Effective mass of density of states m, =(0.85-0.14x)m,
Conductivity effective mass my, =(0.26+0.27)m,
Holes:
heavy my, =(0.51+0.25x)m,
light my, =(0.082 +0.068x)m,
split-off band mg, =(0.15+0.09x)m,

1.2.6. Donors and Acceptors

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

GaAs

AlAs Al,Ga,_,As
[-valley 5.2 202 5.2+7.9x+7.1x2
X-valley 248 353 24.8+7.06x +3.44x2
L-valley 8.7 19.0 8.7+5.8x +4.5x?
; Bu T T T T L L T
E - ,‘ﬂ\‘ Fig. 1.2.13. Donor ionization energies AE(T"),
= tob l' A . AE(X), AE(L) as a function of composition x.
':i W The theoretical curves (solid lines) are obtained
Z20F / using hydrogen approximation. Open circles are
E’ AE(L) experimental data (after Adachi [1985]).
w 1 . .A qt r‘i} 1 {Reprinted with permission from the American Institute of
0.0 05 1.0

Physics, © 1985.)

Composition x
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Composition x
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015

010}

Energy AE(eV)
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0.0 0.2 0.L 0.6 08
Composition x

Fig. 1.2.15. Ionization energy of Sn versus x
(after Kaneko et al. [1977]).
(Reprinted with permission from 10P Fublishing, © 1977.)
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Fig. 1.2.14. Activation energy of the electron
concentration in the region T'= 200 + 300 K 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 et al. [1991]).

(Reprinted with permission from 10P Publishing, © 1991.)

200 T T

-
(2,
(=3

w
o

Energy AE(meV)
=]
o
TTT T T T TIT Ty ITTTTT
7

'l L L
0.2 04 06 08
Camposition x

=
[=]
—
[=] N

Fig. 1.2.16. lonization energy of Te versus x
(after Spring Thorpe et al. [1975]).
(Reprinted with permission from JOURNAL OF

ELECTRONIC MATERIALS. Minerals, Metals &
Materials Society, © 1975.)

Fig. 1.2.17. lonization energy of Se versus x
(after Yang et al. [1982]).

(Reprinted with permission from IOP Publishing,
©1982)
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Ionization energies of shallow acceptors.

100 T T T T T T
30 -
sok . ] Fig. 1.2.18. lonization energies of germanium
.
& (curve 1), zinc (curve 2) and carbon (curve 3) versus
= 70+ Ve . x (after Heilman and Oelgart [10001),
= > {after Heil lgart [1900])
£ sok 1 e | (Reprinted with permission from I0P Publishing, © 1990.)
u sok './‘ i AEgG, = 40.4 + 69x +1090x>* (meV)
2 oot 2 AEz, =307+ 495%™ (meV)
] :.or""' m*.v 3 ] AE; =26.7+5.56x+110x>* (meV) .
w -_,_.—-—-—'-"'T 4
30| T (<04
20 .
10 I L 1 i 1 L
00 0.1 02 03 0.L

Composition x
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1.3. Electrical Properties

1.3.1. Mobility and Hall Effect

ll:l" T o T T .
]
]
= .
> f Fig. 1.3.1. Electron Hall mobility versus
E alloy composition x. Electron concentration
= E np =(5-10)-10" em™3, T=300K (after
5 . E Saxena [1981b]).
; L . 4 (Reprinted with permission from The American Physical
E - E Society, © 1981.)
L=} L
= l T
10? l: U 7

'S n
00 02 oL 06 08 10
Compesition x

For weakly doped Al,Ga,_,As at 300 K electron Hall mobility:

Hyg = 8000 - 22000x +10000x2 (for x <0.45)
gy ==255+1160x — 720x2 (for0.45< x<1)

(after Shur [1990]).

LA B pan e AR B R | T T

Fig. 1.3.2. Electron Hall mobility versus temperature.
Curve 1 - x=0; ny =05-10" cm™®

(after Stillman et al. [1970]).

Curve 2—x=032; np =(0.5+1)-10' cm™

(after Saxena [1981b]).

(Reprinted with permission from The American Physical Society,
© I981)

-
(=]
=~

Mobility Wn {cm?/Vs)

T
A1+ s aaaal

103 I Lo 1 il 1 'l
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Temperature T(K)
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Mobility Ba (cm¥/V s)
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Fig. 1.3.3. Electron Hall mobility versus electron
concentration for two values of x, T'=77 K (after
Liu [1990]).

(Reprinted with permission from Chapman & Hall, © 1990.)

Hall factor 7y

1 1 L L 1 1
00 iV 04 06 08
Caompaosition »

1500

1000

500

Mobility Pa{em?/V s)

i aaaaal b aaaaaal M R T
10" 10" 10"® 10"

Electron concentration fs (em3)

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, © 1990.)

Fig. 1.3.5. Hall factor versus alloy composition x
for n-type Al,Ga,_ As. Electron concentration
ng =(5+10)-10" em™, T=300K (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, =25-10" cm™), T=296 K (after Look
et al. [1992)).

(Reprinted with permission from the American Institute
of Physics, © 1992.)

For weakly doped Al,Ga,_,As at 300 K hole Hall mobility:

(after Shur [1990]).

My =370~970x + 740x?

0%

T T T

“ ]
- 1
N\ i h h
§ '*alh
:102: 2 3
= =
~f o, LY ]
A # e \ 1
5 8 1
§ - Aﬂ?\k -
L . .
10 L aaagl I BN
10 10

Temperature T (K)

10°

Fig. 1.3.7. Hole Hall mobility versus
temperature.

Curve 1 —x=0; po=7-10"7 em™
curve2—x=041; po=465-10"7 em™
curve3—x=0.75; po=24-10" ¢cm™?
(after Yang et al. [1981]).

(Reprinted with permission from IOP Publishing,
©1981)
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S00

Mobility Hp (em?/V s )
8
=]

W00+

0™ 0" w7 10"

Hole concentration ng {cm™)
Fig. 1.3.8. Hole Hall mobility versus hole
concentration for two values of x T=77 K (after
Liu [1990]).
{Reprinted with permission from Chapman & Hall, © 1990.)
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Fig. 1.3.9. Hole Hall mobility versus hole
concentration for two values of x, T=300K
(after Liu [1990]).

(Reprinted with permission from Chapman & Hall,
© 1990.)

Fig. 1.3.10. Hall factor versus temperature for
p-type GaAs, AlAs and AlysGag sAs. Curves
are calculated for acceptor concentration N, =
65-10%cm™ (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

Al Gay,_.As/GaAs Interface

LBALLLL B :lsgnéngq LELERLLLL
TL -
10°E 1987
C ':9:::.& ]
S F 1o ]
- | |
= T _
> 10°F 1980
5 [ 1979 3
o = -

= 1978
10“ E_ TE
F Bulk E
1 10 10?
Temperature T{K)
Fig. 1.3.11. Temperature depend 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.)
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Fig. 1.3.12. Dependences of electron mobility
versus surface carrier density myppg in the
modulation-doped two-dimensional gas (after
Pfeiffer et al. [1989]).

(Reprinted with permission from the American Institute of
Physics, © [989.)

Fig. 1.3.13. Dependences of surface electron
density (curve 1) and mobility (curve 2) versus
undoped spacer thickness. T=4 K (after Harris
et al. [1987]).

(Reprinted with permission from the American Institute of
Physics, © [987.)
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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.)

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
210" 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

25 T T T T T T T

20

15

10

0s

Drift velocity ¥y ( 107 emss )

L 1 L 'l 1 A
0 5 10 15 20 25 30 35 40
Field F kV/cm])

Fig. 1.3.16. Ficld dependences of the electron
drift velocity for different values of x. Curves
are calculated using displaced Maxwellian
approximation, T=300 K. Curve 1. x=0;
2. x=10.225; 3. x=0325; 4. x=10.5 (after Hava
and Auslender [1993]).

(Reprinted with permission from the American Institute of
Physics, © 1993.)
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Field F {kV/cm)

Fig. 1.3.17. Field dependences of the electron
drift velocity for different values of x. Solid curves
show experimental results (electron concentration
ng =(2+10)-10" em™. Dashed curves show
results of Monte—Carlo calculations (after Hill and
Robson [1981]).

(Reprinted with permission from Editions de Physique,
©1981)

Fig. 1.3.18. Dependences of peak electron velocity
versus x (after Hava and Auslender [1993]).

(Reprinted with permission from the American Institute of
Physics, © 1993.)
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Fig. 1.3.19. Average electron energy as a function
of electric field, 300 K. 1. x =0.25; 2. x = 0.45 (after
Lippens and Vanbesien [1987]).

(Reprinted with permission from 1OF Publishing, © 1987.)
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Fig. 1.3.20. The field dependences of normalized
longitudinal diffusion coefficient, 300 K. 1.x=0;
2. x=10.25 (after de Murcia et al. [1993)]).

{Reprinted with permission from the American Institute of
Physics, © 1993.)

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 of Electron and Hole Two-Dimensional Gas in
High Electric Field

[T
(2 =

o —y
o o»

Drift velocity vy (10%cm/s)
L)
(=]

Fig. 1.3.22. Experimental field dependences of
clectron velocity for bulk GaAs with ng=10'5
em~> (curve 1) and two-dimensional modulation-
doped heterostructures Al,Ga,_,As/GaAs 77K.
2. x=0.3; 3. x = 0.5 (after Masselink [1989]).

(Reprinted with permission from IOP Publishing, © 1989.)
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Fig. 1.3.23. Experimental field dependences of
electron velocity for bulk GaAs with ng= 10"
cm™? (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, © 1989.)

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=33-10" em™2, pu =3300cm?/Vs

2. p=42-10"cm2, p=4000cm?/Vs

(after Masselink et a/. [1987]).

(Reprinted with permission from [OP Publishing, © 1987.)
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1.3.5. Impact lonization

LUV LML S B S I e B B B B B B B e

-
=]
[

— L

Fig. 1.3.25. Fits to experimental values of
electron and hole ionization coefficients for
Al Ga,_ As withx= 0.1 +0.4, 300 K. Experi-
mental points are shown only for x=0.1
(after Robbins et al. [1988]).

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

(=]
[

lonization coefficient a;, B {em™)

1] A I I B S TP P
15 20 25 30 35 L0 L5

1/F (10°%cm/V)

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

For electrons:
o; =g -exp[~(Fo/F)"] (13.1)
x ag (em™) Fro(V/em) m
0.1 1.81-10% 6.31-10° 20
0.2 1.09-105 1.37-108 13
0.3 2.21-10° 7.64-10° 20
0.4 1.74-107 3.39-10% 1.0
For holes:
B; = By -exp[~(Fpo /F)"] (13.2)
x Bo (cm™) Fpo (V/cm) n
0.1 3.05-10° 7.22-10° 1.9
0.2 6.45-10° 1.11-10% 1.5
03 2.79-10° 8.47-10° 1.9

0.4 3.06-108 2.07-10% 1.2
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Fig 1.3.26. Experimental ionization coefficients versue x for electri

ental zation coeffic for elec 3.10° V/cm (bottom curves)

LDOtt

fields
ta points, 300 K (after Robbins

c
and 4-10° V/cm (upper curves). The lines are drawn only to connect the da
et al. [1988]).
{(Reprinted with permission from the American Institute of Physics, © 1988.)

Breakdown voltage and breakdown field of n*-GaAs/p-Al, 3Gag;As heterojunctions,
300K

N,=10% cm™, ¥,=28kV, E =2.8105 V/em
N,=10"%cm™3, V,=70kV, E;=4.5-10° V/cm

(after Hur e al. [1990]).
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1.3.6. Recombination Parameters
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Fig. 1.3.27. Ambipolar diffusion length at a
carrier density of 10'7 + 10'8 ¢m™3 versus x, 300 K.
Measured by catodoluminescene technique (after
Zarem et al. [1989]).

(Reprinted with permission from the American Institute of
Physics, © 1989.)
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Fig. 1.3.28. Carrier lifetimes at carrier density of
~3-10'® em™2 (high injection level) versus x, 300 K.
Measured by photoluminiscence decay signal
technique (after Zarem et al. [1989]).

(Reprinted with permission from the American Institute of
Physics, © 1989.)

3 Fig. 1.3.29. Hole lifetime versus x
for n— Al,Ga,_ As with doping level
Ny-N, = 10" +10% em™, 300K
(after Timmons et al. [1988]).

(Reprinted with permission from IOP
Publishing, © 1988.)
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Radiative recombination coefficient at 300 K in Al,Ga,_ As~10"10 cm?/s.



Aluminium Gallium Arsenide (Al,Ga,, As)

Auger coefficient at 300 K (after Takeshima [1985]):

C,, (for n-doped samples)

=0
v

0.1
0.2

-
A~

1 0.10n-31
Fraiv

L.

emb/s
cmY/s

1.2-103em®/s
0.7-103'em$/s

C, (for p-doped samples)

x=0 12-10"*'cmS/s
0.1 8.5-103'cmé/s
0.2 6.1-10"* cmS/s.

27

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

Al composition (x) S {cm/s)
0 4-10% free surface
0 45 interface between
GaAs/Al,Ga,_,As
(y=03)
0 450+ 100 interface between
GaAs/Al,Ga,_,As
(y=0.5) p-type
0.08 4-10° free surface
0.08-0.18 =3-10% interface between
Al,Ga;_ As/Al,Ga,.,As
(¥ = 0.88) undoped
0.28 4200 interface between

Al

Gay_,As/Al,Ga,_,As
(¥=0.5) undoped
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1.4. Optical Properties

Infrared refractive index (300 K):

no= (k)2 =3.3-0.53x+0.09x2

o
o

W o~ -
- - I ST -

Refractive index n

w
-

X=08

30 1

20 25 30 35
Photon energy hvieV)

10

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 K (after
Jenkins [1990]).

{Reprinted with permission from the American Institute of
Physics, © 1990.)
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Fig. 1.4.2. Refractive index n versus wavelength
for different values of x, 300 K (after Pikhtin
and Yas'kov [1980]).

(Reprinted with permission from the American Institute
of Physics. © 1980.)

Fig. 1.4.3. Normal incidence reflectivity versus
photon energy, 300 K.

Curve | —x=0.1. Curve 2 - x = 0.42.

Curve 3 — x = 0.8 (after Aspnes et al. [1986]).

{Reprinted with permission from the American Institute of
Physics, © 1986.)



Aluminium Gallium Arsenide (Al,Ga,_, As) 29

E 104
; -] o] 2 .
b ) ~ 4 Jui ) i o
(3 % o o
3
2 I ] TR T SR T SR SR SRt

14 15 16 19 20 21 22 23 24 25 25 27 28 29 30 31 32 33
Photon energy hv (eV)

L

49
055
0.5¢

]

0

' e |

Fig. 1.44. Intrinsic absorption coefficient near the intrinsic absorption edge for different values of x,
T =300 K (after Monemar et al. [1976]).

(Reprinted with permission from the American Institute of Physics, © 1976.)
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Fig. 1.4.5. Intrinsic absorption coefficient near the intrinsic absorption edge for different values of x,
T'=4 K (after Monemar et al. [1976]).

(Reprinted with permission from the American Institute of Physics, © 1976.)
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Fig. 1.4.6. The absorption coefficient versus photon energy, 300 K.
Curve 1 —x=0.1. Curve 2 — x = 0.42. Curve 3 — x = 0.8 (after Aspnes et al. [1986]).
(Reprinted with permission from the American Institute of 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

= 100

>

€ 80

::n Fig. 1.5.1. Thermal resistivity versus Al frac-
;E_ 6.0 tion x. Solid curve is a theoretical fit to the
= experimental data, 300 K (after Afromowitz
L 4o [1973)).

E 20 ! (Reprinted with permission from the American Institute
57 of Physics, © 1973.)

'E 1 1 1 i 1 1

1 L I
00 0.2 0.4 06 08 10
Composition x

Approximate formula for the lattice thermal resistivity:

Ry, =2.27+28.83x —30x2 (cm -K/W)

06 1T
S f
o
~
2 Fig. 1.5.2. Temperature dependences of specific
S heat at constant pressure.
"é Curve 1 — GaAs (after Lichter and Sommelet
< [1969]).
< Curve 2 — AlAs (after Barin et al. [1977]).
S
(=%
(5]
03 PO T T T N O T W T W O T O O '}
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Temperature T (K}
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00 02 04 06 08 10
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Fig. 1.5.3. Lattice constant as a function of x,
300 K (after Adachi [1985]).

(Reprinted with permission from the American Institute of
Physics, © 1985.)
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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

Physies, © 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, © 1985.)
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1240 + 1082x — 582x?
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1.6. Mechanical Properties, Elastic Constants, Lattice Vibrations,

Other Properties
Density 5.32-1.56x (g/em3)
Hardness ~5
on the Mohs scale
Cleavage plane {110}
Elastic constants at 300 K (after Adachi [1985]):
Ch (11.88+0.14x)-10'"" dyn/cm?
Ci (5.38+0.32x)-10'" dyn/cm?
Cas (5.94+0.05x)-10"" dyn/cm?
Cy, +2G
Bulk modulus Bs= % Bs =(7.55+0.26x)-10"" dyn/cm?
(compressibility™)
Anizotropy factor a=Si=Ci A=(0.55-0.01x)
2C,,
Shear modulus C'=(C,-Cy)/2 C’=(3.25-0.09x)-10'"" dyn/cm?

_ (Cu+2Gu) (G- Gy)

[100] Young's Y, Yy =(8.53-0.18x)-10'"" dyn/cm?

modulus 0 (G +Gp) °

[100] Poisson ratio oy = _Co o =(0.314+0.1x)
Gi+Gy

(after Adachi [1985])
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Acoustic Wave Speeds
Wave propagation Wave character Expression for wave speed Wave speed
direction (in units of 10° cm/s)
(100] v (C,,/0)? 473+ 0.68x + 0.24x2
Vr (Casfp)V? 334+0.46x +0.16x>
|14 [(Ci1 + Ciz +2Cy )2p)1? 524+ 0.78x + 0.24x?
{110] Va Vi =V = (Caulp)V? 334+ 0.46x + 0.16x2
Ve (Cis = Ci2)/2p))"? 247+ 033x +010x?
v [(Ci1 +2Ciz +4Ce)/3p)]V? 5.40 + 0.79x + 0.26x?
(110] ,
Vi (Ciy = Cia + Cag)/30)12 279+ 038x +012x?
400 AlAs-type 10 P |
_ i _T0 7]
...E 360 [ - P _- - Fig. 1.6.1. Optical phonon energy as a function of
o (W s - x. The compositional dependence of the effective
> 320 - = Awred phonon energy (@) and {® ro) are shown
T k- - 1 by the dashed lines (after Adachi [1985]).
c
e 280 P " Lo (Reprinted with permission from the American Institute of
g [ 0 —] Physics, © 1985.)
L 240 GaAs- type 1
2 0 0 ' 1 i 1 1 1 n 1 I
00 02 04 06 08 10

Composition x

Piezoelectric constant e}

—(0.16 + 0.065x) C/m?2.
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CHAPTER 2

GALLIUM INDIUM PHOSPHIDE (Ga,In,_,P)

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

2.1. Basic Parameters at 300 K

InP GaP Gag 5, Ing 40P Ga,In,_,P

Crystal structure Zinc Blende Zinc Blende Zinc Blende ~ Zinc Blende
Space group F43m F43m F43m F43m
Number of atoms in 1 ecm®  3.96-102  4.94-102  4.46-102 (3.96+0.98x) 102
Density (g/cm®) 4.81 4.14 4.47 4.81-0.67x
Dielectric constant

static 12.5 11.1 11.8 12.5-1.4x

high frequency 9.61 9.11 9.35 9.61 - 0.5x
Effective electron mass:
for x<0.63+0.68
Ga,In_, P is direct
semiconductor (like InP).
The lowest valley of the
conduction band is I'-valley
mp (in units of m,) 0.08 - 0.088

for x>0.74+0.77

Ga,In,_,P is indirect

semiconductor (like GaP).

The lowest valley of the

conduction band is X-valley.

Effective electron mass

(in units of m,)
longitudinal m,/m, - 1.12 -
transverse m, /m, - 0.22 -

37
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lnP GaP Gan‘sllnﬂ_‘_gp Gal Inl_xP

Density-of-states electron
mass m.y /m, 0.08 0.79 0.088 0.63 +0.13x (x> 0.74)
Effective hole mass
(in units of m,)

heavy 0.6 0.79 0.7 0.6+0.19x

light 0.089 0.14 0.12 0.09 + 0.05x
Electron affinity (eV) 4.38 38 4.1 438 ~0.58x
Lattice constant (A) 5.8687 5.4505 5.653 See Fig. 2.5.3
Optical phonon
energy (meV) 43 51 See Sec. 2.6

Band structure and carrier concentration

Energy gap (eV)
for x <0.63 1.344 - 1.849 1.34 + 0.69x + 0.48x2
(direct gap)
for 0.77<x<1 - 2.26 - ~2.26
(indirect gap)

Energy separation between

I'-valley and top of the

valence band Er- (V) 1.344 2.78 1.849 See Figs. 2.2.3 and 2.2.4

Energy separation between
X-valley and top of the
valence band E, (eV) 2.19 226 SecFig.2.2.3 SeeFigs.2.2.3and2.2.4

Energy separation between
L-valley and top of the
valence band E; (eV) 1.93 2.6 2.0 1.85 - 0.06x + 0.71x2

Energy of spin-orbital
splitting (eV) 0.11 0.08 0.11 0.101 + 0.042x — 0.05x2
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GaP  Gays)lng 4P

Ga,In,_,P

InP
Effective conduction
band density of states
(ecm™)
x<0.63 5.7-107
x<0.77 -

Effective valence
band density of states
(em™)

Electrical properties

Breakdown field (V/ecm)  =5-10°

Maohilitefom2 U7 o)
lYlUUlll‘-J' \\-’lli .{ v -’}

electrons
x<0.63
0.77<x<1 -

holes

Diffusion coefficient (cm?/s)
electrons
x<0.63
x>0.77 -
holes

Optical properties

Infrared refractive index 3.1

Radiative recombination

coefficient (cm3/s) 1.2-10°10

1.8-10%

1.1-10¥ 1.9-10"

=1.105 =(5+10)-10

<250

<150

3.02

1013

6.5-107 -
- 2.5-10"-(0.66+0.13x)¥?

