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PREFACE

This handbook contains frequently needed information for the most important semi-
conductor materials. We have also included basic references where one can find
additional information if required.

The data for each material is organized in the same way in order to facilitate
searching for information. We have tried to come up with a handbook which will
be useful for every semiconductor student, researcher, or engineer.

For almost every parameter given in this handbook, different sources give some-
what different values. Often, these differences are larger than the stated accuracy.
In such cases, we chose the values which we believe to be more reliable.

In compiling this handbook, we took advantage of generous help from many
colleagues at the A. F. Ioffe Institute and the University of Virginia who made
many excellent suggestions, and, in some cases, provided us with more accurate
values of material parameters.

The Editors
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CHAPTER 1

SILICON (Si)

M. E. Levinshtein and S. L. Rumyantsev
Ioffe Institute, St. Petersburg, Russia

1.1. Basic Parameters at 300 K

Crystal structure Diamond
Group of symmetry ' O7-Fd3m
Number of atoms in 1 cm? 5 x 1022
Auger recombination
coefficient (cm® s71)
Ca i
&, §rif=t
Debye temperature (K) 640
Density (gcm™3) 2.329
Dielectric constant 11.7
Effective electron masses (in units of m,)
longitudinal m;/m, 0.98
transverse m;/m, 0.19
Effective hole masses (in units of m,)
heavy mp/m, 0.49
light myp/m, 0.16
Electron affinity (eV) 4.05
Lattice constant (A) 5.431
Optical phonon energy (eV) 0.063
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Band structure and carrier concentration

Energy gap (eV) 1.12
Energy separation (Erz) (eV) 4.2
Energy spin-orbital splitting (eV) 0.044
Intrinsic carrier concentration (cm™3) I x 10"
Intrinsic resistivity (Q x cm) 3.2 x 10°
Effective conduction band density of states

(em™3) 3.2 x 10%°
Effective valence band density of states

(cm™3) 1.8 x 101

Electrical properties

Breakdown field (Vem™1) ~ 3 x 10°
Mobility (cm? V—1g71)
electrons < 1400
holes <450
Diffusion coefficient (cm? s71)
electrons < 36
holes <12
Electron thermal velocity (m s™1) 2.3 x 10°
Hole thermal velocity (ms™1h) 1.65 x 10°

Optical properties

Index of refraction 3.42
Radiative recombination coefficient (cm?® s™1) 1.1 x 10~

Thermal and mechanical properties

Bulk modulus (dyncm™2) 9.8 x 1011
Melting point (°C) 1412
Specific heat (Jg=teCc™1) 0.7
Thermal conductivity (W cem™! °C™1) 1.3
Thermal diffusivity (cm?s™1) 0.8

Thermal expansion, linear (°C~!) 2.6 x 106
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1.2. Band Structure and Carrier Concentration

Energy 300K E,=112eV
EpL =2.0eV
/ EX =1.2eV
Es =0.044 eV
Er1 = 34 eV
\lr Er, =4.2eV
E
M2 EF'1 £
Ey rE L
<100> g <1Mm>
Eeo /,/ YHecvy holes  Wave vector
/ Light holes
Split-off band

Fig. 1.2.1. Band structure of Si. Important minima of the conduction band and maxima
of the valence band.

1.2.1. Temperature Dependences
Temperature dependence of the energy gap
2

T+63 V) (1.21)

E,=117—-473x10~*

where T is temperature in degrees K.

Temperature dependence of the direct band gap Er:

2

T
T+ V) (1.22)

Fro=4.34—3.91x 1074

Intrinsic carrier concentration

n; = (N, - Ny)Y%exp [— £y ] : (1.2.3)

2kgT
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Effective density of states in the conduction band

- 3/2
N.=482x10%M <—> x T3/2

o

3/2
=4.82 x 10° (%) x T%/% (cm™2) (1.2.4)
o

or
N.=6.2x10'° x T%2 (cm™?) ,

M = 6 is the number of equivalent valleys in the conduction band.
me = 0.36 m, is the effective mass of the density of states in one valley of conduction

band.
meq = 1.18 m, is the effective mass of density of states.

Effective density of states in the valence band

N, = 3.5 x 10 x T%/2 (cm™3) (1.2.5)

Temperature T(K)

690 5100 1.90 3[?0

C o5k
K=l
©
= g
U ™
c e
S o 1010'
% :_
c
E

5 L | i | i

107, 2 3 .