1.45.10"  2.5-10'?.(0.6+0.19x)¥?2

=(5+10)-10°
See Figs. 2.3.1-2.33

See Figs.2.3.4-23.6

3.06 3.1-0.08x

1-10719
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InP GaP  GagslngeP  Ga,n,_ P
Thermal and mechanical properties
Bulk modulus (dyn/cm?) 7.1.10"  8.8-10"  8.0-10"  (7.14+1.7x)-10"
Melting point (°C) 1060 1457
Specific heat (J/g°C) 0.31 0.43 0.37 0.31+0.12x
Thermal conductivity
(W/cm °C) 0.68 1.1 See Fig. 2.5.1
Thermal expansion, linear
°ch 4.6-10% 4.65-10°
2.2. Band Structure and Carrier Concentration
Energy Energy
xvley [*-valley M- valley
L-valley
X-valley
! E
1 . <100> &9} Hoams
e vector
Heuv; ‘:mles c /-_/ \ Heavy h:fg’e vector
Light holes S0 Light holes
-\Split-oﬂ band Split-off band

Fig. 2.2.1. Band structure of Ga In;_ P forx <
0.63 + 0.68. Important minima of the conduction
band and maxima of the valence band.

[

vy

[t
T

M
L]
w

Energy E (eV)

a0 Q2 0 06 a8 1.0
Composition x

Fig. 2.2.2. Band structure of Ga_ In,_ P for x2
0.74 + 0.77. Important minima of the conduction band
and maxima of the valence band.

Fig. 2.2.3. Energy separations between I'-, X-, and
L-conduction band minima and top of the valence band
versus composition parameter x, 10 K (after Auvergne

et al. [1977)).

(Reprinted with permission from Elsevier Science, © 1977.)
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At 10 K (after Auvergne ef al. [1977)):

Er=1.418+40.77x +0.648x% (eV)

(2.2.1)
Ey =2.369-0.152x+0.147x% (eV)
At 77 K (after Lange et al. [1976]):
Er=1.405+0.702x+0.764x? (eV)
2.2.2)
Ey =2.2484+0.072x (eV)
At 300 K (after Krutogolov et al. [1989], Lange et al. [1976]):
Er=1.349+0.668x+0.76x2
E, =1.85-0.06x+0.71x% (€V) 22.3)
24
Fig. 2.2.4. Energy separation between I'-, X- , and
T 12 L conduction band minima and top of the valence
-&: band near crossover points (after Krutogolov
- et al. [1989]). Crossover points:
2 x.(T=L)=0.67 Er=E,=2.13 eV
E 20 x, (T=X)=0.73 Er=Ey=223eV
x (X—L)=0.78 Exy=E;=224¢V.
18 1 1 L 1

05 06 07 o8 09 10
Composition x

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

E, =134+0.69x +0.48x2 (cV) (2.2.9)

x=0(InP): E,=1344¢eV
x=0.51: E,=1.797 eV (after McDermott et al. [1990])
x=0.67: E;,=2.13 eV (after Krutogolov et al. [1989])
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For x =2 0.77 (indirect compositions) at 300 K:
E,=226eV

Energy of spin-orbital splitting E, at 300 K:

E,,=0101+0.042x - 0.050x2 (after Lange ef al.[1976])

2.2.1. Temperature Dependences

Temperature dependence of the energy gap E,.

x=0 (InP):
TI
E,=1421-49-10*
& T +327 V)
x=1 (GaP):
2
E,=234-62-10"* 7 1'460 (eV) (after Panish and Casey [1969])
x=05 (Gaolsth‘sP):
TZ

E,=1937-612-107* (eV) (after ' Hooft et al.[1992])

T+204

(2.2.5)

(2.2.6)

(2.2.7)

(2.2.8)

2.25 T T T T T T

2.20 4
i 215 -_\\\ 4 Fig. 2.2.5. Temperature dependence of the
o 2 energy gap E, for x = 0.62 (curve 1) and x = 0.64
5210 F 4 (curve 2) (after Chin et al. [1993]).
E 3 (Reprinted with permission from the American Institute
woa0s b of Physics, © 1993)

i 1 i 1 i 1
200 0 100 200 300

Temperature 7 (K]
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Effective density of states in the conduction band N..:
x<0.63 (direct gap)

N, =1.2-10-73%2 (cm™3)

x 2 0.78 (indirect gap)

N, =4.82-10" - T¥%(0.66 + 0.13x)¥2 (cm?)

Effective density of states in the valence band N, :

N, =4.82-10'5-T¥2.(0.6+0.19x)¥2 (cm™3)

Temperature T(K}
500 400 300

101 800

10 15 20 25 30 35
1000/ T (1/K)

2.2.2. Dependences on Hydrostatic Pressure

x=0 (InP):  E;r=136+84-10 P—18-10" P2 (eV)

x=0.36 Er=1.75+9.6-107 P—3-10"5 P? (cV)

x=0.5 Er=193+95-103 P=29.105 P2 (eV)

43

(2.2.9)

(2.2.10)

(2.2.11)

Fig. 2.2.6. The temperature dependences of the
intrinsic concentration. 1. x=0,2. x=0.5,3. x=1.

} (after Goni ez al. [1989])

x=1 (GaP): Ey=226-24-107 P—4.6-10° P (eV) (after Ves et al. [1985)),

where P is pressure in kbar.
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250 1
Fig. 2.2.7. Pressure dependences of the direct
% 225 b gap Er (solid symbols) and indirect gap E,
o i (open symbols) for different values of composi-
.y tion parameter x. l.x=0 (InP), 2. x=0.36,
£200 iy 3.x=0.5, 4.x=1 (GaP), 300 K (after Goni
5 E et al. [1989]).

(Reprinted with permission from The American Physical
Society, © 1976.)

175

1 1 1 1
00 25 S0 75 100 125 150
Pressure P (GPa)

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

Composition x

L
0.0 5.0 100 15.0
Pressure P (GPa}
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2.2.3. Energy Gap Narrowing at High Doping Levels

150 (—rrrrrm—rrrrrmere e m——rrrm
>
g 100 |
$
£ |
& 50
a
=
[T
ol —=7¢
10" 10" '  w0®  w0®

Concentration N {cm™)

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 - after Jain et al.
[1990].

For InP (x=0),

200 v — T

3 1

£ 150}

-1 2

N 100} .

5

E sOf 4
0 NPT R lgunl_ls —
107 0% 10 10

Concentration N {em™)

Fig. 2.2.10. Energy gap narrowing versus donor

(curve 1) and acceptor (curve 2} doping density

4 ang acceplor (curve o) coping cens

for x=1 (GaP), 300 K (Calculated according to
Jain et al. [1990)).

n-type:

AE, =17.2:10°N}*+2.62:107 - NJ* +98.4-10-'2. N2 (2.2.12)
p-type:

AE, =10.3-10° NY*+4.43-10 N}/* +3.38-10"12N}/2 (eV) (2.2.13)
For GaP (x= 1),
n-type:

AE, =10.7-10°NY*+3.45-10°7NJ* +9.97- 102N )2 (eV) (2.2.14)
p-type:

AE, =12.7-10°NY3+5.85-10 NY* +3.90-10"12NY2 (eV) (2.2.15)
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2.2.4. Band Discontinuities at Heterointerfaces

Lattice-matched interface Gag s Ing 4oP/GaAs:
Conduction band discontinuity AE, =0.2¢eV
Valence band discontinuity AE, =0.28eV
(after Bhattacharya et al. [1989]).

Gag slng sP/ Al sng sP: AE, =043E,
AE, =057,
(after O'Brien et al. [1988]).
Gao_slno_s P/(Al yGal_y )05 1 lnol“gp AE‘. = (0.6 - 0.?}53
Ga,In,_,P/(Alg,Gag3 ), s, Ing 4gP: x=044 AE =0.67E,

x=041 AE,=085E,
(after Dawson and Duggan [1994] and Mowbray et al. [1994]).

2.2.5. Effective Masses
Electrons:

For T-valley, x=0(InP) mp=0.08m,
x=05 myp =(0.088+0.003)m,
(after Emanuelsson et al. [1994])
x =1(GaP) mp=0.09m,

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

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

Holes:
heavy my, =(0.6+0.19x)m,

light my, = (0.09+0.05x) m,
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2.2.6. Donors and Acceptors

Ionization energies of shallow donors (meV):

x =0 (InP): S, S8i, Sn, Ge
x=0.5:
Ge (amphoteric behaviour)

For donor level

(after Lee et al. [1993))

x=1(GaP):

Ionization energies of shallow acceptors

x=0(InP):

x=0.5:

Mg ~ 21 + 35 (after Chang et al. [1988]), see also Lu et al. [1991]).

o
o

o
o
T

&~
o
T

Energy £ [ meV)

[
(=]
T

o

S
o

L
02 04 06
Composition x

08 1.0

~57

~5
E.,—E, =47
S ~ 100
Se ~ 100
Te 93
Ge 204
Si 85
Sn 72
(meV):
Zn 35
Mg 30 (MBE)
Mn 270
Ge 21

Fig. 2.2.11. lonization energy of Zn versus x (after

Kato et al. [1980}).
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Ge (amphoteric behaviour) for acceptor level

x =1(GaP):

2.3. Electrical Properties

Si

Mg

2.3.1. Mobility and Hall Effect

1000

S00 -

Hall mobility [a lcm?/V s)

00

x=0(InP):

x =1(GaP):

02 04

06

Composition x

at 300 K

at 300 K

for n,=3- 103 c¢m3,

luctor Parameters: Vol. 2

E,—E, =58 meV
(after Lee et al. [1993])

265
210
57

70

Fig. 2.3.1. Electron Hall mobility versus compo-
sition parameter x, 300 K.

Electron concentration n,= 107+ 1.5 - 10" cm™?
(after Macksey et al. [1973]).

(Reprinted with permission from the American Institute of
Physics, © 1973.)

U, =5-103cm?/Vs

for n,=8- 10" cm™, p, =1.8-10°cm?/Vs

for n,=5- 10" cm, i, =200cm?/Vs
for n,=2.5-10"%cm3, . =100cm?/Vs
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Fig. 2.3.2. Temperature dependence of electron
mobility for x=0.5. n,=5- 10'® cm™3 (after
Zhang et al. [1994]). See also Driessen ef al.
[1993).

(Reprinted with permission from Elsevier Science,
© 1994.)

Fig. 2.3.3. Electron mobility versus electron con-
centration for x =0.52, 300 K (after Shitara and
Eberl [1994)).

(Reprinted with permission from the American Institute of
Physics, © 1994.)

Fig. 2.3.4. Hole Hall mobility versus temperature
in Zn-doped Ga,In,_.P. N, (cm™3):
1.x=065,N,=29-10"7, =N, /N,=0.26,
2.x=032,N,=1.1-10"%, §=0.18,

3.x=07, N,=19.10'%, 8=0.07,
4.x=0.75,N,=52-10'%, 6=0.086,
5.x=0.36,N,=98-10"7, 6=0.18,

6. x=0.55N,=22-10"% 6=0.091.

No significant dependence of the hole mobility on
alloy composition is found (after Kato er al. [1980]).

{Reprinted with permission from the Jap Journal of
Applied Physics. © 1976.)
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Fig. 2.3.5. Hole Hall mobility versus hole concen-
tration for Zn-doped Gag sIng sP, 300 K (after Ikedo
and Kaneko [1989]).

Fig. 2.3.6. Hole Hall concentration (squares) and
mobility (circles) for Mg-doped GagsIngsP as a
function of Mg mole fraction in the growth solution,
300 K (after Chang et al. [1988]).

{Reprinted with permission from the American Institute of
Physics, © 1988.)

2.3.2. Two-Dimensional Electron Gas Mobility at Gays,InsP/GaAs Interface
(after Chan et al. [1989])

77K i, =21300cm?/V-s

300K i, =3500cm?/V s

(Sheet concentration N =1.26-10'2 cm™2)

N =1.89-10"2 cm™2
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2.3.3. Transport Properties in High Electric Fields
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Fig. 2.3.7. Field dependence of the electron drift
velocity in Gag s;Ing 4P at 300 K. Monte—Carlo
calculations (after Brennan and Chiang [1992]).
(Reprinted with permission from the American Institute of
Physics, © 1992.)

Fig. 2.3.8. Field dependence of the hole drift
velocity in Gag sylng 43P 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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2.3.4. Impact Ionization

= 10°F
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Fig. 2.3.9. The dependences of ionization rates for Fig. 2.3.10. Breakdown voltage and breakdown
electrons ¢; and holes B; versus 1/F for x = 0 (InP), field versus doping density for an abrupt p—n
300 K (after Cook er al. [1982]). junction. x =0 (InP), 300 K (after Kyuregyan and
{Reprinted with permission from the American Institute of Yurkov [1989]).

Physics, © 1982))
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Fig. 2.3.11. The dependences of ionization rates Fig. 2.3.12. Breakdown voltage and breakdown
;= B; versus 1/F for x=1 (GaP), 300 K (after field versus doping density for abrupt p—n
Chau and Pavlidis [1992]). junction. x=1 (GaP), 300K (after Sze and

Gibbons [1966]).
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For x =0.52:

106 1.95
=277 10| [ L1261
L~ /s J

1.91
ﬁ?Sp[[Lni,J] ](cm-l},

where F is electric field in Vem™ (Chin er al. [1997)).

2.3.5. Recombination Parameters
Radiative recombination coefficient:

x=0 (InP) 300K-12-10"%¢cm¥s
x=0.5 (Gag:InysP) 300 K- (1.0+0.3) - 10719 cm?¥/s
150K -(4.0+1)- 1079 cm?¥s
(after Strauss et al. [1994])

x=1 (GaP) 300K:
band-to-band recombination
coefficient ~ 10783 cm?s
Auger coefficient (300 K):
x=0 (InP) ~9.1073! emS/s
x=0.5 (GayslngsP) ~3-10%cmS/s (after Strauss et al. [1994])
x=1 (GaP) ~ 1072 cmS)s

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

free surface ~(2+5)- 10*cm/s
(after Pearton et al. [1994])

interface GaInP/GaAs 1.5 cm/s
(after Olson ez al, [1989])

interface GalnP/(Aly;Gag3)gs Ings P 20 cm/s —undoped n-AlGaInP
100 cm/s - AlGalnP with
n,=2.5-10"7cm™3
(after Domen er al. [1992])
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2.4. Optical Properties
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Fig. 2.4.1. Refractive index n versus wavelength

for x=0.5, 300K (after Kaneko and Kishino
[1994]).
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Fig. 2.4.2. Refractive index n versus photon
energy for x=0.51, 300 K (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
Sociery, © 1983.)
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Fig. 2.4.4. Optical absorption spectra for
Ga,In;_,P with different values of x, 7K. 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 er 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 K
(after Adachi [1989], see also Aspnes and Studna
[1983)).

(Reprinted with permission from The American Physical
Sociery, © 1983.)
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Fig. 2.5.1. Thermal resistivity versus alloy compo-
sition parameter x, 300 K (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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5-9 T T . ) ¥ 1 L} T T
_. 58
.q,
- 57 F Fig. 2.5.3. Lattice constant as a function of alloy
s composition parameter x, 300 K (after Onton et al.
n [1971]). Atx = 0.5 GalnP is lattice-matched to GaAs.
S 56 (Reprinted with permission from the American Institute of
,g Physics, © 1971.)
B ssr
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Fig. 2.5.4. Linear expansion coefficient & versus
alloy composition parameter x, 300 K (after
Kudman and Paff [1972)).

(Reprinted with permission from the American Institute of
Physics, © 1972.)
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2.6. Mechanical Properties, Elastic Constants,
Lattice Vibrations, Other Properties

Density 4.81 - 0.67x (g/cm?)
Hardness ~ 5 (on the Mohs scale)
Surface microhardness
(using Knoop’s pyramid test)

x=0 (InP) 460 kg/mm?

x=1 (GaP) 850 kg/mm?
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Elastic constants at 300 K:
Cu (10.11 + 3.94x) - 10" dyn/cm?
Ci, (5.61 +0.59x) - 10" dyn/cm?
Cas (4.56 + 2.47x) - 10" dyn/cm?
C,+2
Bulk modulus B, =“fqz B,=(7.11+1.71x)-10'! dyn/cm?

(compressibility™")

Shear modulus C'=(C,,-Cp)/2 C"=(2.25+l.67’x)-l'[)“d)m/".:mz
[100] Young’s Y= (€11 +2Cp)(C1 = Cia) Yo =(6.11+4.19x)- 10" dyn/cm?
modulus (Cu+Gy)
. C|2
[100] Poisson Og=—-"—7- gp =(0.36-0.05x)
ratio Cu+Cy
Acoustic Wave Speeds
Wave propagation Wave character Expression for wave speed Wave speed
direction (in units of 10° cm/s)
[100] A (Cn/p)? 4.58+1.25x
v (Caafp)V? 3.08+1.04x
v [(Cyy + Gy + 2C0)2p)V? 5.08 +1.35x
[110] Vi Va=Vr = (C'd.,p"jﬁoJ"2 3.08+1.04x
Vit [(Cy - Co)f2p)? 2.16+0.92x
W [(Ciy + 2z + 4Cu )32 5.23+1.40x

(111} ,
Vi (Chy = Cip + Cas)3p))V? 2.51+0.95%
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Fig. 2.6.1. Compositional dependences of longitudinal (dashed lines) and transverse (solid lines) phonon

frequencies of Ga,In, _,P (after Jahne and Ulrici [1980]).
(Reprinted with permission from Akademie Verlag Gmbl{, © 1980.)

Phonon frequencies:
(after Lee et al. [1994))

@0 (GaP — like) = 404.99 — 38.97x — 18.18x% (cm™)

@0 (InP - like) =394.59 — 80.36x + 30.26x2 (cm™!)

wro (M) =368.82 — 88.95x + 26.04x2 (cm™)

Wro (M) =395.02 — 54.26x + 6.72x% (cm™)

Piezoelectric constant e —(0.035 + 0.065x) C/m?
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CHAPTER 3

GALLIUM INDIUM ARSENIDE (Ga In,  As)

Yu. A. Goldberg and Natalya M. Shmidt

3.1. Basic Parameters at 300 K

Crystal structure
Space group
Number of atoms in 1 cm®
Debye temperature (K)
Density (g/cm®)
Dielectric constant

static

high frequency

Effective electron mass:
(in units of m,)

Effective hole mass:
(in units of m,)
heavy
light
Electron affinity (eV)

Lattice constant (A)
Optical phonon
energy (meV)

loffe Institute, St. Petersburg, Russia

Gayy7lngs3As  Ga,In_ As

InAs GaAs
F43m F43m
3.59.102 4.42.10%2
280 370
5.68 5.31
15.15 12.9
12.3 10.89
0.023 0.063
0.41 0.51
0.026 0.082
49 4.07
6.0583 5.6533
30 36

62

Zinc Blende Zinc Blende Zinc Blende

F43m

3.98-1022

330
5.50

13.9
11.6

0.041

0.45
0.052
4.5
5.8687

34

Zinc Blende
F43m
(3.59+0.83x)-102
280 + 110x
5.68 —0.37x

15.1-2.87x + 0.67x2
123 - 1.4x

0.023 + 0.037x
+0.003x2

0.41 +0.1x
0.026 + 0.056x
4.9 -0.83x
6.0583 — 0.405x

See Sec. 3.6
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Band structure and carrier concentration

Energy gap (eV)

Energy separation
between X-valley and
top of the valence
band Ey (eV)

Energy separation
between L-valley and
top of the valence
band E; (eV)

Intrinsic carrier
concentration (cm™)

Effective conduction
band density of
states (cm™3)

Effective valence
band density of
states (cm™>)

Electrical properties

Breakdown field (V/cm)

Mobility (cm?|V - s)
electrons

holes

63

InAs  GaAs Gagylngs3As Ga,In_,As

0.36 1.4z 0.74 0.36 + 0.63x + 0.43x?

1.37 1.9 1.33 1.37 - 0.63x + 1.16x2

1.08 1.71 1.2 1.08 - 0.02x + 0.65x2
1-10t5  2-108 6.3-101 See Sec. 3.2.1
8.7-10'% 4.7-10" 2.1-10v7 See Sec. 3.2.1
6.6-10'% 9.10'8 7.7-1018 See Sec. 3.2.1
=4.10* =4.10° =2.10° See Sec. 3.3.4
<4-10* <8500 <12000 (40-80.7x +49.2x2)-10°
<500 =400 <300 ~300+400
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Ga,In,_.As

Diffusion coefficient

(cm?fs)
electrons <-100 <200 <300
holes <12 <10 <75
Electron thermal
velocity (m/s) 7.7-10° 4.4.105 55.10°
Hole thermal velocity
(m/s) 2-105 1.8-10° 2-10°

Optical properties

Infrared refractive

index 3.51 335 343
Radiative recombination

coefficient (cm?/s) 1.1-1071°  7.1071°  0.96-10°1°

Thermal and mechanical properties

Bulk modulus

(dyn/cm?) 5.8-10"" 7.53.10" 6.62-10"
Melting point (°C) 942 1240 =1100
Specific heat (J/g °C) 0.25 033 03
Thermal conductivity

(W/cm®C) 027 0.55 0.05

Thermal expansion,
linear, (°C™1) 4.52-10765.73-10% 5.66-107°

(10-20.2x +12.3x2) - 102
~T7+12

(7.7-5.9x+2.6x%)-10°

(1.8+2)-10°

3.51-0.16x

See Sec. 3.3.5

(5.81+1.72x)-10"

See Sec. 3.5

See Sec. 3.5
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3.2. Band Structure and Carrier Concentration

Energy
!
X-valley M-valley
Ex
100> £ 0 <111>

—_— o~ Wave vector
Heavy holes

Light holes

Split-off band

Fig. 3.2.1. Band structure of Ga,In,_,As. Important minima of the conduction band and maxima of the valence
band.

25 T T T T

20
s>
Z st
W Fig. 3.2.2. Energy separations between I'-, X-, and
- L-conduction band minima and top of the valence
'g 1.0 band versus composition parameter x (after Porod
uw and Ferry [1983]).

05

P

00 02 04 06 08 10
Composition x

At 300 K:
Er =E, =0.36+0.63x +0.43x2 (V) (3.2.1)
E,=137-0.63x+1.16x2 (eV) (3.2.2)
E; =1.08-0.02x +0.65x2 (eV) (32.3)
At2K:
Er = E, =0.4105+0.6337x +0.475x2 (¢V) (3.2.4)

(after Goetz et al. [1983])
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Interfacial elastic strain induced by lattice parameter mismatch between epilayer and substrate
results in significant band-gap shifts:

085 T T

084
0831

nas
(e ¥

T

081
0380

0.79 1 1 L 1 1

Energy EgleV)

4 Fig. 3.2.3. Energy band gap E, of unstrained
(solid line) and strained (dashed line and experi-
mental points) Ga,In,_,As versus composition
parameter x. Solid line is calculated according io
Eq. (3.2.4). Experimental points are obtained at
4 K (after Kuo er al. [1985]).

(Reprinted with permission from the American Institute of

045 046 047 048 049 0S50
Composition x

3.2.1. Temperature Dependences

E,(x,T)=0.42+0.625x _( >8

2
—419-107 =14
T+271

(after Paul er al. [1991)).

0825 T T T

051

Physics, © 1985.
052 e )

4.19

g

Energy EgleV)
o
3
uun

1 'l i
100 200 300
Temperature T (K}

=2 _ 10-4T2x
T+300 T+271

(3.2.5)

0.475x2 (eV)

Fig. 3.2.4. Energy gap E, versus temperature for
Gag 47Ing 53As. Points are experimental data. Solid
line is theoretical calculation. E,(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,In,_,As on GaAs:

Tz
E, (x,T)=E_(0)—(6x2-8.6x+52)-10"%. eV
s(T) g( )= ) T+(337x2 -—455x+196)( ) (3.2.6)
(after Karachevtseva et al. [1994]).
133 v T T T T .
m“ Fig.3.2.5. Energy gap E, versus temperature for
_13f o Gag g7Ing 13As. Solid line is calculated according
- to equation:
- 128} T2
W Eg(T)=1.321-4.1-10"% (V)
E 127} N T+139
L Points are experimental data (after Karachevtseva
W 125F 1 (1994)).
123 L 1 L L f (Reprinted with permission from the American Institute of
) 100 200 300 Physics, © 1994.)
Temperature 7(K)
Effective density of states in the conduction band N
32
mr
NC?_-4.82-10‘5{—] -T2
m o
=4.82-10'5-7%2.(0.023+0.037x +0.003x2)¥2(cm™3) 3.2.7)
Effective density of states in the valence band:
N, =4.82-10%.T%2.(0.41+0.1x)¥? (cm™) (3.2.8)

Intrinsic carrier concentration »; (after Paul er al. [1991]):
n; =4.83-10'3[(0.41+0.09x)¥2 +(0.027 + 0.047x)¥2]V2

12
x(0.025+0.043x)3/“[T3ﬂe“’32[1+ﬂ+3'—228-—-2-$] -|(cm_3)
v v v ?

(3.2.9)
where v = E (x,T)/kT.
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Fig. 3.2.6. Intrinsic concentration n; versus com-
position parameter x for Ga/In;_.As at different
temperatures (after Paul et al. [1991]).

(Reprinted with permission from the American Institute of
Physics, © 1991.)

2
%

L 1 1 L
0.0 02 04 06 08 10
Composition x

For Gag 471ng 53As at 300 K n;= 6.3 - 10" ecm™,

3.2.2. Dependences on Hydrostatic Pressure
x=0 (InAs):
E, =E(0)+4.8-107P(eV)
E; =E;(0)+3.2-103P(eV)
x =047 (Gag47Ing 53As):
at 80 K: E, =0.796+10.9:107 P -30-10"5P% (eV)
at 300 K: E, =0.733+11.0-107P~-27-1075P2 (V)
(after Lambkin and Dunstan [1988]).
x=1 (GaAs):

Eg = E,(0)+12.6-103P~37.7-10P? (¢V)
E, =E,(0)+5.5-103P (eV)
E,=E (0)-1.5-10"P(eV),

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

1015 LBELELALALLL B BRI AL N LR R AL
= C
[
E
W, Fig. 3.2.7. Energy gap narrowing versus donor
g; 0°E (solid line) and acceptor (dashed line) doping
2 F density for Gag ¢7Ing s3As, 300 K (after Jain er al.
e [1990)).
10 ": Ll 2 aaaul L3 a1l
1017 10“ 1019 1020
Concentration Nicm®3)
For Gﬂ.e_g'?‘nelsgAS at 300 K:
AE, =10°A-N"3+10"7BN'* +10"2CNV2 (eV) (3.2.10)
n-Gagglngs:As:  A=15.5; B=195 C=159
P- 030'471[10'53AS: A= 92; B= 3.5?, C=3.65

N is carrier concentration in cm™3.

3.2.4. Band Discontinuities at Heterointerfaces

Band discontinuities at Ga,In,_,As/Al,Ga,_,As heterointerface
(after Shur [1990]).

Valence band discontinuity AE,:
AE, =0.4AE,, (eV), (3.2.11)

where AE  (eV) =1.247y +1.5(1- x)—0.4(1 - x)? (eV) is the difference
between I'-valleys in Ga,In,_,As and Al,Ga;_,As.
Conduction band discontinuity AE,.:

AE, = AE, - AE, (3.2.12)
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Energy gap discontinuity AE,:

AE,=AE,, for y<0.45 (3.2.13)

AE, =0.476+0.125y +0.143y? +1.5(1—x)-0.4(1-x)* for y>0.45

(3.2.14)
Band discontinuities at Gag 47Ing s3As/InP heterointerface:
AE_=0.22¢eV, AE,=0.38eV (3.2.15)
Band discontinuities at Gag 47Ing s3As{Aly 43Iy s,As heterointerface:
AE.=0.52eV, AE,=0.2eV (3.2.16)
For Ga,In,_.As/AlIn,_.As heterointerfaces:
AE,/AE, =0.653+0.1(1 - x) (eV) (3.2.17)

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

Electrons:
For T-valley at 300 K: m-/m, =0.023+0.037x +0.003x2

Fig. 3.2.8. Electron effective mass mp versus
composition parameter x for Ga,In,_As (after
Adachi [1992)).

(Reprinted with permission from John Wiley & Sons,
©1992)

0.0 04 08
Composition x
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For x = 0.47 (Gag 47Ing s3As):

mr=0.
'
e

o

T

=

ir=

&

my (L—valley): m; /fm, =0.29
my(X —valley): my /m, =0.68

(after Pearsall [1982]).

Holes:
heavy my, =(0.41+0.1x)m,
light my, =(0.026+0.056x)m,

split-off band  m,, =0.15m,

3.2.6. Donors and Acceptors

Ionization energies of shallow donors (meV):

x=0 (InAs) S, Se, Ge, Si,Sn, Te =21
x=047 (G&DA';II]Q'S]AS) Ge, Si, Sn, C =5
x=1 (GaAs) S, Se, Ge, Si,Sn, Te =6

Ionization energies of shallow acceptor (meV):
x=0 (InAs) Sn—10,Ge~-14,Si—-20,Cd—-15,Zn—- 10

x=047 (Gag 47Ing 53A5) Zn - 20, Mg - 25, Cd — 30, Mn - 50.
Fe — 150 (above valence band), 280, 370, and 440 below
conduction band

x=1 (GaAs) C — 20, Si — three acceptor levels ~ 30, 100, and 220,
Ge—-30,Zn—25,Sn-20

O<x<l Mg ~25,Be ~25,Cd -8 + 20
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3.3. Electrical Properties
3.3.1. Mobility and Hall Effect

20
18
-~ 16 . .
; Fig. 3.3.1. Electron drift (dashed curves) and
L Hall (solid curves) mobility versus composition
€1 parameter x. 300K. 1, 1. n= 3.10%cm™;
k] 0 2, 2.n=4-10"%cm™3, 3.n=23-10"cm™.
< For curve 3 electron Hall and drift mobility
4 8 values are practically equal. Symbols are experi-
g 6 mental data from several different papers (after
"-E;! Chattopadhyay et al. [1981)).
= 4 (Reprinted with permission from IOP Publishing, © 1981.)
2k 1
i ' | - A
00 02 04 06 08 10
Composition x
For weakly doped n-Ga,In,_.As at 300 K:
M, =(40-80.7x+49.2x2)-10°cm?/Vs (3.3.1)
TTTTTY T T T T T
2 -
w0 ;
<~ f ]
E L
< | ] y
e | Fig. 3.3.2. Electron Hall mobility versus tem-
e | perature for Gag 47Ing s3As. Electron concentration
i - ] n,=23.5- 10" cm™2 at 300 K (after Oliver, Ir. et al.
3 [1981)).
E 10 —3 (Reprinted with permission from Elsevier Science, © 1951.)
; ]
-llllll 1 s aaal L
s 10 50 100 300

Temperature T(K)
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107107 0" w0® 10 107 0% 10 0% 7 10"
Concentration nglem3) Concentration g {cm™)
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Fig. 3.3.3. Electron Hall mobility in Gag47Inys3As at 77 K (a) and 300 K (b) for different compensation
ratios 8= (N;+ N,)n. 1.6=1, 2.8=2, 3.0=5,4.6=10.

Symbols represent the experimental data from several works (after Pearsall [1982]).

{Reprinted with permission from the author)

1.30 T T T T T T
1254 1
" -
‘3:1.21] I‘ ‘
- J Fig. 3.3.4. Hall factor for n-type Gagy;lngs;As
2 1.'IS|- versus temperature. 1 —n,=10%cm™3, 2 -
e | 1, = 1017 cm™3 (after Pearsall [1982]).
__:E': 110 [ (Reprinted with permission from the author)
2
105 /\ ]
llnu e | 1 1
50 100 200 500

Temperature T (K]
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For weakly doped p-Ga,In;_,As at 300 K:
1, $500cm?/Vs at x=0 (InAs)
B, $300cm?/Vs at x=0.47 (Gagylngs;As)

p, <400cm?/Vs at x=1 (GaAs)

Y L]
~ - -
E \ Fig. 3.3.5. Hole Hall mobility versus temper-
:__‘? at \. 4 ature for Gayg4sIngs;As. Hole concentration
- \ Po=5.5-10%cm™ at 300K (after Novak ef al.
| \ | [1989)).
g (Reprinted with permission from Elsevier Science, © 1989.)

102 PR | i 1 1
50 100 200 300 500
Temperature 7 (K)
- 10‘: LEEAAALLL R B B AL N R L '"]3: LELAALLL B R Ll B R R LLL BN R
o o - 3 by o E
JE . ] > 1
‘E.EJ i - ] NE ™ L ] . :
a L] l.. 3 L]
302k DS 2107 ., : 3
[ 4 s asaaul s s aaaul Lt aasul T L
108 10" 10" 108 107 0% 107 0 01 102
Concentration {cm™3) Concentration {cm™)
(a) (b)

Fig. 3.3.6. Hole Hall mobility in Gag 4Ings3As at 77 K (a) and 295 K (b) versus total impurity concentration
N;+ N, (after Pearsall and Hirtz [1981]).
(Reprinted with permission from Elsevier Science, © 1951.)
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3.3.2. Two-Dimensional Electron and Hole Gas Mobility in Heterostructures

——r T
105__ opogbe g0 o@ 8 0O oo :1012
w F ] =
> - Susos9E pg o E E
«\ i N e ] =

- ﬂ' - o
£ [ -—, i
i | R B
Iun
4 PR | . "
1040 100 300

Temperature T (K]

Fig. 3.3.7. Temperature dependence of the electron
mobility u, (1) and sheet electron density nypgg (2)
in Gag s;lng s3As/Aly selng ;As  heterostructure.
Doping density in AllnAs layer is equal to
3-10" cm™?, 300 K (after Matsuoka et al. [1990]).

(Reprinted with permission from the Japanese Journal of
Applied Physics, © 1990.)

"
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?ﬁ

Wn lem¥/Vs)

2
'ln'r‘ 1 1 L L L ]
015 0.25 035 045
Composition x

Fig. 3.3.8. Hall electron mobilities of pseudo-
morphic GaJn,_,As/Aly 4slng s;As MODFETs at

77 K (1) and 300 K (2) (after Pamulapati ef al.

L% LAY 28T Famusapad

[1990)).

(Reprinted with permission from the American Institute of
Physics, © 1990.)

Measured Hall data from stress compensated Ga,In,_,As/Aly 4gIng s;As modulation-doped

heterostructures (after Chin and Chang [1990]).

o (em?Vs) 2DEG density (cm™2)

x 300K 77K 300K 77K
0.25 14100 113000 1.71-1012 1.65-10'2
0.20 15200 123100 1.84-1012 1.81-1012
0.15 15300 70700 1.84-10'2 1.81-1012
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7000
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o o
8 8

4000
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2000 L s b . —L.
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Density nypeg (102em?)

Mobility tLalem?/V s)

30

Fig. 3.3.9. Electron mobility versus 2D carrier
density at 300 K for pseudomorphic HEMT structures
AlGaAs[Ga,In,_ As/(Al)GaAs.

H - homogeneously doped structures,

P — planar doped structures. For H1-15, H2-15,
P-15 and 2P-15 samples the value of x is equal to
0.85. For P-25 and 2P-25 — x = 0.75 (after Gaonach
et al. [1990]).

(Reprinted with permission from the IOP Publishing, © 1990.)

2DEG concentration and electron mobility of multiple (samples A, B, and C) and single
(sample D) 8-doped GaAs/Gay 75Ing ,sAs/GaAs structures (after Shieh er al. [1994]).

MDEG H,
(x10"2cm?) (em™?/Vs)
300K 7K 300K TK
Sample A 43 2.5 3910 18400
Sample B 8.8 6.0 2710 6540
Sample C 6.2 4.1 4630 19100
Sample D 20 1.8 5600 22000
105 T T T T T TTTorm T3
L]
Z " oJ
g %
- . Fig. 3.3.10. Hole Hall mobility (1) and 2DHG
e 3 % density (2) versus temperature for single strained
10 . GaAs/Gag gIngAs/GaAs quantum well structure
* (after Fritz et al. [1986}).
(Reprinted with permission from the American Institute of
Physics, © 1986.)
(A A NN Y] a.l.....a"
2 10 100 400

Temperature T (K}
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10 ———rT ————

M i aal 1 1 1 i
s as 2 wt 6
Hole density P2omG (10 cm?)

Mobility Hp(10%cm™/V s)

Drift velocity ¥y (10" em/s)

T 030
Field F [ kV/cm)

Fig. 3.3.12. Field dependence of the electron drift
velocity for Gay49lngs3As, 300 K. Solid line
represents Monte—Carlo calculation. Points and
triangles are experimental data for two samples.
Points: n,=2.9-105cm™3, u,=8500 cm?/Vs.
Triangles: n,=9-10" em™, p,=10000 cm?/Vs
(after Balynas ef al. [1990]).

(Reprinted with permission from Springer-Verlag GmbH,
© 1990)

Fig. 3.3.11. Hole Hall mobility at 76 K versus 2D
carrier density for 90 A-thick GaAs/Gag glny,As/
GaAs single strained quantum well (after Fritz
et al. [1986]).

(Reprinted with permission from the American Institute of
Physics, © 1986.)

Drift velocity vy (10"cm/s)

L 1 1
0 5 10 15 20
Field FlkV/cm)

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 K (after
Thobel et al. [1990]).
(Reprinted with permission from the American Institute of
Physics, © 1990.)
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30 T r T

CO Vo2 |
§

- 20 3 1 Fig. 3.3.14. Field dependence of the electron
-';n drift velocity for Gag 47Iny s3As, 300 K. Electron
:‘ i concentration n,(cm™): 1. 10'3, 2. 10'7, 3, 108
G | (after Haase et al. [1985)).
§ 1o (Reprinted with permission from the American Institute of
- i Physics, © 1985)
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Fig. 3.3.15. Electron saturation velocity versus Fig. 3.3.16. The field dependence of longitudinal
temperature for Gag4yIngs3As (after Adachi (1) and transverse (2) diffusion coefficient for
[1992]).

Gag 47Ing 53As (after Bourel et al. [1991]).
(Reprinted with permission from John Wiley & Sons, Inc.,
© 1966.)
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3.3.4. impact ionization
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Fig. 3.3.18. Electron «; and hole f; ionization
coefficients in Gagazlngs3As versus 1fF (after
Osaka et al. [1985]).

(Reprinted with permission from IEEE, © ]1985.)

Fig. 3.3.17. Calculated field dependence of the
hole drift velocity for x = 0.47 (curve 1) andx =1
(GaAs, curve 2), 300 K (after Adachi [1992]).

(Reprinted with permission from John Wiley & Sons, Inc..
©1992)
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Fig. 3.3.19. Electron «; and hole §; ionization
coefficients in Gaggln, ,As — GaAs strained layer
superlattice versus 1/F (after Bhattacharya et al.
[1986)).

{Reprinted with permission from Elsevier Science, © 1986.)
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3.3.5. Recombination Parameters

10

T TTTTT

T

Lifetime T [ns)
=
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107 10" 10"
Carrier density lem )

Fig. 3.3.21. Nonradiative (curves 1 and 2) and
radiative (curves 3 and 4) lifetimes for Gag 47Ing i3As
versus majority carrier density. 300 K. Solid curves
are dependences for n-type, dashed curves are
dependences for p-type (after Henry et al. [1984]).
(Reprinted with permission from [EE, © 1984.)

Fig. 3.3.20. Avalanche breakdown voltages for
Gag 47Ing 53As (curve 1) and InP (curve 2) p*-n
abrupt junctions versus carrier concentration (after
Amold et al. [1984]), 300 K.

{Reprinted with icsion from IOP Publick © ]084)
* pe -/ g )

\Heprintegd with

1079

B lem¥/s)
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Fig. 3.3.22. Coefficient of the bimolecular recombi-
nation as a function of temperature for Gag 47Ing 53As
(after Zielinski et al. [1986]).

{Reprinted with permission from the American Institute of
Physics, © 1986.)



Gallium Indium Arsenide (Ga,Iny_, As) g1

10 F T T T T T T T
—_ - 4
[ o 3
3 ]
9 [ o o )
£ o ]
o
S -
R E o E
= - *a
2 [ a4 7
n B A L
-2 o ~
= L .
o

]0" IR TR TIIT AW RTINS W R

10" 10" 10" 10%°
Hole concentration p, (em™)

—

(=]
=
o

Pure n-type Gag 47Ing s3As (n, ~ 2 - 101 cm™3):

The longest lifetime of holes
Diffusion length L,= (D, - 7,)'"?

Surface recombination velocity

Radiative recombination coefficient
for G80_47In0_53AS at 300 K
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for Gﬂo'.ﬁrlno_s;AS at 300 K

Fig. 3.3.23. Electron diffusion length in
p-Gag 47Ing 53As as a function of hole concen-
tration (after Ambree et al. [1992]).

(Reprinted with permission from JOP Publishing, © 1992.)

7, <1055
L, <100 ym

< 10%cm/s

0.96 - 1072 cm?/s
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3.4. Optical Properties
Infrared refractive index (300 K):

n,=(k,)2=3.51-021x

i6 T T T T

35|

Refractive index n

k| 1 i 1 L
05 05 07 08 09 10
Composition x

Fig. 3.4.1. Refractive index n versus alloy
composition x at different photon energies hv.
l.hv=12¢V, 2.hv=09 eV, 3. hv=0.6 eV
(after Takagi [1978]).
(Reprinted with permissi
Applied Physics, © 1978.)
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Fig. 3.4.2. Refractive index n versus photon
energy for Gag 47lng s3As. T'= 300 K (after Adachi
[1992]).