1000/7 (1/K)

Fig. 1.2.2. The temperature dependence of the intrinsic carrier concentration (Shur [1990]).
(Figure reprinted with permission of Prentice Hall, Inc.)
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T

00

Energy (eV)
o
(8]
T

0 100 200 300 400 500 600
Temperature T(K)

Fig. 1.2.3. Fermi level versus temperature for different concentrations of shallow donors and
acceptors (Grove [1967]). (Figure reprinted by permission of John Wiley and Sons, Inc.)

1.2.2. Dependence of the Energy Gap on Hydrostatic Pressure
E,=E,(0)—1.4x107% P (eV) (1.2.6)
where P is pressure in kbar.

1.2.3. Energy Gap Narrowing at High Doping Levels

250 T ' : Fig. 1.2.4. Electrical and optical energy
gap narrowing versus donor doping density

. =ar (Van Overstraeten and Mertens [1987]).
2 (Figure reprinted with kind permission
E 1501 from Elsevier Science Ltd.)
g
< 100F .
5 e
g s0r « 5
w % .'

0 L % 2 |

107 10'8 107 1020

Donor Density Ny (cm™3)

For 1017 < Ny < 3 x 1020 cm™3, AEZ ~ 3.5 x 1078 - N/ (eV) (Ng in cm™3).
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1.2.4. Effective Masses

Electrons

The surfaces of equal energy are ellipsoids. my; = 0.98 mog
me = 0.19 mg
Effective mass of density of states m. = 0.36 mg.

There are 6 equivalent valleys in the conduction band.

Effective mass of conductivity Mee = 0.26 mg
Holes
heavy mp = 0.49 mg
light myp = 0.16 mg
split-off band mgo = 0.24 mg
Effective mass of density of states m, = 0.81 mg (300K)

1.2.5. Donors and Acceptors

Ionization energies of shallow donors (eV)

As 0.054

P 0.045

Sb 0.043
Ionization energies of shallow acceptors (eV)

Al 0.072

B 0.045

Ga 0.074

In 0.157
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The most important deep levels with impurities

Position in the

I ; 2 2
mpurity  Type kil g on(cm?) op(cm?)
Au d E, +0.35eV 1071  35x10715
a E.—055eV  8x10"7 9.0x1071°
d E,+0.24 eV 3.5x 10720
Cu a E, +0.37 eV
a E, +0.52 eV
Fe d E, +0.39 eV 2.0 x 10717
Ni a E,.—0.35¢eV 7 x 10712
a E,+0.23 eV
Pt d E, +0.32 eV ~ 10715
a E, +0.36 eV
a E.—025eV  5x10°1
Zn a E,+0.32eV 10713 10713
a E.—0.5¢eV 10719 10~13
a — acceptor, d — donor
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The most important deep levels with radiation defects

Position in the

2 2

Defect Type foxkidden gap o, (cm?) op(cm?)
A-center a E.—0.17eV 10~ >5x%x 1071
E-center a E.—0.45 eV 5x 1071° > 10713
K-center d E,+0.35eV <107%  (0.1+1)x1071%
d E,+020eV  4x10"% 5 x 10716
Vac—Vac a E,—0.23 eV 5x 10716 4 %1071
a E.—0.41eV ~ 1071 3x 1071

a — acceptor,

d — domnor
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1.3. Electrical Properties
1.3.1. Mobility and Hall Effect

106 """'I"'I LR L § ¥ """'é
o
— : °
T, 248 40
T 10°F . 3
3 i
Tl A ]
F 4
= Jem,
3 10°F %, 3
2 lo"nuﬂuq’q,.'-,e
: o ﬂn.5
S 3k °P
s 07 2 3
2; )
1 Lol L el L2 auan
. 10 102 103

Temperature T (K)

105 LERE AL B e e e e e

Sl
o

Mobility i (cmZVv-TsT)
=
(=)

10T il i
1% 10 10 107 1% 109
Donor density Ny (cm=-3)

Fig. 1.3.2. Electron drift mobility versus
donor density at different temperatures (Li
and Thurber [1977]). (Figure reprinted with
kind permission from Elsevier Science Ltd.)

Fig. 1.3.1. Electron mobility versus temper-
ature for different doping levels.

1.

2

3.

)

v-1g-1

Mobility 1 ( cm?

2000 T T T T L
w
+ 1000

High purity Si(N4 < 10"2cm™3); time-
of-flight technique (Canali et al. [1975]).
High purity Si(Ng = 4 x 103cm™?);
photo-Hall effect (Norton et al. [1973]).
Ny =175 x 10*®* cm™®; N, = 1.48 x
10'® cm™®; Hall-effect (Morin and
Maita [1954]).

.Ng = 13x%x 107 cm™;, N, = 2.2 x

10" cm™2; Hall-effect (Morin and
Maita [1954]).

1o

f

500

T T T

200

100~

50 1 1 i L N
1015 1015 1017 1018 1019 1020

Donor density Ng (cm™3)

Fig. 1.3.3. Electron drift mobility versus
donor density, 300 K (Jacoboni et al. [1977]).
(Figure reprinted with kind permission
from Elsevier Science Ltd.)
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At 300K for 10'® cm™3 < N; < 10%° ¢cm~3 electron drift mobility s,

Hmax — Hmin (131)

Un = lmin + —1 T (Nd/Nref)a y

where fimin = 92 cm? V-1 571 poo = 1360 cm? V71 571 a = 0.91, Nyer =
1.3 x 107 cm™3 (Baccarani and Ostoja [1975]).

For Ng < 10 em~—2 and 250 < T < 600K,
2.2
e ~ 1430 x <3—;9> (em?® V~1s71) (1.3.2)

(Dorkel and Leturcq [1981]).

For Ny < 108 cm=3 and 200 K < T < 600K,

X
Hn = ﬁ 3 (1.33)
where
2.8
300
wur = 1430 (T) (em®* V2 g7

I

A><T3/2x[l 1+B><T2 BxT? 17!
[ n e
al N, N, N,+ BxT?

where A = 4.61 x 10'” cm™ V=1 571 K=3/2) B = 1.52 x 10'® cm~3 K~2 (Dorkel
and Leturcq [1981]).
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Hall factor ry

090f

10" 102 10" 10% 10> 108 10"
Donor density Ng (cm3)

Fig. 1.3.4. The electron Hall factor versus donor density for 77 K and 300 K. Solid lines show
the results of calculations. Symbols represent experimental data (Kirnas et al. [1974]).

(Ncm)
5—-

Resistivity

]0‘16 1018 10 20
3)

1012 .IOIL

Concentration N (cm ~

Fig. 1.3.5. Resistivity versus impurity concentration for Si at 300 K (Sze [1980]). (Figure
reprinted by permission of John Wiley and Sons, Inc.)
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1OSE””", N
E 1o
—_— o
D) °°
o8l 282 4
'> 10 E Iy E
~ £ EA
§ | s
5 mJ F
= 3
R a
2 E 0% ]
E r nog ‘jO
(=} I.u °ﬂu,c
= 0%
o od
2
I o
102 R I Ty R A R N U
10 102 103

Temperature 7 (K)

0 10 10 10 10
Acceptor density Ng (cm”

o

Fig. 1.3.7. Hole drift mobility versus ac-
ceptor density at different temperatures
(Dorkel and Leturcq [1981]).  (Figure
reprinted with kind permission from Else-
vier Science Ltd.)

Fig. 1.3.6. Temperature dependences of

hole mobility for different doping levels.

1. High purity Si(N. < 102 cm™?); time-
of-flight technique (Ottaviani et al
(1975]).

2. High purity Si(N. ~ 10** cm™?); Hall-
effect (Logan and Peters [1960]).

8 N, = 24 % 10" om™; Ny = 23 x
10 c¢cm™3; Hall-effect (Morin and
Maita [1954]).

4. N, = 2 x 10" em™; Ns = 49 X
10" c¢cm™3; Hall-effect (Morin and
Maita [1954]).

Mobility K (cm?2 v-1sT)

+ i

0 1 T 1 1
Acceptor density Ng(cm-3)

Fig. 1.3.8. Hole drift mobility versus accep-
tor density, 300K (Jacoboni et al. [1977]).
(Figure reprinted with kind permission
from Elsevier Science Ltd.)
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At 300K for 10"°cm=% < N, < 102%cm—2 hole drift mobility s,

~ . Mmax — Hmin
Hp X Hmin + 1+ (Na/N-ref)a 5 (1.3.4)

where pimin = 48 cm?V~1s71 oo = 450 cm?V- 15l o = 0.76, Nt = 6.3 x
1016 em—3.

For N, < 10*¥ cm~2 and 200K < T < 600K,

X
gy EB 5 B (1_3.5)

fp =2 ;
P+ pr

where

2.2
300\~
ML = 495 <T> (cm2V_1S_1)

-1

_A><T3/2><l 1+B><T2 B x T?
= o N, N,+BxT?| °

where A = 1 x 107em~!1V~1s~1K~=%/2 B = 6.25 x 10"4cm—3K~2 (Dorkel and
Leturcq [1981]).