(Reprinted with permission from John Wiley & Sons, Inc.,
©1992)

0,? Ll T T T T

o5

0S5k
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g ol Adachi [1992]).
I (Reprinted with permission from John Wiley & Sons, Inc.,
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Fig. 3.4.4. The absorption coefficient versus photon
energy at different temperatures for Gag 47Ing 53As.
Electron concentration n, =8 - 10"* cm™, Curves
are shifted vertically for clarity (afier Zielinski
et al. [1986]).

(Reprinted with permission from the American Institute of
Physics, © 1986.)
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Fig 3.4.5. The absorption coefficient versus photon
energy for GagsIngsiAs, 300 K (after Adachi
[1992]).

(Reprinted with permission from John Wiley & Sons, Inc.,
© 1992

A ground state Rydberg energy R,, = 2.5 meV (for x = 0.47).
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Fig. 3.4.6. Free carrier absorption coefficient
versus wavelength. a—=T=300K, b-T=92K.
1, 1. GaolnslﬂolngS, N‘= 1.4- 10” cm-l.
2,2'. Gag,IngeAs, N;=5.4- 10" cm3 (after Aliev
et al. [1987)).

(Reprinted with permission from Akademie Verlag GmbH,
© 1987.)
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3.5. Thermal Properties

25 T T T T

20

15

PR N T WU W A |

10

LIS LA e B o o e
/

PRI B

Thermal resistivity (em K/W)

0.0 02 04 06 08 10
Composition x

Fig. 3.5.1. Thermal resistivity versus composi-
tion parameter x in Ga,In,_As, 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.)
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Specific heat Cp (J/g K

i 1 1
0 100 200 300
Temperature T (K}

Fig. 3.5.2. Temperature dependences of specific
heat at constant pressure for different values of x in
Ga,In;_,As.

1.x=0, 2.x=02, 3.x=04,

4,.x=0.6, 5.x=08, 6.x=1

(after Sirota et al. [1982]).

Fig. 3.5.3. Debye temperature as a function of temper-
ature for different values of x in Ga,In;_As. (1. x=0,
2. x=02, 3. x=04, 4. x=06, 5. x=08, 6. x=1)
(after Sirota ef al. [1982]).
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3.6. Mechanical Properties, Elastic Constants,

Lattice Vibrations, Other Properties

Density 5.68 — 0.37x (g/cm?)
“E
E 600 L} T T T T
£ 50k A= J
- ,_.I\ / i\ Fig. 3.6.1. Knoop microhardness anisotropy on
wse0F /N \ the {100} plane for Gag4lng¢3As (after Adachi
S sl A Ny \ | noe2.
2 r \[\\ (Reprinted with permission from John Wiley & Sons, Inc.,
o 520 3 © 1992)
§ ﬂgg L 1 I 1 1 1 1 L
x 0 10 20 30 40 S0 60 70 80 90
Angle from {1905
Cleavage plane {110}
Elastic constants at 300 K:
Ch (8.34 + 3.56x) - 10" dyn/cm?
Ci, (4.54 +0.8x) - 10" dyn/cm?
Cua (3.95 + 2.01x) - 10" dyn/cm?
+2
Bulk modulus B, = % B, =(5.81+1.72x)-10"'dyn/cm?
Anizotropy factor A= Gi-Gy A=(0.48+0.07x)
2C,
Shear modulus C'=(C,-Cp)/2 C’'=(1.9+1.38x)-10" dyn/cm?

[100] Young’s Y, = (G +2G)(G = GC)

modulus (Cu+Ga)
[100] Poisson Gp=—S12__
Ci+GCy,

ratio

Yy = (5.14+3.45x)-10" dyn/cm?

0o = (0.35-0.04x)
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Acoustic Wave Speeds

Wave propagation Wave character Expression for wave speed Wave speed
direction (in units of 10° cm/s)
[100] v, (Cyy]p)V? 383 +0.90x
Ve (Culp)V? 2.64+0.71x
4 (G, + Cip +2Cy)[2001? 4.28 +0.96x
(110} Va Vi =VYr =(Cap)? 264 +071x
V., [(Ch = C2)20)12 183+ 0.65x
v [(Cy1 +2Cy3 +4C44)3p)]? 4.41+099x
[111] i
4 [(Ci1 = Ciz + Cas)30)]Y2 213+0.67x

Fig. 3.6.2. Raman-active phonon modes in

T GagIn;_,As. The symbols show experimental
E results.
5 1. LO phonon behavior,
'E . 2. TO phonon behavior,
2 — 3, 4. mixed mode behavior (after Pearsall et al.
5 \a\z [1983]).
= 2201 1 (Reprinted with permission from the American Institute
of Physics, © 1983.)
200 1 1 1 i
00 02 04 06 08 10

Composition x

Piezoelectric constant €4 —(0.045+0.115x)C/m?
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GALLIUM INDIUM ANTIMONIDE (Ga,In,_,Sb)

Yu. A. Goldberg

4.1. Basic Parameters at 300 K

Crystal structure

Space group

Number of atoms in 1 cm?
Debye temperature (K)

Density (g/cm®)
Dielectric constant

static
high frequency

Effective electron mass:
(in units of m,)

Effective hole mass:

(in units of m,)
heavy hole
light hole

Electron affinity (eV)

Lattice constant (A)
Optical phonon energy (eV)

Ioffe Institute, St. Petersburg, Russia

InSb GaSb Ga,In,_.Sb
Zinc Blende Zinc Blende Zinc Blende
F43m F43m F43m
2.94-1022 3.53-102 (2.94+0.59x) 1022
160 266
5.77 5.61 5.77-0.16x
16.8 15.7 168 -1.1x
15.7 14.4 15.7-1.3x
0.014 0.041 0.014 + 0.0178x + 0.0092x2
0.43 0.4 0.43 - 0.03x
0.015 0.05 0.015 + 0.01x + 0.025x2
4.59 4.06 4,59 - 0.53x
6.479 6.096 6.479 - 0.383x
0.025 0.0297 See Sec. 4.6

89
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Band structure and carrier concentration
InSb GaSb Ga,In,_.Sb
Energy gap (eV) 0.172 0.726 0.172 4+ 0.139x + 0.415x%
Energy separation between
I-valley and L valleys Er; (eV) 0.51 0.084 See Fig. 4.2.4
Energy separation between
I'-valley and X valleys Ery (e V) 0.83 0.31 See Fig. 4.2.4
Energy of spin-orbital
splitting E,, (eV) ~08 ~0.38 See Fig. 4.2.5
Intrinsic carrier
concentration (cm™3) 2-1016 1.5-1012 See Fig. 4.2.7
Effective conduction
band density of states (cm™3) 4.2-101¢  2.1-10!7  2.5-10'%(0,014 + 0.0178x
+ 0.0092x2)*72
Effective valence
band density of states (cm™) 7.3-101%  1.8.10"°
Electrical properties
Breakdown field (V/cm) ~ 10 ~5-10 ~(1+50)-10°
Mobility (cm?/V-s)
electrons <7.7-100 <3.10° See Fig. 4.3.1
holes <850 <1000 <1000
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Diffusion coefficient (cm?[s)
electrons
holes
Electron thermal velocity (m/s)
Hole thermal velocity (m/s)

Optical properties
Infrared refractive index
Radiative recombination
coefficient (cm¥[s)

91

Thermal and mechanical properties

Bulk modulus (dynfcm?)

Melting point (°C)

Specific heat (J/g°C)

Thermal conductivity (W/cm °C)
Thermal diffusivity (cm?/s)
Thermal expansion, linear, (°C™")

InSb GaSb Ga,In;_,Sb
<2-103 <75
<22 <25
9.8-10° 5.8-10° (9.8—-4x)-10°
1.8-10° 2.1-10% (1.8+0.3x)-10°
4.0 38 4.0-0.2x
5.10-1 =10-10
4.66-10'"  5.62-10!! (4.66+0.96x) 10"
527 712 See Fig. 4.5.6
0.2 0.25
0.18 0.32 See Fig. 4.5.1
0.16 0.23
5.37-10¢ 7.75-10°¢
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4.2. Band Structure and Carrier Concentration

Energy Energy
X-valley - valley X-valley
[M-valley
L-valley L-valley
Ex Ex
Eg &
<100> <> <100> 0 <MD
P T Wave vector _ / o~ Wave-vector
E. Heavy holes Eso ) Heavy holes
50/ Light holes \nght holes
Split-off band Split- off band

Fig. 4.2.1. Band structure of InSb (x=0).  Fig. 4.2.2. Band structure of GaSb (x = 1). Important
Important minima of the conduction band and  minima of the conduction band and maxima of the

maxima of the valence band. valence band.

E;=0.17eV, E; =068 eV E,=073eV, E; =081 eV

E.=1.0€V,E,=08eV. E,=1.03¢eV,E,=08¢V.
09 T T T T T T T T T

function of composition parameter x. 1. T=80K,

= /

206 1 1

.y ig.4.2.3. Energy gap E, of Ga,In,_Sb as a
Wl 4

) ok / 2 1 2. T=300K (after Auvergne et al. [1974]).
o Y .
- (Reprinted with permission from Elsevier Science, © 1974.)
w 03F . / ./1 -
-— '/..-
02 — .

Composition x

At 300: E,=0.172+0.139x + 0.415x* (eV) 4.2.1)
At 80: Eg=0.234 +0.154x + 0.415x% (eV) (4.2.2)
(after Auvergne et al. [1974])
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Energy E (eV]

0253 05 07 09
Composition x

Fig. 4.2.4. Energy separation between I', X and
L-conduction band minima and top of the valence
band versus alloy composition parameter x, 300 K
(after Zitouni er al. [1986]).

(Reprinted with permission from The American Physical
Society, © 1986.)

4.2.1. Temperature Dependences

Q75 T T T T T
Xz
060 .
07
045F g

Energy EgleV)

w
0
e
\027
0083
015 L L 1 i

1
0 100 200 300
Temperature T (K]

0.9 T T L T T T Ll T
; .
2 o8t ]
o :
o p
2071
a
c -
w

06 i 1 i 1 1 i 1 1 L

00 02 04 06 08 1.0
Composition x

Fig. 4.2.5. Energy of spin-orbital splitting £,
versus composition parameter x, 77 K (after
Auvergne et al. [1974]).

(Reprinted with permission from Elsevier Science, © 1974.)

Fig. 4.2.6. Temperature dependences of energy
gap E, for different Galn,_Sb compositions
(after Roth et al. [1980]).

(Reprinted with permission from CISTI/Research Press,
© 1980.)
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1 1
T +260 7+200
+5-10-5Tx(1 - x) (eV) (4.2.3)

E (x,T)=E,(x0)-62-10 - T2x ~3.8-10T2(1-x)

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

Temperature T (K)
500 300 200 100

Fig. 4.2.7. The temperature dependences of the
intrinsic carrier concentration.
1.x=0,2.x=03,3.x=06,4.x=1.

e
2 3 4 5 6 7 8 9 10

Fig. 4.2.8. Composition dependence of the
intrinsic conductivity at 300K (after Wooley
and Gillet [1960]).

(Reprinted with permission from Elsevier Science, © 1960.)

poaninsl saued 5ol o

Bogd 3 ool

‘0'3111I|I1I1
00 02 04 06 08 10

Composition x

4.2.2. Dependences on Hydrostatic Pressure (After Zitouni et al. [1986])

dE
—=£ =(15-0.5x)-10%eV/kbar
dP

dE,
dp

dE,
dpP

=(5.5-0.5x)-10-%V/kbar (4.2.4)

=-1.5-10"%¢V/kbar
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Energy £ eV}

0 5 10 15

Pressure P lkbar)

4.2.3. Effective Masses

Fig. 4.2.9. Energy separation between I'-, L-, X-
conduction band minima and top of the valence band
for Gag 73Ing 225b versus hydrostatic pressure. 300 K

(after Zitouni et al. [1986]).

(Reprinted with permission from The American Physical

Society, © 1986.)

Electrons:
For I-valley mp = (0.014 + 0.0178x + 0.0092x%) - m,
005 v 1 T T T T T T T
004 ! f;
o ,S'o
E
% 003fF &
E
oozt 1 Fortin [1978)).
001 TR WY WA SN TN N SR S © 1978)
00 02 04 06 08 10
Composition x
Holes:
heavy my, =0.4m,
light my, = (0.015+ 0.01x + 0.025x%)m,

split-off band

Mg, = (0.12 + 0.020)m,

(4.2.5)

Fig. 4.2.10. Effective electron mass versus com-
] position parameter x at 300 K (curve 1), and 6 K
(curve 2). Experimental results have been taken
from five experimental works (after Roth and

(Reprinted with permission from CISTI/Research Press,
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4.2.4. Donors and Acceptors

Ionization energies of shallow donors (meV):

x =0 (InSb):
x =1 (GaSb):

S, Se, Te <0.7
S(L) 150,
S(X) 300
Se(L) 50
Se(X) 230
Te(L) 20
Te(X) <80

Tonization energies of shallow acceptors (meV):

x=0 (InSb):
x=1(GaSb):

Cd-10,
E, =30,

Zn-10,
Ea2 = 100,

Cr-70, Cu®-28, Cu -56

Si~10, Ge~9,

Zn~37
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4.3. Electrical Properties

4.3.1. Mobility and Hall Effect

10

10

Mobility [n (cm?/V s)

103

Mobility W,lcm2/V s)

5

A

1 1 L

00

n n 1 |
02 04 06
Composition x

08

10

PR |

Fig. 4.3.1. Electron mobility versus composition
parameter x for Ga,n,_Sb, 300 K. Circles
represent the data by Miki et al. [1975]. Full
circles — InSb substrate, open circle — GaSh
substrate. Squares represent the data by Kawashima
and Kataoka [1979].

(Reprinted with permission from the Jap J I of
Applied Physics, © 1979.)

Electron concentration ng ~ 105 + 1016 cm™3,

Fig. 4.3.2. Electron Hall mobility versus
temperature for Ga,In,_Sb 1.x=0.10, 2.x=
047, 3.x=0.70, 4.x=0.86, 5.x=091 (after
Wooley and Gillett [1960]. See also Coderre and
Woolley [1969]).

(Reprinted with permission from Elsevier Science, © 1960.)
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> |
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103_ . a3 1l L |1111|||' i n

10'® 10" 10'

Concentration n, tem™)

Fig. 4.3.3. Electron Hall mobility versus electron concentration for GaSb (x=1). I'=77 K. Open circles
represent measurements with a group of samples having approximately the same residual acceptor
concentrations N, 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 (N, ") ionized.

1.N;=12-107or N;7=04-10"em™, 2. N; =285-10"7 or N;-=095- 10" cm™?,
3.N;=45-1070or N;~=15-10"" cm™ (after Baxter et al. [1967]).
(Reprinted with permission from The American Physical Society, © 1967.)

Mobility la (em?/V s)

.IU'IS IU‘IB

1011.

151 .
A {’\ h
5 X
< 13r I X ~
£ x
~12b I .
£

1 :’\'\a\“?‘ xx .

10 EPETITT ..uul\.m,m

TUI? ID" 10'9 10 10" 106 10" 10‘3

Concentration n, (cm™)

Fig. 4.3.4. Electron mobility versus electron
concentration for InSb (x=0), 77 K (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 K (after Baranskii
and Gorodnichii [1969]).
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_ 10" 3 T T T T T T ™3]
: 3 /-u-%‘\\\‘cj E
~ L

E T T
310°F 2 " ;
> F

2t

o

s L -

102 i A | i L
20 50 100 300

Temperature T(K)

Fig. 4.3.6. Hole Hall mobility versus temperature
for GaSb (x = 1). MBE technique. Carrier concen-
tration p, at 300 K:

1.2.28 - 10" cm™3,

2.19:10"% cm™

(after Johnson et al. [1988]).

{Reprinied with permission from IOP Publishing, © 1988.)
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Fig. 4.3.8. Hole Hall mobility versus hole concen-
tration for InSb (x = 0).

1. 77 K (after Filipchenko and Bolshakov [1976]).
2. 290 K (after Wiley [1975]).

(Reprinted with permission from Academic Press, © 1975}

1200 LELEALLL BN EREIELL AL B R

2 1000
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=

200
10 107 10® 10" 0%
Concentration p, {cm™)

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.)
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Fig. 4.3.9. The hole Hall factor versus carrier
concentration for InSb (x = 0), 77 K (after Baranskii
and Gorodnichii {1969]).

(Reprinted with permission from Akademie Verlag GmbH,
© 1969.)
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4.3.2. Transport Properties in High Electric Field

Drift velocity vyl 10" em/s)

0 1 2 3
Field F {kV/cm)

10

1 L 1
0.0 10 20 30 &0
Field F (kV/cm)

Fig. 4.3.11. Fraction of electrons in the I'-valley
as a function of field for different values of x
(after Ikoma et al. [1977]).
(Reprinted with p from the Jap
Applied Physics, ® 1977.)

Journal of

Fig. 4.3.10. Field dependences of the electron
drift velocities calculated by Monte Carlo method
for different values of x, 300 K (after Ikoma et al.
[1977)).

(Reprinted with permissie
Applied Physics, © 1977.)

from the Jay J ! of

o o o
o w ~

o
fart

Mean energy (eV)

0 1 2 3 4
Field F (kV/cm)

Fig. 4.3.12. Electron mean energies in the I'- and
L-valleys of Gagslng sSb as a function of field,
300 K (after Ikoma et al. [1977]).

(Reprinted with p from the Jap Journal of
Applied Physics, © 1977.)
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4.3.3. Recombination Parameters

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

T,=7,=1/Cn?,

where C =5 - 10726 cm%/s is Auger coefficient, n; is intrinsic concentration.
For300K: 7,=17,=5-10%s

At 77 K for pure InSb n-type: the lifetime of holes T,~10%s
p-type: the lifetime of electrons T,~ 107105

Radiative recombination coefficient S-107°" em?fs

Auger coefficient C= 5-10"26cmSfs

For x = 1 (GaSb)

10°® E
2 109 o Fig. 4.3.13. Electron radiative (squares) and
: 3 nonradiative (triangles) lifetime versus acceptor
E ] concentration for p-GaSb (x = 1), 77 K (after Titkov
i et al. [1986]).
2 10"
|
10"
10" 10" 10 107
Concentration Nglem™)
Radiative recombination coefficient ~ 10719 cmfs
Auger coefficient 77K 210 cm®s
300K 5-107%9 cmb/s
Auger coefficient in In As/Ga,In,_,Sb 77K 1.3-1077 cmf/s
superlattices (after Youngdale [1994]) 300K 810 cm®s
Surface recombination velocity for Gay glng 4Sb 2-107 cm/s

(after Mbow et al. [1993])
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4.4. Optical Properties

Infrared refractive index (300 K):

Long wave 70 phonon energy at 300 K (meV):

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

Reflectance R

Refractive index n

n, =k, )V2=4.0-0.2x

x=0 (InSb) 229

=0 (InSb) 24.4
I (GaSb) 289

1 Y W i A

00 10 20 30 40 50 6O
Photon energy AV (eV)

e
-

o
on

b
n

o
=~

[=]
w
T

1 " 1 I 1 i 1

o
r

15

25 35 45 5.5
Photon energy hv (eV)

Fig. 4.4.1. Refractive index n versus photon energy
for x=0 (InSh, curve 1) and x =1 (GaSb, curve
2), 300 K (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
(GaSh, curve 2), 300 K (after Aspnes and Studna
[1983]).

(Reprinted with permission from The American Physical
Sociery, © 1983.)
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o
#J\K
A

.f.[— PR—

0
o_;-t A4
0
0.

100 140 180 220 260
Wavenumber (em™)

10? 3 T T T T T -=.
.E : z :
(%)
= ms E 13
®F 3
= F ]
gt 1
< w0k 2
o E 3
S o ]
< |
2 0 E
5 3 3
o o 3
a ]
4 -

103 1 1 1 1 1 1

0 1 2 3 4 5 6

Photon energy hV{eV}

Fig. 4.4.3. Wavenumber dependence of the reflec-
tance for different alloy compositions of Ga,In,_,Sb,
300K. l.x=1, 2.x=0.84, 3.x=06

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.)

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

1/

2 5

10%

Laaaaal

T T T

10°

T T T
Lt a1l

Absorption coefficient o (cm™)

1

2 1 1 1 i L
Y90 0z o4 06 08 10

Photon energy hv{eV)

104

LBLEALLL |

10

s aaauul

Absorption coefficient & {cm™)

peral 1 A N
01 1
Photon energy HV (eV)

Fig. 4.4.6. Absorption coefficient versus photon
energy for different doping levels. x = 0. (n-InSb).
T=130K. n, (cm™):

1.6.6-1013, 2. 7.5.10Y7,

3.2.6-10'%, 4.6-10'8

{after Ukhanov [1977]).

Fig. 4.4.5. Intrinsic absorption edge for different
alloy compositions of n-type Ga,In,_.Sb (curves 1,
2) and p-type Ga,In,_,Sb (curves 3-6). T= 300 K,
Lx=0, 2.x=0.07, 3. x=0.36,

4.x=07, 5.x=0.78, 6.x=097

For n-type samples electron concentration

n,=2- 1017 + 10'8 ¢m3,

For p-type samples hole concentration

Po= 1084610 cm™,

(after Rousina et al. [1990])

(Reprinted with permission from the American Institute of
Physics, © 1990.)

=] C 4 b
5 [ 3 ]
(5]
= a2 i
5 0F E
o - -
(%] o -
[ [ 2 :
2 1 ]
FOE 1~ S E
4 : 1 L i i :‘
05 06 07 08 09 10

Photon energy hV (eV)

Fig. 4.4.7. Absorption coefficient versus photon
energy for different doping levels. x = 1. (p-GaSb).
T=TTK.N, (cm™):

1.2.9-107,2, 5. 108,

3.1.8-10',4. 3 - 10" (after Iluridze et al. [1987]).
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4.5. Thermal Properties

25 T T T T

20

P B R |

15

WL LA B B

Thermal resistivity (cm K/W)

10 Fe
E
St
[ ]
- 4
I 1 1 L
00 02 04 06 08 10
Composition x
T T T T L
03 1
x | 2_ |
on
S 1
= 0.2fF b
Sy
T L 4
2
(*)
€ o1} ;
(1]
a
m - B
L 1 1 1 i
0 100 200 300

Temperature T(K)

Fig. 4.5.2. Temperature dependence of the specific
heat at constant pressure (low temperatures).
1.x=0 (InSb), 2. x = | (GaSb)

(after Piesbergen [1963]).

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
et al. [1970]).

105

- [135 T T L T T T T

x

=

S

(} 030 B 2 N

=

2

£ 025 F 1

= 1

o

a

)| S R S ——
300 500 700 900 1100

Temperature T{K)

Fig. 4.5.3. Temperature dependence of specific heat

at constant pressure (high temperatures).
1. x=0(InSb), 2. x=1 (GaSb)
(after Okhotin et al. {1972]).
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alA’)
o o o
o~ w (2]

(=]
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T

i

(=]
-
T

I
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o
L)
T
'

60 L 1 1 .
00 02 04 06 08 10
Composition x
7 T —

Linear expansion o (165 K™

-1 [  —— i
0 80 160 240
Temperature T (K)

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
Sociery, © 1958.)

Fig. 4.5.4. Lattice constant as a function of com-
position parameter x for Ga,In,_.Sb (after Auvergne

t al. [1974]).
R inted with mermission from Elsevier Scionce. © 19743
Reprinied wiih permission from Elsevier Science, © 1974)

~3
o
(=1

600

Temperature T {(C)

500 -

L L L
00 02 04 06 08 10
Composition x

Fig. 4.5.6. Pseudobinary phase diagram for
Ga,In,_,Sb system. (after Ufimtsev e al. [1971]).
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4.6. Mechanical Properties, Elastic Constants,
Lattice Vibrations, Other Properties

Manciter

Density

Surface microhardness
(using Knoop’s pyramid test)

Cleavage planes
Elastic constants at 300 K:

Cu
Ci
Caa
G, +26
Bulk modulus B, = ”—3£
. -G
Anizotropy factor A="01_12

Shear modulus

C'=(C11_C|1)/2

_ (G +2Cp)G, - Chp)

{100] Young’s ¥
modulus
[100] Poisson oy = —Co
. C]I + C]z
ratio

(€ +C2)

T7 _ N 15
ii LV

fe
-

x =0 (InSb) — 220 kg/mm?
x=1(GaSb) — 450 kg/mm?

{110} {111}

(6.67 +2.16x) - 10" dyn/cm?
(3.65 + 0.37x) - 10! dyn/cm?
(3.02 + 1.30x) - 10" dyn/cm?

B, =(4.66+0.96x)-10''dyn/cm?

A=0.5+0.06x

C’=(1.51+0.89x)-10"'dyn/cm?

Yo = (4.09+2.22x)-10''dyn/cm?

09 =0.35-0.04x
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Acoustic Wave Speeds
Wave propagation Wave character Expression for wave speed Wave speed
direction (in units of 10° cm/s)
[100] Vi (Culp)? 3.40+0.57x
A (Caafp)V? 2.29+0.48x
" [(Cyy + G +2C,) 200" 3.76+0.62x
[110) Va Vy = Vr = (Calp)V? 2.29+0.48x
Vu (G - C)2p))Y? 1.62+0.45x
W [(Ciy +2Cyy +4Cu)3p)]V? 3.88+0.62x
[11] ;
Vi [(Cia = Ciz + Caa)f3p))? 1.87+0.46x
250 T T — T
I T0
g 200k% 8 T T —— — — -"Dq"___ Fig. 4.6.1. T- and X-phonons as a function of
. [ T ————— LOE(] composition parameter x for Ga,In;_,Sb. Solid
-E EG:,—' ———-— v and dashed curves show I'- and X-phonons,
2 150F7 6101 T ===~ " TaXN respectively. Open and full circles show LO(T")
2 Ta) and TO(T") phonons, respectively (after Kleinert
= [1984]).
luu L 1 1 1
00 02 04 06 08 1.0

Composition »

Piezoelectric constant e4

~(0.07+0.06x) C/m?
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CHAPTERS

GALLIUM ARSENIDE ANTIMONIDE (GaAs,_Sb,)

A. Ya. Vul’

5.1. Basic Parameters at 300 K

Crystal structure

Space group

Number of atoms in 1 cm?
Debye temperature (K)

Density (g/cm?)
Dielectric constant
static
high frequency

Effective electron mass:
(in units of m,)

Effective hole mass:

(in units of m,)
heavy hole
light hole

Electron affinity (eV)

Lattice constant (A)
Optical phonon energy (eV)

loffe Institute, St. Petersburg, Russia

GaAs GaSh GaAs,_,Sb,
Zinc Blende Zinc Blende Zingc Blende
F43m F43m F43m
4.42-1022  3.53-10%2 (4.42-0.89x)-10%2
360 266
5.32 5.61 5.32+0.29x
12.9 15.7 12.90 + 2.8x
10.89 144 10.89 +3.51x
0.063 0.041 0.063 — 0.0495x + 0.0258x2
0.51 0.4 0.51 -0.11x
0.082 0.05 0.082 — 0.032x
407 4.06 4.07
5.6532 6.0959 See Sec. 5.5
0.035 0.03 See Sec. 5.6

111
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Band structure and carrier concentration

GaAs GaSb GaAs,_,Sb,
Energy gap (eV) 1.424 0.726 1.42-19x+ 1.2x2
(for0<x<0.3)
Energy separation between
T-valley and L-valleys Er; (eV) 0.29 0.084 See Fig. 5.2.4
Energy separation between
I-valley and X-valleys Ery(eV) 0.48 0.31
Energy of spin-orbital
splitting E, (eV) 0.34 0.8
Intrinsic carrier
concentration (cm—) 2.1-106 1.5-1012 See Sec. 5.2.1
Effective conduction
band density of states (cm™3) 4.7-107  2.1-10Y7 2.5-101(0.063
- 0.0495x + 0.0258x2)*?

Effective valence
band density of states (cm™?) 9.10'8 1.8-10"
Electrical properties
Breakdown field (V/cm) ~4-10° =5-104 See Sec. 5.3.2
Mobility (cm?/V-s)

electrons <8500 <3000 See Sec. 5.3.1

holes <400 <1000
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GaAs GaSb GaAs,_,Sb,

Diffusion coefficient (cm?[s)

electrons <200 <75

holes <10 <25
Electron thermal velocity (m/s) 44-10° 58-105 44-105(1+0.4x-0.09x2)
Hole thermal velocity (m/s) 1.8-10° 2.1:-10° (1.8+0.3x)-10°
Optical properties
Infrared refractive index 33 38 3.3+0.5x
Rediative recombination
coefficient (cm?[s) 7-10°10 =10710
Thermal and mechanical properties
Bulk modulus (dynfcm?) 7.53-i0*'  5.63-i0" (7.53-1.9x)-10%
Melting point (°C) 1240 712 See Sec. 5.5
Specific heat (J/g°C) 0.33 0.25
Thermal conductivity (W/cm °C) 0.55 0.32
Thermal diffusivity (cm?/s) 0.31 0.23
Thermal expansion, linear, (°C™')  5.73.10¢  7.75-10~¢



114 Handbook on Semicondi Parameters: Vol. 2

5.2. Band Structure and Carrier Concentration

Energy Energy
X-valley
“vall X-valle
[*valley [M-valley
L-valley
Ey| Ey
- &
Q00> ¢y "9 |0 < 100>y 1 o [ IS 11D
— T~ Wave vector —_ N Wave-vector
E. Heavy holes Egp . Heavy holes
0 Light holes Light holes
/ \Sptil-off band \s,;m-oﬂ 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.
E;=142eV, E; =171 eV E,=073eV,E =081eV
E,=190eV, E, =034 ¢V. E,=103¢V, E,,=0.8eV.
There is a miscibility gap in the composition range, 0.39<x<0.62.
15 T T
14F 1
2 13F 1 . - .
=, Fig. 5.2.3. Variation of energy gap E, with com-
W position x for GaAs,_,Sb, (after Biryulin et al.
& 12} . . {1979a)).
g (Reprinted with permission from the American Institute of
W . J Physics, © 1979.)
11+ .
o
1.0

L 1
00 0.1 02 03
Composition x

ForO0<x<0.3at300K:
E;= 1.42-1.9x +1.2x? (5.2.1)
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ST

w
L
7
L

AN 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 x.

2.T=100K, 3. T=210K,

1,4. T=1300 K.

Energy E leV)
o

w
T L

‘s

4

/

g

0.5 L i i L i 1 i L L
00 02 0L 05 08 10

—T—T
142 I"
140 —
2 ! C
-, 138 Lﬁn Fig. 5.2.5. Temperature dependences of energy gap
W - E, for GaAs,_,Sb,.
& 136 4 1.x =0.026, 2. x =0.05 (after Biryulin et al.
= S [1979b]).
w 134 (Reprinted with permission from the American Institute of
Physics, © 1979.)
2.« 1 V136
0 100 200 300

Temperature 7 [K)

For GaAs (x = 0): E,=1519-5405-10"*. 522
s (x=0) " T+ 204 (eV) (5.22)

TZ
For GaSb (x = 1): E,=0.813-3.78-10"4. 5.2.3
(x=1) e T+94 (eV) (5:23)
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Temperature T1K)
500 400 300 200

— 12l Fig. 5.2.6. The temperature dependences of the
?E 0F intrinsic carrier concentration.

= [ 1. x=0(GaAs), 2.x=0.3,

=

3.x=08,4.x=1 (GaSb).

3
A
! 2
~N
1 L 1 L 1 L 1
10 15 20 25 30 35 40 45 50
1000/7 (1/K)

5.2.2. Dependences on Hydrostatic Pressure

x =0 (GaAs):
Eg=E,0)+0.0126P - 3.77 - 107 P? (eV)
E; =E(0)+55-103- P (eV) (5.2.6)
E,=E(0)-15-102- P (eV)

x =1(GaSb):
E,=E40)+0.0145P (eV)
E;=E(0)+5-1073. P (eV) (5.2.7)
E.=E(0)-15-103-P (eV),

where P is pressure in kbar.
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5.2.3. Effective Masses

Electrons:

~
LA
!\J
20
S

T T T T
£ 006F 4
T
€ Fig. 5.2.7. Dependence of electron effective mass
§ 0051 . mr on composition parameter x. The curve is
E el calculated according to Eq. (5.2.8). Dashed part of
& R ° ﬁ' the curve corresponds to the miscibility gap.
§ 004F = Symbols are experimental data taken from Delvin
= etal [1981].
w
00 0z 04 06 08 10
Composition x

Holes:

heavy my=(0.51-0.11x)m,

light my, = (0.082 — 0.032x)m,,

split-off band mg, =0.15m,

5.2.4. Donors and Acceptors
Ionization energies of shallow donors (meV):

x=0(GaAs):  S-6, Se -6, Te — 30
x=1(GaSb):  S()~150,  Se(L)~50 Te (L)~ 20
S(X)~300  Se(X)~230  Te(X)<80

For typical donor concentrations N; 2 10'7 cm™3 the shallow donor states in GaSb connected
with I'-valley do not appear.
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Ionization energies of shallow acceptors (meV).

x=0(GaAs): Si - three acceptor levels
~30, 100 and 220
Zn ~25
Ge ~30
x=1{GaSh}: Si ~ 10
Zn ~37
Ge ~9

The dominant acceptor of undoped GaSb seems to be a native defect. This acceptor is
doubly ionizable: E; =30 meV, E;; =100 meV.
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5.3. Electrical Properties

5.3.1. Mobility and Hall Effect

Mobility Wa (em?/V s)

2 1 L i ' i L A
000 004 008 012 016
Composition x

o

L]

L

Mobility [ (10% cm?/V s)
o~

1 1 L 1
0 100 200 300
Temperature T (K]

n

Fig. 5.3.2. Temperature dependences of electron
Hall mobility for GaAs,_.Sb,. Electron concen-
tration np £5-10' cm™. 1. x=0.07, 2. x=0.12
(after Biruylin et al. [1981]).

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

] Fig. 5.3.1. Electron Hall mobility versus x for four
J sets of samples, 77 K. Electron concentration
4 ng < 5-10' cm™ (after Biryulin et al. [1981]).

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

6000

5000

4000

3000

Mobility Halcm?/Vs)

-

L 1 1 1 1
0 100 140 180 220 260 300
Temperature T (K}

Fig. 5.3.3. Temperature dependences of electron Hall
mobility for GaSb (x=1). 1. Ny=17-10'"% ¢m3,
2. Ny=2.8-10"7 cm™? (after Mathur and Jain [1979]).
(Reprinted with permission from The American Physical Society,
© 1979.)
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108
w "
Z w0k Fig. 5.3.4. Electron drift (solid curves) and Hall
“E E (dashed curves) mobilities versus electron concen-
et . tration ng for GaAs (x =0) for different degrees
i .0 of compensation, 77 K. (N;+ N,)fng: 1.1, 2.2,
Z10°F 3.5, 4. 10 (after Rode [1975]).
Eé ~ {Reprinted with permiccion from Academic Press, © 1975))
= i >~

10°

107 108 0% 0% 10 17

T T T T T T T T T
WAkl _
210k 3
o~ n oo
E s
o -
';g'i -
> L -
E L -
o
=

3

10 1 a5 1 uagl I i a1 gl 1 I
.ID‘IE ‘017 101!

Concentration ng (em™)

Fig. 5.3.5. Electron Hall mobility versus electron concentration n, for GaSb (x = 1), T'="77 K. Open circles
represent measurements with a group of samples having approximately the same residual acceptor concentrations
N,. Full symbols: specimens with lower residual acceptor concentrations. Solid lines represent the theoretical
calculations for different values of pensating ptor densities — either singly (N;) or doubly (N;°)
ionized.

1LLN;=12-10"cm2 or N; =04 - 107 cm™, 2, Ny =2.85- 107 ecm™ or N;~=0.95 - 10" cm3,
3.N;=45-10"7cm2 or N;"=1.5- 10" cm™> (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 Fig. 5.3.7. Temperature dependences of hole
mobility for three high-purity GaAs (x = 0) samples Hall mobility for two GaSb (x=1) samples.

(after Wiley [1975]). MBE technique. Hole concentration at 300 K:
(Reprinted with permission from Academic Press, © 1975.) 1.2.28 - 10'%cm, 2. 1.9 - 10" cm™3 (after Johnson
et al. [1988]).
(Reprinted with permission from IOP Publishing, © 1988.)
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Fig. 5.3.8. Hole Hall mobility versus hole con- Fig. 5.3.9. Hole Hall mobility versus hole con-
centration p, for GaAs (x = 0), 300 K (after Wiley centration p, for GaSb (x = 1), 300 K (after Wiley
[1975]). [1975]).

(Reprinted with permission from Academic Press, © 1975.) (Reprinted with permission from Academic Press, © 1975.)
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5.3.2. Impact Ionization

105 T 11 LU A S SN N R BN B B A B R B R S
= b2 ‘
|
rﬁ: 10 .-.E— E
8 43

103 PR S N N B

20 0 6.0

176 1108 em/V)

Fig. 5.3.10. The dependences of ionization rates for electrons a; and holes j; versus 1/F. curves 1-4. x =0.10,
curves 5, 6. x=0.125, curves 1, 3, 5 show a (1f/F) dependences, curves 2, 4, 6 show B (1/F) dependences.
Temperature T(K): 1, 2, 5, 6 =300, 3, 4 — 77 (after Andreev et al. [1981]).

(Reprinted with permission from the American Institute of Physics, © [981.)
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Fig. 5.3.11. The dependences of o; and f; versus Fig. 5.3.12. The dependences of ¢; and f§; versus
1/F for GaSb (x=1), 77 K. 1/F for GaSb (x=1), 300 K. F || (100) (after
Open symbols: Fl[(111), Hildebrand et al. [1980]).
Filled symbols: £ |1(100) (after Zhingarev et al. (Reprinted with permission from the American Institute of
[1981)). Physics, © 1980.)

(Reprinted with permission from the American Institute of
Physics, © 1981.)
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5.4. Optical Properties

Infrared refractive index (300 K):
ne =(k)V?=33+05x

Long wave TO phonon energy at 300 K (meV):
hvrg =33.2-54x

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

x=0(GaAs) 36.1
x=1(GaSb) 28.9

7.0 T T T g g

60} 9
[
%50
o
<40
@ ’ Fig. 5.4.1. Refractive index n versus photon energy
= 30 for x =0 (GaAs, curve 1) and x = 1 (GaSb, curve
o 20 2), 300 K (after Adachi [1989)).
= 2
@

10

1 1 1 1

00 10 20 30 40 S0 60
Photon energy hv (eV)

Fig. 5.4.2. Normal incidence reflectivity versus
photon energy for x = 0 (GaAs, curve 1)and x=1
(GaSb, curve 2), 300 K (after Aspnes and Studna
[1983]).

(Reprinted with permission from The American Physcial
L 1 Society, © 1983.)
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Reflectance
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Fig. 5.4.3. Wavenumber dependences of the
reflectance for four alloy compositions of
GaAs,;_,Sb,, 300 K.

l.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 l)andx=1
(GaSb, curve 2) 300 K (after Adachi [1989]).
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Fig. 5.4.6. Intrinsic absorption coefficient near the
intrinsic absorption edge for x =1 (GaSb). T(K):
1. 300, 2. 77, 3. 4.2 (after Becker et al. [1961]).

A ground state Rydberg energy R, (meV):

x=0 (GaAs)
x=1 (GaSb)

- 42
- 28

e CAE AL o s o BT s el ot
Cig. 2.5.0. ADSUIPUON COCILIVICHL [ISal C INmnsic

absorption edge for x =0 (GaAs) (after Sturge
[1962]).

(Reprinted with permission from The American Physical
Society, © 1962.)
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Fig. 5.4.7. Absorption edge of GaAs,¢Sby
(x = 0.1) at different temperatures (after Swarup et
al. [1981]).

(Reprinted with permission from Akademie Verlag, © 1981.)
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5.5. Thermal Properties

T T T T e T

Thermal conductivity X (W/em K)

Al fal Lot auaagl L
10 10 102
Temperature 7 {K)

Fig. 5.5.1. Temperature dependences of the
thermal conductivity for x =0 (GaAs). 1 +3 -
n-type samples. n, (cm™3): 1. 10'¢, 2, 1.4 x 106,
3. 10'%, 4, 5. p-type samples. p,{(cm3):4.3-10'8,
5. 1.2- 10" (after Carlson et al. [1965]).

(Reprinted with permission from the American Institute of
Physics, © 1965.)

T T

Thermal conductivity & | W/em K)
manan T
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L
7
|
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Temperature T(K)

Fig. 5.5.2. Temperature dependences of the
thermal conductivity for x=1 (GaSb). 1 +3 -
n-type samples. n, (300 K), cm™: 1. 1.6-107,
2. 8.6-10'7, 3. 1.8-10'%. 4. p-type sample.
Po (300K)=1.4-10"7 ¢cm? (after Poudjade
and Albany [1969]). For 300< T< 800K,
K =0.32 (T/300)"" 5 (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).

Specific heat CplJ/g K)

1 i L L
0 100 200 300
Temperature T {K)

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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Fig. 5.5.4. Lattice constant as a function of x (after
Lendvay [1984]).
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Fig. 5.5.5. Temperature dependences of linear
expansion coefficient. (a) x=0 (GaAs) (after
Novikova [1961]). (b) x = | (GaSb) (after Novikova
and Abrikosov {1963]).

Fig. 5.5.6. Pseudobinary phase diagram for
GaAs)_Sb, system (after Gratton and Woolley
[1980]).
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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:

Cn

Cyp

Cas

G +2G
Bulk modulus B, = ll_3_£
; Gi-Go

Anisotropy factor A= 2—6‘44—
Shear modulus C'=(Cy-C, 2)’(2

[100] Young’s YD = (Cll + 2CIZ)(CII _CIZ)

modulus (€ +Ci2)
C,
100] Poi Oy =—J2
[100] Poisson 0 ci+C,

ratio

5.32 + 0.29x (g/em?)
between 4 and 5
on the Mohs scale

x =0 (GaAs) — 750 kg/mm?
x = 1 (GaSb) — 450 kg/mm?

{110}

(11.9-3.07x) - 10" dyn/cm?
(5.34 — 1.32x) - 10" dyn/cm?
(5.96 — 1.64x) - 10'"! dyn/cm?
B,=(7.53 — 1.9x) - 10" dyn/cm?

A =055

C’=(3.28 - 0.88x) - 10! dyn/cm?