¥ ] ’ ™] Fig. 1.3.9. The hole Hall factor versus ac-
1.4 1 ceptor density, 300K (Lin et al. [1981]).
12 1 (Figure reprinted with kind permission
from Elsevier Science Ltd.)

oy
o

o

=}

T T T T
o

o

O o
o

E

o«
~

Hall factor y
o
[=2]

o
N
T

;

1 1 1 1
0% 0% 1% 17 1g®
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1.3.2. Transport Properties in High Electric Field

'V?

€ 107}-' 3

= sk -

3\ -

S

S 21 77k

£ 6

& 10 F 1 1 1 3
10 102 103 104 105

Field F(Vecm™)

Fig. 1.3.10. Field dependences of the elec-
tron drift velocity. Solid lines: F||(111);
Dashed lines: F||(100) (Jacobonmi et al.
[1977]). (Figure reprinted with kind per-
mission from Elsevier Science Ltd.)

Drift velocity Vylcm s™)

Field F (Vem™)

Fig. 1.3.11. Field dependences of the elec-
tron drift velocity at different tempera-
tures. F||(111) (Jacoboni et al. [1977]).
(Figure reprinted with kind permission
from Elsevier Science Ltd.)

For F||(111), Ng < 10'8 cm™2 and T > 250K electron drift velocity v4 can be fitted

by the equation

F
Vg ™~ Vg X — X
8 Fc

[1+ (F/F)P] P,

(1.3.6)

where v, = 1.53 x 10° x T7%8cms™1; F, = 1.01 x T'%5Vem™1, =257 x 1072 x

7056 (Jacoboni et al. [1977]).

14

=
N

==X
o

Vg (107 cm s7)

o
[e-)

Saturation velocity

o
(=]

%0 900 600
Temperature T (K)

w

Fig. 1.3.12. Temperature dependence of the
saturation electron drift velocity (Jacoboni
et al. [1977]).

Solid line is calculated according to equa-
tion

Vs =0 X [1 4+ C x exp(T/0)]7" ,
where v, = 2.4 x 107cms™!, C = 0.8,

6 = 600 K. (Figure reprinted with kind per-
mission from Elsevier Science Ltd.)



Silicon (Si) 15

At 300K the dependence of the electron drift velocity versus field at different donor
- concentrations can be calculated as

o X F

4 Na (F/An)? . (F\*
Nd/cn+Nref F/An+Gn Bn

i (1.3.7)

1

where g, = 1400cm?V~1s71 N, = 3 x 10 cm™3, C, = 350, A, = 3.5 x 103
Vem™!, B, = 7.4 x 103 Vem™!, G,, = 8.8 (Scharfetter and Gummel [1969]).

05 T T T ] Fig. 1.3.13. Mean energy of electrons as a
il 1 function of electric field F' at different donor

1 densities, F||(111), 300K (Jacoboni et al.

[1977)).

Gl £ ] 1L N.=0,

005f ] 2. Ng=4x10"® cm™3;

3. Ny =4 x 10" cm™®. (Reprinted with
kind permission from Elsevier Science
Ltd.)

Mean Energy (eV)
N
w

0.01

ol 1 aaaal
103 10%

Field F (Vem™)

Fig. 1.3.14. The field depen-
dence of longitudinal elec-
1 tron diffusion coefficient D
1 for 77K and 300K, FJ||(111).
] Dashed and solid lines show

'_IVI
o~
€
=
Q
-~ the results of the Monte-
_g % Carlo simulation. Symbols
2 ] represent measured data
@ o ] (Canali et al. [1985]).
8 b 4
c L
g o ;
B b el g soasemstos

10’ 102 103 10 10°

Field F (Vem™)
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3
3

T T Rig 1.3.15. Field dependences of
the hole drift velocity at different

temperatures, F||(100) (Jacoboni
5 et al. [1977]). (Reprinted with kind
permission from Elsevier Science
Ltd.)
08k

T T T

T

Drift velocity Vg (cms-')
N

300 430
10‘ 102 103 10* 105
Field F(Vem™)

For N, < 10 ¢cm~3 and T > 250K hole drift velocity vy can be fitted by the
equation

F _
va = vy X = X [L+ (F/F)°] ol (1.3.8)

where
vs ~ 1.62 x 108 x T7%52 (cms™1) , (1.3.9)
F.=124x T"%8 Vem™!, B = 0.46 x T%17 (Jacoboni et al. [1977]).