Yo= (8.59 — 2.28x) - 10" dyn/cm?

go=031



Composition x

Piezoelectric constant e;4

~(0.16 — 0.03x) C/m?
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Acoustic Wave Speeds
Wave propagation Wave character Expression for wave speed Wave speed
direction {in units of 10° cm/s)
[100] v, (Culp)? 4.73-0.76x
Vr (Caafp)V? 3.35-0.58x
4 [(Cui + Gip +2C) 29)1 5.24 - 0.86x
[110] Va Yy =Vr =(Culp)V? 3.35-0.58x
Va (Ci - C) 202 2.48-0.41x
% [(Cui +2Ciz + 4Cu Y3002 5.40 - 0.90x
[ , )
v [(Ci1 = Cia + Ca Y3002 2.80-0.47x
280 T —T—
*
- Fl"" ~< o0 +
'7E 260 S~ol -
Tk l:' S Fig. 5.6.1. Optical phonon energy as a function of
2 o ¢ x. Full and open circles show TO phonon
52 20F +* ] frequencies (after Lucovsky and Chen [1970]).
o N Crosses show LO phonon frequencies (data are
g 200} . taken from Filion and Fortin [1974]).
l8CI 1 1 i 1
00 02 04 06 08 10
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CHAPTER 6
INDIUM ARSENIDE-ANTIMONIDE (InAs,_,Sb,)

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

6.1. Basic Parameters at 300 K

InAs InSb InAs;_,Sb,
Crystal structure Zinc Blende Zinc Blende Zinc Blende
Space group F43m F43m F43m
Number of atoms in 1 cm? 3.59-10% 2.94-10% (3.59-0.65x)-102
Debye temperature (K) 280 160
250 (at 77 K)
Density (g/cm?) 5.68 5.77 5.68 + 0.09x
Dielectric constant
static 15.15 16.8 15.15+ 1.65x
high frequency 12.3 15.7 12.3+3.4x
Effective electron mass:
(in units of m,) 0.023 0.014 0.023 - 0.039x + 0.03x2
Effective hole mass:
(in units of m,)
heavy hole 0.41 043 0.41 +0.02x
light hole 0.026 0.015 0.026 - 0.011x
Electron affinity (eV) 49 4.59 49-031x
Lattice constant (A) 6.0583 6.479 6.0583 + 0.4207x

Optical phonon energy (eV) 0.030 0.025 See Sec. 6.6

132
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Band structure and carrier concentration

Energy separation between
I'-valley and L-valleys Er (eV)

Energy separation between
I-valley and X-valleys Er-y (eV)

Energy of spin-orbital
splitting E,, (eV)

Intrinsic carrier
concentration (cm™>)

Effective conduction
band density of states (cm)

Effective valence
band density of states (cm™>)

Electrical properties
Breakdown field (V/cm)
Mobility (cm?V-s)
electrons
holes

133

InAs InSb InAs;_Sb,
0.354 0.17 0.351 — 0.774x + 0.598x2
0.73 0.51
1.02 0.83
0.41 0.80 0.39 - 0.75x + 1.17x?
1-10'3 2-10'¢ See Sec. 6.2.1
8.7-10'¢  4.2.10%  2.5.10'-(0.023-0.039x
+0.03x2 )2
6.6-10'%  7.1.10'""  2.5-10'.(0.41+0.02x)¥?
=4-104 =10 5102 < F;<4-10°
<4-104 <7.7-10 See Sec. 6.3.1
<5102 <8.5-10? <5-10%
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InAs InSb InAs;_,Sb,

Diffusion coefficient (cm?[s)

electrons <103 <2-10% <103

holes <13 <22 <10
Electron thermal velocity (m/s) 7.7-10° 9.8-105 7.7-10°(1+1.18x-0.91x?)
Hole thermal velocity (m/s) 1.8-10° 1.8-10° 1.8-105(0<x<1)
Optical properties
Infrared refractive index 3.51 4.0
Rediative recombination
coefficient (cm3/s) 81071 49.10°1 See Sec. 6.3.3
Thermal and mechanical properties
Bulk modulus (dyn/cm?) 5.8-10"  4.7-10" (5.8—1.1x)-10"
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 (cm?/s) 0.19 0.16

Thermal expansion, linear (°C")  4.52-10% 5.37-107¢
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6.2. Band Structure and Carrier Concentration

Energy

X-valley [-valley .

E,
<100> % lo Ay
I _— o~ Wave vector

Heavy holes
Light holes

- \Spiit-off band

Fig. 6.2.1. Band structure of InAs,_,Sb,. Important minima of the conduction band and maxima of the
valence band.

05 T T T T
04
3 03
l:‘” Fig. 6.2.2. Variation of energy gap E, with com-
=02 position x for InAs,_,Sb, at 77 K(1) and 300 K(2)
o (after Rogalski (1989]).
@ o (Reprinted with permission from Elsevier Science, © 1989.)
) 2
1 1 1 i
0.0 02 0t 06 08 10
Composition x
At 300 K:
E,=0.351~0.774x + 0.598x2 (eV) (6.2.1)
At10K:
E,=0.415(1 —x)-0.672x (1 —x) + 0.235x (eV) (6.2.2)
g

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

E,=0.39-0.75x+ 1.17x (6.2.3)
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6.2.1. Temperature Dependences
Temperature dependence of energy gap (after Wieder and Clawson, [1973])
T2

E (x,T)=0411-34.10"*. -0.876x+0.70x2 +3.4-1074. x-T-(1-x) (V)

for 77<T<300K (6.2.4)

2
Ncg:t.sz-lo”-[f’—r] T

mg

(6.2.5)
=4.82-10'5- 7¥2(0.023 - 0.039x + 0.03x2)¥2 (cm™3)

Effective density of state in the valence band:

my

3/2
N, =4.82-10" [-mi"] -T¥? =4.82-10'5-T%2.(0.41+0.02x)¥2 (cm™3)
(6.2.6)

Intrinsic carrier concentration:

Fig. 6.2.3. Intrinsic carrier concentration in
InAs,_,Sb, 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.)

00 02 04 06 08 10
Composition x
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For all InAs,_,Sb, compositions there is a temperature T, 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 T, and solidus temperature T, with
composition parameter x (after Rogalski [1989]).

Temperature T (K}

04 06 08 10
Composition x

6.2.2. Dependences on Hydrostatic Pressure

x=0 (InAs):
E,=E,0)+4.8-107°P (eV) (6.2.7)
E =E (0)+3.2-107P (eV)
x=1 (InSb):
E,=E(0)+13.7- 10°P - 3.6 - 10°P2 (eV)
E =E(0)+4.7-107°P-1.1-107°P? (eV) (6.2.8)

Ex = Ex(0)-3.5-10P+0.64 - 10-5P2 (eV),

where P is pressure in kbar.
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6.2.3. Effective Masses

Electrons:
0.03 T Y " T
Eb
002 _
E Fig. 6.2.5. Dependence of electron effective
8 mass mp on composition parameter x for
¢ InAs,_,Sb, (after Rogalski [1989]).
'.E 0.01 (Reprinted with permission from Elsevier Science,
R © 1989.)
W
i 1 1 i
00 02 04 06 08 1.0
Composition x
mpfm, =0.023-0.039x +0.03x2 (6.2.9)

232
Non-parabolicity: E(1+aE)= g_kF ; x=0(InAs) a=1.4 (V")
m

x=1(InSb) a=4.1(eV")

Holes:
heavy my =(0.4140.02x)m,
light my, =(0.026-0.011x)m,
split-off band my, =(0.16-0.04x)m,

6.2.4. Donors and Acceptors

Ionization energies of shallow donors AE; (meV): 0.5<AE;<1

Ionization energies of shallow acceptors AE,: forx=0.04 AE,=21.8 meV
(after Yen et al. [1988]) forx=0.13 AE,=13.4 meV
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6.3. Electrical Properties

6.3.1. Mobility and Hall Effect

65} .

o
n

Fig. 6.3.1. Electron drift mobility (dashed curves)
and Hall mobility (solid curves) versus x for
InAs,_,Sb,, 300 K. Electron concentration
n=25-10' cm™ for all curves. lonized impurity
concentration N; (em™): 1. 5- 106, 2. 1.25 - 1017,
3. 2.5 10'7. Experimental points (triangles, full
circles, and crosses) are taken from three different
papers for n =5+ 10'® cm™ (after Chattopadhyay
etal. [1981]). Squares are experimental results for
n=5-10" cm™ (from Tsukamoto ef al. [1990]).

w ~
[ o

ot
wn

Mobility {L, {10°cm¥ Vv s)

Fig. 6.3.2. Electron drift mobility of InAs,_,Sb,
versus x at 77 K. lonized impurity concentration
(cm™): 1.5-10%, 2. 10'%, 3.5 - 105, 4. 10'8,
5.5 10'¢ (after Chin et al. [1992]).

(Reprinted with permission from the American Institute of
Physics, © 1992.)
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Fig. 6.3.4. Electron mobility versus electron
concentration n=N;— N, with series of compen-
sation ratios 8= N, [N, for x = 0.6, 77 K (after Chin
et al. {1992]).
(Reprinted with permission from the American Institute of
Physics, © 1992.)

Fig. 6.3.3. Temperature dependence of electron
mobility for InAs;_,Sb,. Solid line represents
theoretical calculation. A dislocation density of
1.5 - 10® cm™2 and a compensation ratio 0.5 are
included.

Open triangles: x =0.78

Full circles: x=0.76

n=10"7 cm™ (after Egan er ai. [1994]).

Mobility W, (em2/V s)

| s 4 asanl i iaasaal "

mu. lu'ls 101‘
Electron concentration n, (emd)

Fig. 6.3.5. Electron mobility versus electron con-
centration n = Ny — N, with series of compensation
ratios 8= N,[N, for x = 0.9, 77 K (after Chin et al.
[1992)).

(Reprinted with permission from the American Institute of
Physics, © 1992.)
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Fig. 6.3.7. Hole Hall mobility versus temperature
for different hole concentrations. x =1 (InSb)
polem™): 1. 8- 10", 2. 3.15-10'8, 3, 2.5 10¥°
(after Zimpel er al. [1989] and Filipchenko and
Bolshakov [1976]).

Fig. 6.3.8. Hole mobility versus hole concentration
1. 77 K (after Filipchenko and Bolshakov [1976]),
2. 290 K (after Wiley [1975]). x=1 (InSb).
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6.3.2. Impact Ionization
e 10°F B E

o 3

— - 4

s | B

T { 4

2tk @ \ E

H F . Fig. 6.3.9. The dependences of ionization rates for
2 i ] electrons (o) and holes (f) versus 1/F, 77K. a,
"g R J B, — for x = 0 (InAs) (after Mikhailova et al. [1976]).
E 10° E_ 4 0, B, — for x =0.12 (after Matveev et al. [1979]).
T 3

= - o 4
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For electrons:

x=0

x=0.12

For holes:

x=0.12

a; = a, exp(— F,,/F) (6.3.1)
a,=18-105cm™,  F,,=16-10°Vlem (77K)
a,= 0.7 - 105 con, © =1.5-10° Vfem (77K)
Bi= B, exp(= FpolF) 6.3.2)

1.5-10*V/em< F<3 - 10°Vjem -
B,=4.7-10% cm™!, F,,=0.85-10° Vlem (77 K)

3-10°V/em< F<6-10*V/ecm -
B,=4.5-108cm™, Fpo=1.54-10° Vlem (77 K)

F<45-10*Vem  B,=11-10°cm™,  F,,=1.0-10°V/cm
F>45-10*Vlem  B,=6-10°cm™, F,,=1.75-10°V/em
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Fig. 6.3.10. Carrier lifetime in intrinsic
InAs,_.Sb, versus x (for Auger recombination),
300 K (after Rogalski and Orman [1985]).

Lifetime (gTls)

Fig. 6.3.11. Dependence of carrier lifetime on
normalized doping concentration for (a) x=0
(InAs), (b) x=0.65, (c) x =1 (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..)¥? at 300 K:

x=0 3.51
x=1 4.0

Long wave TO phonon energy hvyg at 300 K (meV):
x=0 27
x=1 =229

Long wave LO phonon energy hvy, at 300 K (meV):
x=0 29
x=1 =244

o =9
o o
T

n
w
=

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

g
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Refraclive index
()
o

P
(=]

L 1 L '
00 10 20 30 &0 50 60O
Photon energy AvieV)

Fig. 6.4.2. Normal incidence reflectivity versus
photon energy forx=0(InAs)~curve l andx=1
(InSb) — curve 2, 300 K (after Aspnes and Studna
[1983]).

{Reprinted with permission from The American Physical
Society, © 1983.)
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Fig. 6.4.4. Absorption coefficient of InAs g3;Sbg 15
versus photon energy, 300 K (after Bethea er al.
[1988]).

(Reprinted with permission from the American Institute of
Physics, © 1988.)
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Fig. 6.4.3. Optical absorption coefficient versus
photon energy for different values of x. 1. x=0,
2.x=0053.x=007,4. x=0.15,5. x=0.21,
6. x=0.31, 7 - x=0.89 (after Stringfellow and
Greene [1971]).

(Reprinted with permission from the El\ hemical
Society, Inc., © 1971.)

Photon energy hv(eV)

Fig. 6.4.5. Absorption coefficient versus photon
energy for x = 0 (InAs) and x = 1 (InSb), 300 K
Dashed line — x=0. Solid line — x= 1 (after
Adachi [1989]).
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6.5. Thermal Properties
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Fig. 6.5.1. Temperature dependences of thermal
conductivity for x =0 (InAs). 1, 2. n-type samples.
1.n,=1.6-10' con, 2. n,=2-10'7 cm™>. 3. p-type
sample, p,= 210" cm™ (after Tamarin and Shalyt
[1971]).
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Fig. 6.5.2. Temperature dependences of thermal
conductivity forx = 1 (InSb). 1 — 3. n-type samples.
Electron concentration n, (cm~>)at 78 K: 1. 2- 104,
2. 4810, 3, 4-10'8, 4. p-type sample. Hole
concentration at 78 K, p,~ 6-10'® em™ (after
Kosarev et al. [1971]).

Specific heat C5(J/g K)

L n

1 Fig. 6.5.3. Temperature depend-
ences of specific heat at constant
] pressure. 1. x=0 (InAs) (after
Piesbergen [1963]). 2, 3. x=1
(InSb) 2. after Piesbergen [1963],
3. after Okhotin er al. [1972].
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Fig. 6.5.4. Lattice constant as a function of x (after
Rogalski [1989]).
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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 =1 (after Gibbons [1958]).

1000 L T T

)

[¥a]
o
S

Temperature T (C

i
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6.6. Mechanical Properties, Elastic Constants,
Lattice Vibrations, Other Properties

Density
Hardness

Surface microhardness

(using Knoop’s nyramid test)
(using p's py )

Cleavage plane

Elastic constants at 300 K:

Ci
C]?.
Cus

Bulk modulus
Anizotropy factor

Shear modulus

[100] Young’s
modulus

[100] Poisson
ratio

G, +2G
B,= 11 : 12
GGy
4= 2Cy,
C=(C|I—Clz)/2
Yy = (G +2C)XC -Cn)
(G +C2)
0o = Cn
Ci+G,

5.68 + 0.09x (gfcm?)
~ 4 (on the Mohs scale)

x=0(InAs) — 430 kg/mm?
x=1(InSb) — 220 kg/mm?

{110}, {111}

(8.34 - 1.67x) - 10" dynfcm?
(4.54 - 0.89x) - 10" dyn/cm?
(3.95 - 0.93x) - 10" dyn/cm?

B, =(5.81-1.15x)-10''dyn/cm?
A=05
C’=(1.9-0.39x)-10''dyn/cm?

Yo =(5.14—1.05x)- 10" dyn/cm?

o, =0.35
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Acoustic Wave Speeds
Wave propagation Wave character Expression for wave speed Wave speed
direction (in units of 10° cm/s)
[100] Vi (Cule)? 3.83-0.43x
Vr (Casf)? 2.64-0.35x
g (G + G +2C) 2001 4.28-0.52x
(110] Vi Vi =Vr = (Cufp)? 2.64-0.35x
n [(Ci - Ci2)[2p))? 1.83-0.21x
W [(Ciy +2Gip +4Cas)3p)]2 4.41-0.53x
(1 .
Vi [(Ci1 = Cra + Caa 3P 2.13-0.26x

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

vio (D)
vro ()
vy (X)
via (X)
vio (X)
vro (X)
viu (L)

via (L)

vio(L)
vro (L)

x =0 (InAs) x=1 (InSb)
7.01 5.90
6.44 5.54
1.70 1.12
4.94 430
6.20 4.75
6.47 5.38
1.50 0.98
4.46 3.81
6.26 482
6.44 5.31
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Fig. 6.6.1. Raman scattering spectra for
InAs,_,Sb, (DALA-disorder-activated longitudi-
nal acoustic phonon) (after Cherng er al. [1988]).

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

Raman intensity (arb. units)

P I T R,

200
Raman frequency shift (cm™)

100 300

250 T T T T
*x x InAs (O
& AD x ox
H
= Inas 70 & & *¥
E200f InSb L0 3
— .
= Fig. 6.6.2. Raman frequency shift versus com-
E | Daa , [sero position parameter x (after Cherng et al. [1988]).
§ 150k ] (Reprinted with permission from the American Institute of
g Physics, © 1988.)
o
100 N 1 i 1
Q0 02 04 06 08 10
Campasition x
Raman frequencies (cm™):
x=0(InAs) x=1(InSb)
LO 242 193
TO 220 185
Piezoelectric constant ej4 (C/m?):  x=0(InAs) -4.5-1072
x=1(InSb) -7.0-107?
Electron g-factor: x=0(InAs) -17.5
x=1(InSb) -50.6
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CHAPTER 7

GALLIUM INDIUM ARSENIDE PHOSPHIDE (Ga,In,_,As P,_,)

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

7.1. Basic Parameters at 300 K

Crystal structure Zinc blende
Group of symmetry T} ~F43m

To estimate the value of any parameter b of Ga,In,_,As,P,_, one can use an approximate
formula (after Adachi [1982]):

b(x,y)=(1=x)y - bipas+ (1= x)(1 = ¥) - b1pp + Xy - bgans
+ x(1= ) bgap (7.1.1)

Lattice constant a (A) 5.4505 (GaP) + 6.0583 (InAs)
a=5.8688 — 0.4176x + 0.1896y + 0.0125xy (A) (after Adachi [1982]) (7.1.2)

For compositions lattice-matched:

to InP x=— 08 44, a=538687A
0.4184-0.013y
I+y

t A = =3. 2

o GaAs [x 2.08] a=5.65325A
1.06+ y

t = =)J.

0 ZnSe (x 306 ] a=5.6676A

153
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Energy gap E, (eV)
Direct energy gap (eV)
min
max
For direct energy gap compositions:

0.354 (InAs) +2.27 (GaP)

0.354 (InAs)

2.17

-]
[

—

7.L.1. Basic Properties of Ga,n,_ As P,_, Compositions Lattice-Matched

toinPat 300K (x=047y)

y=0 y=1 0<y<l
(InP) (Gag 47Ing 53As)
Number of atoms in | cm®  3.96-1022 3.96-10% 3.96-10%
Auger recombination
coefficient (cmS/s) 9-10-3!
y=0.24 1.1-1073
y=0.6 2.9.107%
Debye temperature (K) 425 322 425 - 103y
Density (g/cm?) 4.81 5.50 4.81 +0.552y + 0.138)2
Dielectric constant
static 12.5 13.94 12.5+ 1.44y
high frequency 9.61 11.61 9.61 +2y

T
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Effective electron mass

(in units of m,,)

Effective hole mass:
(in units of m,)
heavy
light

Lattice constant (A)
Optical phonon energy (meV)

Band structure and carrier concentration

Energy gap (eV)

Energy separation between
X-valley and top of the
valence band Ey (eV)

Energy separation between
L-valley and top of the
valence band E; (eV)

Energy separation of
spin-orbital splitting E,, (eV)
Intrinsic carrier
concentration (cm™)

y=027

y=0.47

y=1

Effective conduction
band density of states (cm™?)

y=0 y=1 0<y<l
(InP) (Gag 47Ing 53A5)
0.08 0.041 0.08 — 0.039y
0.6 0.42 0.6-0.18y
0.12 0.051 0.12 - 0.099y + 0.03)2
5.8687 5.8687 5.8687
43
1.344 0.74 1.344 - 0.738y + 0.138)2
2.19 1.33 2.19 - 0.86y
1.93 1.2 1.93 - 0.73y
0.11 0.35 0.11+0.24y
1.3-107 6.7-10"
4.3.108
4.4.10°
6.7-10M
5.7-10"7 2.1-1017 2.5:1019(0.08 - 0.039y)32
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y=0 y=1 0<y<l
(inP)  (Gag47ing 53As)

Effective valence
band density of states (cm™) 1.1-10¥ 6.8-101% 2.5:10'°(0.6-0.18y)¥2
Electrical properties
Breakdown field (V/cm) =5-10° =2-10° =(5+2)-10°
Mobility (cm?/V-s)

electrons <5400 <12000  <£(5400-7750y +14400y?%)

holes <200 <300 < (200-400y + 500y2)
Diffusion coefficient (cm?fs)

electrons <130 <300 < (130—-190y + 360y?)

holes <5 <75 <(5-10y+12.5y%)
Electron thermal velocity (mfs)  3.9-10° 55-10° (3.9+1.6y)-10°
Hole thermal velocity (m/s) 1.7-10% 2-10° (1.7+0.3y)-10°
Optical properties
Infrared refractive index 3.1 3.56 3.1+0.46y
Radiative recombination
coefficient (cm?/s) 1.2-10-10

y=024 1.2-10710

y=0.6 1.1.10-10
Thermal and mechanical properties
Bulk modulus (dyn/cm?) 7.1-101 6.61-10!1  (7.1-0.516y +0.02y2)-10"!
Melting point (°C) 1060 =1100 =1100
Specific heat (J/g °C) 0.31 0.34 0.31+0.038y - 0.008y?
Thermal conductivity (W/cm °C)  0.68 0.05 0.68—1.77y+1.25y?
Thermal expansion, linear, (°C™") 4.6-10°  5.66-107° (4.6+1.06y)-107¢
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7.2. Band Structure and Carrier Concentration

IB L] T T T T T T T T
2LF GaP -
b Sl
S20F ]
x
& 161 InP 1
=~ 12F GaAs ;
EI 1
o 08F 1
=
W04t InAs 1
9 i 1 L L N 1 L 1 1
5.3 55 57 59 6.1 6.3

Lattice constant a (A®)

Fig. 7.2.1. Energy gap E, of Ga,In,_As,P_,
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}

For direct band region (300 K):

GaAs 10 5 GaP
b 'd;{)\"e" -
S S\ § :‘ > ]

08
06
%

04

02

InAs 00

Fig. 7.2.2. Energy gap £, of Ga,In;_,As P,_, versus
x and y, 300 K. Dashed lines represent the
compositions lattice-matched to GaAs (1) and
InP (2) (after Gorelenok er al. [1981]).

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

E, =1.35+0.668x —1.068y +0.758x2 +0.078y2

—0.0691}'—0.33212); +0.03xp2 (eV) (7.2.1)
Energy
X-valley r- valley

Ex

<100> } Eﬂi

<1

i Ea g
2

Wave vector
Heavy holes

Light holes

-\Split-nff band

Fig. 7.2.3. Band structure of Ga,In,_As,P|_, alloys lattice-matched to InP. Important minima of the con-

duction band and maxima of the valence band.
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For compositions lattice-matched to InP (300 K):
E, =1344-0.738y +0.138y2 (eV) (7.2.2)
For compositions lattice-matched to InP (4.2 K):

E, =0.41(1-x)y+1.42(1- x)(1- ) +1.51xy +2.34x(1 - y)
~0.54x(1-x)=0.17y(1— y) = 1.42 - y +0.37y2 (eV) (72.3)

(after Benzaquen et al. [1994])

2.0 T T T T T T T T
18
T Fig. 7.2.4. Energy gap E, as a function of y for
O Ga,In,_,As,P,_, lattice-matched to GaAs (1) and
Z14 ZnSe (2), 300 K (after Adachi [1982]).
i_'l L (Reprinted with permission from the American Institute of
w ool | Physics, © 1982.)
10 M | 1

[ =
o
o
L)
o
&~
(=4
o
oL
o
-
o

7.2.1. Temperature Dependences

Temperature dependence of the energy gap for Ga,In;_,As P,_, lattice-matched to InP (after
Satzke er al. [1988)):

E, =E,0)-43-10"*- (eV) (7.2.4)

T+224
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-
—y
T
"

Fig. 7.2.5. The temperature dependences of the
energy gap E for three Ga,In,_As P, , compo-
sitions lattice-matched to InP. 1.y = 0.3, 2.y = 0.48,

3. y=0.69 (after Yamazoe et al. [1981]).
1 (Reprinted with permission from IEEE, © 1981.)

Energy £g (eV)
P=

o
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08 L—— -
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Temperature T (K)

Temperature dependence of lasing wavelength A, for GaInAsP/InP double-heterostructure
lasers:

da,
d—;sz/K at Ay=13um (y=0.6)
(after Arai et al. [1980])

%sﬁ/[{ at  Ay=1.55um (y=0.9)

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

m 32
NCE4.82-10]{-—F] T2

m,
=4.82-10'5-7%2(0.08 - 0.039y)¥2 (cm™*) (7.2.5)

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

32
N, =4.82-10'5. rm{ﬁ]
mo
=4.82.105. T¥2(0.6 - 0.18y)¥2 (cm™?) (7.2.6)

Intrinsic carrier concentration:

E
n;=(N.-N,)/? exp[— 2kgT } (7.2.7)
B



7.2.2. Dependence on Hydrostatic Pressure
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Fig. 7.2.6. The temperature dependences of the
intrinsic carrier concentration for Ga,In,_,As,P,_,
alloys lattice-matched to InP. 1. y=1, 2. y=0.47,
3.y=027,4.y=0.

Fig.7.2.7. Hydrostatic-pressure coefficient
dependence of the energy gap E, as a function
of y for Ga,In)_,As P, lattice-matched to
InP (after Adachi [1992]).

(Reprinted with permission from John Wiley & Sons,
Inc., © 1992.)

Fig.7.2.8. The conduction-band discontinuities
AE,_ versus band-gap differences AE, between
Ga,In;_,As,P,_, composition and InP for GalnAsP/
InP heterojunctions, 300 K (after Forrest et al.
[1984]).

(Reprinted with permission from the American Institute of
Physics, © 1984.)
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At7TK:

AE,=268y+3)? (meV)
(after Adachi [1992]).
AE,= 502y — 152)2 (meV)

Band discontinuities at Gag 47Ing s3As and Al 43Ing s0As heterojunction at 300 K:

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

7.2.4. Effective Masses

Electrons:

T T T L
g
‘\L E
€ |
] Fig. 7.2.9. Electron effective mass mr in
E 0 1 GalnAsP alloys as a function of y for com-
v 00sf a N 4 positions lattice-matched to InP (after Pearsall
= [1982]).
E 004
w 003 ;
002 i 1 i 1 L A i L '
00 02 0.4 06 08 1.0

For alloys lattice-matched to InP at 300 K:

mr[m, =0.08-0.05y +0.017y* = 0.08 - 0.039y (7.2.8)
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020 LN R AL | LB LR | T™T"TTTTm
€ .
~ +
[ =
E o5t .
@ Fig. 7.2.10. Electron effective mass mp in
g 4 Gayg yIng 9Asg 3Py 7 alloy versus electron concen-
¢ 04 ok | tration, 80 K (after Vilkotsky et al. [1986]).
5 (Reprinted with permission from the American Institute of
& Physics, © 1986.)
w —
[1]1]-}) W TETT| B SR TTT S A W R
101? ]018 101! 1020
Electron concentration n, (cm3)
Holes:
heavy my,= (0.6 — 0.18y)m,
light my,=(0.12 - 0.099y + 0.03))m,
split-off band me,=(0.21 - 0.01y — 0.05)%)m,

7.2.5. Donors and Acceptors

For composition alloys lattice-matched to InP,

Ionization energies of shallow donors (meV):
Sn, Ge, Si, Te, S ~5
Ionization energies of shallow acceptors (meV):

Zn-from 3751t 22 for y=03+09
Cd-from ~60 to 30 for y=02+09
Be ~40
Mg ~35
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Fig. 7.2.11. lonization energy of Cd versus y for
GalnAsP alloys lattice-matched to InP (after
Wehmann et al. [1986]).

(Reprinted with permission from IEE Publishing, © 1986.)

Energy AE (meV)
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w0 60 80
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10.

Fig. 7.2.12. lonization energy of Cd versus
acceptor concentration N, for four GalnAsP
alloys lattice-matched to InP, 77 K. 1. y = 0 (InP);
2.y=047,3. y=0.64; 4. y=1 (after Wehmann
et al. [1986]).

(Reprinted with pe

ion from IEE Publishing, © 1986.)
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7.3. Electrical Properties
7.3.1. Mobility and Hall Effect
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Fig. 7.3.1. Electron mobility versus alloy com-
position parameter y for Ga,Jn;_,As,P;_, lattice-
matched to InP, 300 K. The experimental points
correspond to samples with electron concentra-
tion n,=(1+5)-10'® cm=, Full curve shows
calculations for n,= 10" cm™ (after Pearsall
{1982)).

Fig. 7.3.2. Electron mobility versus temperature
for Ga,In,_,As,Py_, alloys lallice-matched to InP.
Electron concentration n,= (1 +5)- 10'® cm™.
Curve 1. y=0.31

Curve 2. y=0.50

Curve 3. y =0.91 (after Pearsall [1982]).
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Fig. 7.3.3. Electron Hall mobility versus electron
concentration for three Ga,In_As,P,_, alloy

commnncitinne lathoa matchad tn InD 100 ¥
COMPOSHIODS atlice-Matcned 1o anx, 00 A

1.y=0.9 (A= (1.239/Ep)= 1.55 yum)
2. y=06 (A=1.3 pm, circles) and y=03 (A=
1.1 um, squares) (after Tappura [1993]).

(Reprinted with permission from the American Institute of
Physics. © 1993.)
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Fig. 7.3.4. Electron Hall mobility versus electron
concentration for three Ga,In,_ AsP,_, alloy

pomaacitiane lattince owatehed ta D 77 W
COMPOSINONS IAMNCC-MiGiCned W0 aniy, 77 N

l.y=0.9(A=1.55 um)

2.y=03(A=1.1 ym)

3.y=0.6 (A= 1.3 um) (after Tappura {1993]).
(Reprinied with permission from the American Institute of
Physics, © 1993.)

Fig. 7.3.5. Hall factor for n-type Gag 47Ing 53As (y = 1)
Vversus temperature.

1.ag= 10" c¢m™3

2.ny=10"7 cm™ (after Pearsall [1982]).
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Fig. 7.3.6. Hole mobility versus alloy composition
parameter y for Ga,In|_,As P,_, lattice-matched to

InP, T'= 300 K. Hole concentration:

curve 1. pg=4- 10" cm™

curve 2. pg=2 - 10'® cm™ (after Pearsall [1982]).

Fig. 7.3.7. Hole mobility versus temperature for
Ga,In_,As, P,_, lattice-matched to InP.

Curve |.y=0.64

Curve 2.y=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.)
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7.3.2. Transport Properties in High Electric Field
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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, ng=10" cm™, b, y=0.65. ny=8-10" em™, ¢. y=0.8. ng=2.5-10'" cm™3? (after
Galvanauskas et al. [1988]).

(Reprinted with permission from the American Institute of Physics, © 1988.)
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Fig. 7.3.9. Field dependences of the electron drift velocity in high electric fields. Gag,Ing gAsg44Po.se
(Ag= 1.2 ym) (after Windhom et al. [1982]).

(Reprinted with permission from the American Institute of Physics, © 1982.)
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Temperature dependence of the

electron saturation velocity for three differemt
composition alloys lattice-matched to InP.

1.y=0,2.y=0.44,3. y = 1 (after Adachi [1992]).
(Reprinted with permission from John Wiley & Sons, Inc.,

© 1992,
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Fig. 7.3.11 Composition dependence of the
threshold electric field Ey, for the Ga,In_,As,P)_,
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 lonization

10°

lonization coefficient a;,B; fem”)
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17F (10°%em/ V)
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Fig. 7.3.12. Field dependence of electron (a)
and hole (fB,) ionization coefficients for
Gaga3lng g7As9 7Pg3, 300 K (after Osaka et al.
[1984]).

(Reprinted with permission from the American Institute of
Physics, © 1984.)
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Fig. 7.3.14. Calculated donor concentration for the
avalanche-Zener breakdown transition as a function
of y for GalnAsP alloys lattice-matched to InP,
300 K (after Pearsall [1982]).
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Fig. 7.3.13. Field dependence of electron (o)

and hole (f;) ionization coefficients for
Gﬂ.olulﬂo_ggASn_uPo_zs, 300K (aﬂef Takanashi and

Horikoshi [1979]).
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Fig. 7.3.15. Calculated avalanche breakdown
voltage for InP {y = 0) and Gag 47Ing s3As (y=1)
abrupt p—n junctions, 300 K (after Pearsall
[1982]).
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7.3.4. Recombination Parameters
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Fig. 7.3.16. Calculated dependences of Auger
coefficients R (solid lines) and radiative recom-
bination coefficients B (dashed lines) versus
electron-hole concentration for two composition
alloys lattice-matched to InP, 300 K. An=Ap.
1, 1. y=06,2,2. y=0.24 (after Garbuzov et al.
[1984)).

{Reprinted with permission from the American Institute of
Physics, © ]1984.)
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Fig. 7.3.17. Calculated dependences of Auger
coefficients R (solid lines) and radiative recom-
bination coefficients B (dashed lines) versus
temperature for two composition alloys lattice-
matched to InP. 1,1". =06, 2,2".y=0.24
An=Ap=2-10"® cm™ (after Garbuzov et al.
[1984]).

(Reprinted with permission from the American Institute of
Physies, © 1984.)

Characteristic surface recombination rates ~ 10*+ 10°cm/s
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7.4. Optical Properties
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Fig 7.4.1. Refractive index »n versus wavelength for
different composition alloys lattice-matched to InP,
300 K (after Burkhard er al. [1982}). l.y=1,
2.y=07,3.y=061, 4. y=0.54,5.y=0.
(Reprinted with permission from the American Institute of
Physics, © 1982)
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Fig 7.42. Refractive index n versuc photon

energy for different composition alloys lattice-
matched to InP, 300 K (after Kelso ef al.
[1982]). 1.y=1,2.y=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 y at wavelength A= 1.55 ym. 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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Fig. 7.4.5. The absorption coefficient near the
intrinsic absorption edge for Gag y3Ing 7:As06Po 4
(Ge doped, composition alloy lattice-matched to
InP) versus photon energy at different doping levels
NBOK. I.N=2-10"cm3,2. N=3.5-10"7cm™},
3.N=98-10"7cm3, 4. N=2.4-10" cm? (after
Rajalakshmi and Arora [1990]).

(Reprinted with permission from the American Institute of
Physics, © 1990.)

Fig. 7.4.4. The absorption coefficient versus
energy difference E — E, (E, is an energy gap) for
different composition alloys of GalnAsP lattice-
matched to InP, 300K. 1. y=1 (E; =0.75eV),
2. 054<y<0.7, 3. y=0 (E,=1.35eV) (after
Burkhard et al. [1982]).

(Reprinted with permission from the American Institute of
Physics, © 1982.)
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Fig. 7.4.6. The absorption coefficient versus
photon energy for Ga,n,_ AsP,_, composition
alloys lattice-matched to InP, 300 K. 1. y=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

w
(=]

Fig.7.5.1. Thermal resistivity versus composition
parameter y for Ga,In,_,As,P,_, 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]).
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] (Reprinted with permission from John Wiley & Sons, Inc.,
] © 1992.)
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Fig. 7.5.2. Temperature dependence of specific heat at constant pressure for different Ga,In,_,As,P,_, alloys
(after Sirota et al. [1982]). . x=y=02;2.x=y=04;3.x=y=0.8.
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Fig. 7.5.3. Debye temperature as a function of
temperature for different Ga,In;_,As,P,_, alloys
x=y=02;

(after Sirota et al. [1982]). 1.
2.x=y=04;3.x=y=06,4.x=y=038,

Fig. 7.5.4. Thermal expansion coefficients
as a function of the y-composition param-
eter for Ga,In;_,AsP,_, lattice-matched
to GaAs (curve 1), ZnSe (curve 2) and InP
(curve 3) (after Adachi [1982]).

(Reprinted with permission from the American
Institute of Physics, © 1982.)
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1.6. Mechanical Properties, Elastic Constants,
Lattice Vibrations, Other Properties

Density (for Ga.In, .As,P, .

lattice-matched to InP) 4.81 +0.552y +0.138)2 (g/em?)

-

E

£ 600——————————r ] _ _

o ] Fig. 7.6.1. Surface microhardness (using Knoop’s
E s00F et pyramid test) measured on (100) plane along the
& | {100) direction as a function of y for the undoped
£ ] Ga,In,_,As,P,_, lattice-matched to InP (after Watts
2 Loog. ] and Willoughby [1984]).

2 i _ , . , (Reprinted with permission from the American Institute of
< 0550 os 08 T Phsics. ©1984)

Yy
Elastic constants at 300 K,

for Ga,In,_,As P, , lattice-matched to InP (after Adachi [1992]):

Cy (10.11 = 0.12y) - 10! dyn/cm?
Cyy (5.61 - 0.68y) - 10!! dyn/cm?
Cus (4.56 + 0.33y) - 10" dyn/cm?
Gi1+2G
Bulk modulus B, = i3—‘2 B, =(7.11-0.516y +0.02y?)-10'! dyn/cm?
. _G-Ga 2
Anizotropy factor A= _ﬁ A=0.493+0.035y-0.01y

Shearmodulus ~ C'=(C;;-Cy;;)/2  C'=(2.25+0.28y)-10 dyn/cm?
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[100] Young’s Y, = (G +2C,)CHh - Cn)

Yy = (6.106+0.976y

modulus (€ +C) -0.344y2)-10"! dyn/cm?
. G, )
[100] Poisson Oy=——— 0 =0.357-0.033y +0.006y
ratio Cu+2Cy,
(after Adachi [1992])
Acoustic Wave Speeds (after Adachi [1992])
Wave propagation Wave character Expression for wave speed Wave speed
direction (in units of 10° ¢cm/s)
(100} 7 (CufpV? 4.594 - 0.334y
Vr (Culp? 3.085-0.104y
Y [(Gyy + Gz +2C,) 200}/ 5.092 - 0.355y
[110) Va Vi =Vr =(Caulp) 3.085 - 0.104y
Vi (G - C)2p)Y? 2.167 - 0.023y
4 [(Cui +2Ciz +4Ca)3p))? 5247-0.362y

111
o 4 [(Cy = Cp + C..;)f}p]]w 2.511-0.056y
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Fig. 7.6.2. Longitudinal optical phonon frequency
Wy versus composition y for Ga,In;_,As.P,_,

lattice-matched to InP (after Adachi [1992]).

(Reprinted with permission from John Wiley & Sons, Inc.,

©1992)
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Fig. 7.6.3. Transverse optical phonon frequency @Wmp
versus composition y for Ga,In,_,As,P,_, lattice-
matched to InP (after Adachi [1992]).

(Reprinted with permission from John Wiley & Sons, Inc.,
©1992)

Fig. 7.6.4. Piezoelectric constant e;4 as a function
of composition parameter y for Ga,In,_.As,P,_,
lattice-matched to InP (after Adachi [1982]).
(Reprinted with permission from the American Institute of
Physics, © 1982.)
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CHAPTER 8

GALLIUM INDIUM ARSENIDE ANTIMONIDE (Ga,In,_,As,Sb;_,)

Maya P. Mikhailova
Ioffe Institute, St. Petersburg, Russia

8.1. Basic Parameters at 300 K

Crystal structure Zinc blende
Group of symmetry T? -F43m

To estimate the value of any parameter b of Ga,In;_,As,Sb,_, one can use an approximate
formula (after Adachi [1987]):

b(x,y) = x¥bgaas + X(1 = ¥)bgasy + (1= X) ybioas + (1 - X)(1 = )byasp,  (8.1.1)
Lattice constant a (A) 6.0959 (GaSb)- 6.0583
(InAs)
For compositions lattice-matched:

0.3835-0.3835x

to GaSh e <x< =60 8.1.2
© Y =70.4210+0.216x O<x<l)  a=60959A ®.12)
0.4210-0.3835x
= < =
to InAs V=S miorome.  ©SxSD a=60583A (8.13)
(after Adachi [1987])
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8.1.1. Basic Properties of Ga,In;_,As,Sbh,_, Compositions Lattice-Matched

to GaSbh

Number of atoms in 1 cm?

Auger recombination
coefficient (cmS/s)

Debye temperature (K)
Density (g/cm?)

Dielectric constant
static
high frequency

Effective electron mass
(in units of m,)

Effective hole mass

(in units of m,)
heavy hole
light hole

Electron affinity (eV)

Lattice constant (A)

Optical phonon energy (eV)

x=0 x=1 D<x<
(InAsg9)Sbygg)  (GaSb)
3.53.10% 3.53-10% 3.53-10%
~2-107% 5-107%
~ 280 266 ~270
5.69 5.61 5.69 — 0.08x
153 15.7 153 +04x
12.6 14.4 12.6 + 1.8x
0.022 0.041  0.022+0.03x - 0.012x2
0.4 04 0.4
0.025 0.05 0.025 +0.025x
4.87 4.06 4.87-0.81x
6.0959 6.0959 6.0959
~0.03 ~0.03 ~0.03
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Band structure and carrier concentration

x=0 x=1 O<x<l1
(InAsgg1Sbogg)  (GaSb)
Energy gap (eV) 0.29 0.726 0.29 ~ 0.165x + 0.6x2
Energy separation between
X-valley and top of the
valence band Ex (eV) 1.37 1.03 See Fig. 8.2.4
Energy separation between
L-valley and top of the
valence band E; (eV) 1.02 0.81 See Fig. 8.2.4
Energy of spin-orbital
splitting E, (eV) 0.33 0.76 See Fig. 8.2.5
Effective conduction
band density of states (cm™>) 8-10° 2.1-10"7 2.5-1019(0.022 +0.03x
—0.012x2)¥2
Effective valence
band density of states (cm™3) 6.6-10'8 1.8-10" 2.5-10°(0.41+0.16x
+0.23x2)¥2
Electrical properties
Breakdown field (V/cm) ~4-10* ~5-104 ~5-10%
Mobility (cm?/V's):
electrons <4-10% <3000 See Sec. 8.3.1
holes <500 <1000
Diffusion coefficient (cm?/s):
electrons <10? <75

holes <13 <25
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Optical properties
x=0 x=1 O<x<l
(inAsggSbgg9)  (GaSb)
Infrared refractive index 35 38 See Fig. 8.4.1
Radiative recombination
coefficient (cm?/s) ~10-10 ~10710

Thermal and mechanical properties

Bulk modulus (dyn/cm?) 5.7-101 5.7-10' 5.7-101
Melting point (°C) ~700 ~712 See Sec. 8.5
Specific heat (J/g°C) ~0.25 ~0.25

8.1.2. Basic Properties of Ga,Iny_,As,Sb,_, Compositions Lattice-Matched

to InAs
x=0 x=1 O<x<l
(InAs)  (GaAsggsSby )

Number of atoms in 1 cm® 3.59-10%2 3.59.10%2 3.59-10%2
Debye temperature (K) 280 ~270 ~270
Density (g/cm®) 5.68 5.59 See Sec. 8.6
Dielectric constant:

static 15.15 15.5 1515+ 0.35x

high frequency 123 14.1 123+ 1.8
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Effective electron mass
(in units of m,)

Effective hole mass:

(in units of m,)
heavy hole
light hole

Electron affinity (eV)

Lattice constant (A)

Optical phonon energy (eV)

Band structure and carrier concentration

Energy gap (eV)

Energy separation between
X-valley and top of the
valence band Ey (eV)

Energy separation between
L-valley and top of the
valence band E; (eV)

Energy of spin-orbital
splitting E,, (eV)

Effective conduction
band density of states (cm™)

Par s: Vol. 2
x=0 x=1 0<x<1
(InAs) (GaAsq 0gSby.92)
0.023 0.041 0.023 + 0.032x-0.012x2
0.41 0.41 0.41
0.026 0.052 0.026 + 0.026x
49 4.07 49 -0.83x
6.0583 6.0583 6.0583
0.03 ~0.03 ~0.03
0.36 0.60 0.36 — 0.23x + 0.54x2
1.38 1.07 See Fig. 8.2.7
1.09 0.82 See Fig. 8.2.7
041 0.76
8.7-10' 2.2-10"7 2.5-101%(0.023 + 0.032x

—-0.012x2)¥2
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x=0 x=1 OD<x<1
(InAsg 91Sby 09) (GasSb)
band density of states (cm™>)  6.6-10'8 1-10" 2.5:10"%(0.41+0.14x
+0.23x2)¥2
Electrical properties
Breakdown field (V/cm) ~4-104 ~4-10* ~4-104
Mobility (cm?/V-s):
electrons <4-10* <2-104
holes <500 <500
Diffusion coefficient (cm?/s)
electrons <500
holes <12
Optical properties
Infrared refractive index 3.51 3.76 3.51 +0.25x
Radiative recombination
coefficient (cm?[s) ~10-10 ~10-10
Thermal and mechanical properties
Bulk modulus (dyn/cm?) 5.8-10M 5.8-101 5.8-101
Melting point (°C) 942 75
Specific heat (J/g°C) 0.25 ~0.25 ~0.25
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8.2. Band Structure and Carrier Concentration

Energy 15 . .
«InP
X-valley GaAs In
[~vailey
@ 10t -
L~
E W GasSb
x o
I & g asp 1
0054 E9 o A S
He Whg\lfe vector InAs
avy holes
Eso Light holes 00 S
~7-]-\ 5.0 55 60 65
Split-off band

Lattice constant a [ A”)

Fig. 8.2.1. Band structure of Ga,In,_.As,Sb,_,.
Important minima of the conduction band and
maxima of the valence band.

Fig. 8.22. Energy gap E; of Ga,ln,_AsSb,
versus lattice constant.

Within the whole range of the compositions the Ga.ln,_,As,Sb,_, is a direct gap
semiconductor.

Fig. 8.2.3, Energy gap E; as a function of x for
Ga,In;_,As,Sb,_, lattice-matched to GaSb. Experi-
mental points are taken from five different papers.
Arrows show the region of the miscibility gap.
T(K): 1. 300, 2. 77 (after Mikhailova and Titkov
[1994]).

i b o i s 1 3 1 3

.2
0002 04 06 08 10
x

For Ga,In,_,As,Sb,_, 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 Chemng et al.
[1986]).
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For Ga,In,_,As,Sb,_, compositions lattice-matched to GaSb (after Karouta et al. [1987)):

T=300K E, 20.725x +0.290(1 - x) - 0.6x(1- x) (eV) (8.2.1)
T=77K E, =0.801x+0.354(1- x)-0.6x(1-x) (eV) (8.2.2)
20T
isf ] o
a X

Energy £ (eV}
=

[=3

W

T
—j\
Eso (eV)

PN T P |

a Ao 1 a1 3 4 3 U‘Z_Ll.lll-l.
00 02 a4t 06 08 1 00 02 O+ 06 08 10
Composition x Composition x
Fig. 8.2.4. Energy separations between I', L Fig. 8.2.5. Energy of spin-orbital splitting E,,
and X conduction band minima and top of the versus composition parameter x for GalnAsSb
valence band versus composition parameter x for lattice-matched to GaSb (after Tournie [1990]).
Ga,In;_,As,Sby_, lattice-matched to GaSb (after
Adachi [1987]).
(Reprinted with permission from the American Institute of
Physics, © 1987.)
08
0.7
E 06 Fig. 8.2.6. Energy gap E, as a function of x
W gs for Ga,In,_,As,Sb,_, lattice-matched to InAs. T(K):
F= 1. 300, 2. 77 (after Voronina ef al. [1991a]).
o 04
@
03
02

00 02 04 06 08 10
Composition x
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For Ga,In;_,As,Sb,_, compositions lattice-matched to InAs:
T=300K E, =0.36-0.23x +0.54x? (eV) (8.2.3)

T=77K E,=041-029x+0.66x2 (eV) (8.2.4)

N
o
4

b
w
T

X conduction band minima and top of the
valence band versus composition parameter x for

[ c _ Ga,In_,As,Sby., lattice-matched to InAs (after
/ Adachi (1987)).

(Reprinted with permission from the American Institute of
Physics, © 1987.)

2 X ]
\ Fig. 8.2.7. Energy separation between T, L and

Energy £ (eV)
=)

(=]
o
T

[ PR (R T N T S 1 i
00 02 0L 06 08 10
Composition x

8.2.1. Temperature Dependences

Temperature dependence of the energy gap for GaSb (x=1,y=0):
(after Wu and Chen [1992])

T?
E,=0.813-3.78-10"*-
T +94

eV) (8.2.5)

Temperature dependence of the energy gap for InAs (x =0,y =1):
(after Fang et al. [1990])

T2
=0.415-2.76-10~*- 8.2.6
E,=0415-2.76-10 7183 V) ( )

Temperature dependence of the energy gap for Gag g7Ing 93A¢ 3Sbp.12:
(after Gong et al. [1994])

Tﬁ
T+288 V) ®2.7)

E,=0378-427. 10-4.
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Effective density of states in the conduction band N, for GalnAsSb lattice-matched to GaSb:

32
N.=482. 1015(31 T2
m, ) (8.2.8)

=4.82-10"5-T¥2(0.022 +0.03x =0.012x2)¥2  (cm~3)
Effective density of states in the valence band N, for GaInAsSb lattice-matched to GaSb:

m,

2
N, 54.32-10”-?3/2[&J
(8.2.9)

=4.82-10'5 . T¥2(0.4140.16x+0.23x2)¥2 (cm™3)

Temperature T (K)

s-16 300 200 100

1u T —

10"

10" 2 Fig. 8.2.8. The temperature dependences of the
".'E 101 ] intrinsic carrier concentration for Ga.In;_,As,Sb;.,
I 108 alloys lattice-matched to GaSb. 1. x=0,2.x=0.2,

& ‘ 3.x=08,4.x=1.

10

10°

102 | E VN ST TN T W TR U BT RS R 1

25 35 45 55 65 75 85 95
1000/7T (17K

Effective density of states in the conduction band N, for GalnAsSb lattice-matched to InAs:

m /2
N,=482. 10'5[—"} T2

m,

(8.2.10)
=4.82-10"-7%2(0.023+0.032x - 0.012x2)¥2 (cm™)
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Effective density of states in the valence band N, for GalnAsSb lattice-matched to InAs:

2
N, =4.82-10'5 -Tﬂ(ﬂ]y
mo

(8.2.11)
=4.82-1015.T¥2(0.41+0.14x+0.23x2)¥2 (cm™?)

Temperature 7 (K)
300 200 100

Fig. 8.2.9. The temperature dependences of the
intrinsic carrier concentration for Ga,In, ,AsSb,_,
alloys lattice-matched to InAs. 1. x=0, 2. x = 0.2,
3.x=08,4.x=1.

njlem™)

M S T R T TN T |
25 35 &5 55 65 75 85 95
1000/T (1/K)
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8.2.2. Band Discontinuities at GalnAsSb/GaSb and GalnAsSb/InAs Heterojunctions

s T T T T T T T

3 ]

600 ]

EN ]

EL00y ‘
w o[
< 2001

[ a1 ]

a1 1 1 L 1
00 02 0t 06 08 10
x
Fig. 8.2.10. Valence band offset AE, versus
composition parameter x for lattice-matched

Ga,In,_,As,Sb,_ /GaShb heterostructure (after
Mebarki et al. [1993]).

10 —r—r—TTrTrT T T

05 1

AE];IQV,

- L
00 1
s [ ]
w
..E. B a
W 200+ 1
S |
0 [ L L
07 08 . 09 10

Fig. 8.2.11. Conduction band offset AE, versus
composition parameter x for lattice-matched
Ga,In;_,As,Sb,_,/GaSb heterostructure (after
Mikhailova and Titkov [1994]).

Fig. 8.2.12. Valence band offset AE, versus
composition parameter x for lattice-matched
Ga,ln,_,As,Sby_,/InAs heterostructure (after Nakao
et al. [1984]).

(Reprinted with permission from Eisevier Science, © 1984.)
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8.2.3. Effective Masses

Electrons:

For GalnAsSb lattice-matched to GaSb (estimated according to Eq. (8.1.1)):

mrp[m, =0.022 + 0.03x —0.012x? (8.2.11)
For GaIlnAsSb lattice-matched to InAs (estimated according to Eq. (8.1.1)):

mp [m, =0.023+0.032x —0.012x? (8.2.12)
Holes:
Effective mass of density of states m, for GalnAsSb lattice-matched to GaSb (estimated
according to Eq. (8.1.1)):

m,/m, =0.41+0.16x+0.23x2 (8.2.13)

Effective mass of density of states m, for GalnAsSb lattice-matched to InAs (estimated
according to Eq. (8.1.1)):

m, [m, =0.41+0.14x +0.23x2 (8.2.14)

8.2.4. Donors and Acceptors

Ga,In;_,As,Sb_,(0<x<0.2)
(after Baranov et al. [1990], Voronina et al. [1991b])

Undoped Ga,In,_,As,Sb,_, compositions (0 <x <0.2) have the conductivity of p-type.
Three native acceptor traps have been observed for these compositions:

E,—-E,=001eV

E,—E, =0.03+0.035eV

E,—E, =007 eV



Gallium Indium Arsenide Antimonide (Galn,_. As,8b,_,) 193

Ge,Cd - (E,—E,)=001eV (acceptor)

Ge+V,. - (E,—E,)=0.017eV (acceptor)

Cd+V, - (E,~E,)=0.017e¢V (acceptor)

Zn -(E,—E,)=0.1+0.15eV (acceptor)

Te -(E,-E,)=5-102eV (donor)
(E,—E)=0.04+0.05eV (donor)

Ga,In;_,As,Sb,_, (x 2 0.8).

(after Voronina et al. [1991a])

Undoped Ga,In,_As,Sb,_, compositions (0.76 < x < 1) have the conductivity of n-type.

Native donor trap has been observed for these compositions:
(E.—E)=0.09+0.1eV

Mn - (E,—E,)=0.02+0.025eV (acceptor)
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8.3. Electrical Properties
8.3.1. Mobility and Hall Effect

5000

w000} 2"’7‘-%\.

3000 3 .

2000

Mobility K lem?/vs)

1000 L L L
60 100 200 300

Temperature T (K)

Fig. 8.3.1. Temperature dependences of the
electron Hall mobility for Ga,In,_,As,Sb,_, (Te).
x=0.1. For all samples acceptor concentration
N, =5-10" ¢cm™. Donor concentration (Te).
Ny (em™): 1. 2.5-10"7, 2, 8.5-10'7, 3, 4. 10'®
(after Voronina et al. [1991b)).

(Reprinted with permission from the American Institute of
Physics, © 1991.)

10% e T
] ]
3 5000 .
X i
=
=
E 1000}
500 Losss —
60 100 200 300
Temperature T{K}

Fig. 8.3.3. Temperature dependences of the
electron Hall mobility for Ga,In,_.As,Sb,_,. x =
0.8. For all samples donor concentration Ny =
5-10'® ¢cm™, Acceptor concentration (Mn) N,
(cm™): 1.4.4-10"7,2.6- 10, 3. 7.8 - 10'7 (after
Voronina et al. [1991a]).

100: LI B S S m

1
o [ r-f"./
?\ - ..f E
E
S L
o o ]
s |
g
% ——t ey ey
T 1L

24 681012116

10%/7 (K"
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.)
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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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Fig. 8.3.5. Temperature dependences of the hole
Hall mobility for Ga,In,.,As,Sb,., for different
dopants and different doping levels. x = 0.1.
1. undoped: N, — 4.4 - 108 cm™3, N; - 1.7 - 10'¢
cm™3; 2-5. samples doped with Ge. N (cm™3):
2,N,~19-10", N;—5.10'%,3 N, - 6.4 - 10",
Ny—2-10"7,4. N, - 3.4-10'% N; - 6-10'7,
5.N,—- 1.6-10'%, N;~2 - 10", 6. Sample doped
with Cd. N, - 9-10' em™, Ny - 2 10" cm™3
7-8. Samples doped with Zn. N (cm™): 7. N, -
42-10", N;~2-10', 8. N, - 6.2-10'7, N; -
2 - 10'€ (after Voronina er al. [1991b)).

(Reprinted with permission from the American Institute of
Physics, © 1991.)

//
//s-
—

/

.  — 5
1 1 i 1 1 i
2 L 6 8 10 12 1416

10%/7 1K™

.-

100

T T
\
||]_I||t

T T TTTITT
llnlllli

1

Hall coefficient (cm™/ C)

Y
A

TT ll'll'[
L ]llllj

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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Fig. 8.3.7. Temperature dependences of the hole
Hall mobility for Ga,In,_,As,Sb;_, x = 0.8. For all
samples donor concentration N; = 10'® ¢cm3,
Acceptor concentration (Mn) (cm™): 1. 1.7 - 10'%,
2.23-10'8 3, 5.10'8 (after Voronina et al.
[1991a)).

8.3.2. Impact Ionization
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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 of electron (o)
and hole (B) ionization coefficients for
G%_al.ﬂo_zhﬂo_nsbo_u, 230 K (after Andreev et al.
[1991)).

a= o, exp(—F/F)% (8.3.1)
o =2.41-10% cm™, Fog=4.45 - 10° V/em
B =B exp(=Fo[F) . (8.3.2)

B.=198 - 10° cm™!, Fjo=3.69 - 10° V/em
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8.4. Optical Properties
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Fig. 8.4.1. Refractive index n versus photon energy
for Ga,In;_,As,Sb,_, lattice-matched to GaSb (after

Adachi [1087
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Fig. 8.4.2. Refractive index n versus photon energy
for Ga,In,_,As,Sb,_, lattice-matched to InAs (after
Adachi [1987]).

dachi {

Fig. 8.4.3. The absorption coefficient versus
photon energy, 300 K. Curve 1: x = 1,y = 0(GaSb),
Curve 2: x =0,y = 1 (InAs) (after Adachi [1989]).
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8.5. Thermal Properties

Thermal resistivity for several GaInAsSb compositions (y = | — x), 300 K (after Both et al.
[1990)).

Composition E, Thermal resistivity
(eV) (cm K/W)
Gay 94Ing 06AS0.05SP0 95 0.67 5.5
Gay gsIng 15ASg 135Dy g7 0.59 71
Gag gIng 19As0, 165b0.83 0.56 10.4
10 2 3

: / 3 A Fig. 8.5.1. Temperature dependences of thermal

conductivity. x =1, y=0. (GaSb). 1 +3 — n-type

Thermal conductivity K (W/em K)

2 PO E samples. n (300K), cm™3: 1. 1.6-10'7,
E J g ] 2. 8.6-107, 3. 1.8-10%, 4. p-type sample.
7 !-l' ] p (300K) = 1.4 10" cm™ (after Poudjade and
< 4 T Albany [1969] and Okhotin er al. [1972)).

=1

Ll TR I ¥:
10 10? 10°

Temperature 7(K)

T
= 1 7%
g P o
3 10F o % =
= E .3 3
x f . oz\ ] Fig. 8.5.2. Temperature dependences of thermal
.‘g o £ \ 1  conductivity. x=0, y=1. (InAs). I, 2 - n-type
= : . ] samples. 1. mp=1.6-10" cm™, 2. ny =2- 10"
13 1k R 4  om?, 3. p-type sample, pp=2 - 10'7 cm3 (after
e . A‘\. ] Tamarin and Shalyt [1971] and Okhotin et al.
E [ ¢ ’ ] 92,
o 3
£
‘0‘1 i aaanl PR S TR TT1 B S T o W, 71
1 0 10? 1

Temperature T (K}
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Fig. 8.5.3. Temperature dependence of specific heat
x=1,y=0(GaSb) 1. after Piesbergen [1963], 2. after
Okhotin ef al. [1972].
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Fig. 8.5.4. Temperature dependence of specific
heat at constant pressure. x =0, y = 1 (InAs) (after
Piesbergen [1963]). For 298 < T < 1215K.
C,=0.24 +3.97 - 105 T (J/gK) (after Barin ef al.
[1977)).

Fig. 8.5.5. Contours of constant lattice-mismatch
as a function of x and y 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: ¢ — concentration of Sb in liquid
phase xg,, » — X}, , x —Xg, . Solid phase is lattice matched to GaSb (after Guseinov ef al. [1989]).
(Reprinted with permission from the American Institute of Physics, © 1989.)
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8.6. Mechanical Properties, Elastic Constants,
Lattice Vibrations, Other Properties

Density (g/cm?) 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/mm?) 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)):

Cu (8.19 + 0.64x) - 10!} dyn/cm?
Ci (4.46 — 0.44x) - 10" dyn/cm?®
Caa (3.89 + 0.43x) - 10"! dyn/cm?

for compositions lattice-matched to InAs (estimated according to Eq. (8.1.1)):

Ch (8.34 + 0.73x) - 10" dyn/cm?
Cy (4.54 — 0.42x) - 10" dyn/cm?
Cus (3.95 + 0.50x) - 10! dyn/cm?

201
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For GalnAsSb compositions For GalnAsSb compositions

lattice-matched to GaSb lattice-matched to InAs
Bulk modulus ~5.7 ~5.8
(-10'" dyn/cm?)
Shear modulus 1.86 +0.54x 1.9+ 0.57x
{-10"* dynfcm?)
[100] Young’s modulus 5.04 + 1.27x 5.14 + 1.35x
(-10" dyn/cm?)
[100] Poisson ratio 0.35-0.04x 0.35-0.04x

Acoustic Wave Speeds
Wave propagation Wave character Wave speed Wave speed
direction (in units of 10° cm/s) (in units of 105 ¢cm/s) for

for GalnAsSb compositions  GalnAsSb compositions
lattice-matched to GaSb lattice-matched to InAs

[100] v 3.79+0.18x 3.83+0.2x
Vr 2.6140.16x 2.64+0.17x
14 4.23+0.15x 4.28+0.17x
[110] Vi 2.61+0.16x 2.64+0.17x
Vu 1.81+0.26x 1.83+0.27x
W 4.36+0.14x 4.4140.16x

111
(] |74 2.11+0.22x 2.13+40.24x
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Fig. 8.6.1. Frequencies of the LO and TO phonons
in Ga,In 1-xAs,5b;_, as a function of the com-
position x for y = 1 — x. The solid curves represent
the calculated results using the modified REI model
(after Jaw er al. [19891).

(Reprinted with permission from the American Institute of
Physics, © 1989.)

Fig. 8.6.2. Frequencies of the LO and TO phonons
in Ga,In;_,As,Sb;_, as a function of the composition
x for y=1.48 — x. The solid curves represent the
calculated results using the modified REI model
(after Jaw et al. [1989]).

(Reprinted with permission from the American Institute of
Physics, © 1989)
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About the book

The Handbook Series on Semiconductor Parameters includes data of the
most popular semiconductor materials. These volumes aim to be a basic
reference for scientists, engineers, students and technicians working in
semiconductor materials and devices. The books have been kept compact
but comprehensive and coniain the values of frequently needed
parameters, selected and commented by leading experts on these
materials. The second volume will include data on Terary and Quaterary
11I-V Compounds.
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