At 300K the dependence of the hole drift velocity versus field at different acceptor
concentrations can be calculated as

x F
vg =~ £D 3 (1.3.10)
e N (FA4)?  (FY
No/Cp+ Neet ' FlA,+G, ' \B,

where p, = 480cm?® V7! 571, Nieg = 4 x 10%em™3, C, = 81, 4, = 6.1 x 10°
Vem™, B, = 2.5 x 10® Vem™!, G, = 1.6 (Scharfetter and Gummel [1969)).
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Fig. 1.3.16. Mean energy of holes as a function of electric field . N, = 0, 300 K (Jacoboni
et al. [1977]). (Reprinted with kind permission from Elsevier Science Ltd.)

c;w e -

E 1025' E

= F___ 77K 3

Q E °e }"\o\ ]
°

§ [ oKk BN

£ 10'F OV E

K e %:’:"zﬁ\

8 C 000%&'0 i

c C

R I 1

wn

2 100 PO L T I SR SR T0 Y (R

5 10° 103 10*

Field F(Vem™)

Fig. 1.3.17. The field dependence of longitudinal hole diffusion coefficient D for 77K and
300K, F||(111). Dashed and solid lines show the results of the Monte-Carlo simulation.
Symbols represent measured data (Canali et al. [1985)).
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1.3.3. Impact Ionization

lonization rate a;(cm™)
N
s
2

! L i L L

2 4L 6 8 10 12
1/7F (108 cm v

Fig. 1.3.18. The dependence of ionization
rate a; for electrons versus 1/F, 300K
(Maes et al. [1990]). (Reprinted with kind
permission from Elsevier Science Ltd.)

For electrons

Q; = g X exp[_FnD/F]

aiasl

lonization rate Bj(cm™')

~N

L L I

2 3 4 5
17F (108 em v

ad
o

—_

Fig. 1.3.19. The dependence of ionization
rate 3; for holes versus 1/F, 300 K (Grant
[1973]). (Reprinted with kind permission
from Elsevier Science Ltd.)

(1.3.11)

For 300K, a, = 3.318 x 10° cm™!, F,,, = 1.174 x 10° Vem™! (Maes et al. [1990]).

For holes

Bi = Bo x exp[—Fpo/ F]

For 300K (Grant [1973])

(1.3.12)

2x10° Vem™' < F < 5.3%10° Vem™!, fy = 2x10%cm™", F,, = 1.97x10° V cm™!
F>53x%x10°Vem™!, By = 5.6 x 105%cm™!, Fpo =132 x 10 Vem ™!

The dependence of ionization rates a; and f3; on crystal orientation has not been

found.
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Fig. 1.3.20. Breakdown voltage and breakdown field versus doping density for an abrupt
pen junction, 300 1S (Sze [1981]). (Figure reprinted by permission of John Wiley and Sons,

Ine.)
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Mg, 13,21, Normadized hrenkdown voltage versus temperature for an abrupt p-n junction

al difforent doping levels (Crowell and Sze [1966]).
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1.3.4. Recombination Parameters

-3
10 - - i Bl T T T T T T
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Donor density Ny (cm -3)
Fig. 1.3.22. Lifetime 7, and diffusion length L, of holes in n-type Si versus donor density,
300K.

7p(Na) dependence:

For 10"%cm™ < Ny < 10cm™ from numerous experimental data for good
quality industrial produced n-Si.
For Ny > 10'"cm™® — (Alamo and Swanson [1987]).

L,(Ng4) dependence (dashed line) is calculated as
Lp(Na) = [Dp(N) x 7p(N)]/2

where

The dependence of i, versus N is taken from Fig. 1.3.8. The dependence of 7, versus N
is taken from this figure. Squares indicate experimental results of Wang et al. [1989].
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Fig. 1.3.23. Lifetime 7, and diffusion length L, of electrons in p-type Si versus acceptor
density, 300 K.

7n(N.) dependence:

For 10%cm < N. < 10'cm™3 — from numerous experimental data for good
quality industrial produced p-Si.
For N, > 10%cm~2 — (Tyagi and Van Overstraeten [1983]).

L,(N.) dependence (dashed line) is calculated as
Ln(Na) = [Da(N) x Ta(N)]"/?

where

The dependence of . versus N is taken from Fig. 1.3.3. The dependence of 7, versus N
is taken from this figure.
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Surface recombination

Surface recombination rate depending on treatment of Si surface lies in the range
between 102 + (6-8) x 10* cm s~!. Surface recombination rate on the Si-SiO,

interface can be as small as < 0.5 cm s~ L.

Radiative recombination coefficient at 300 K (Gerlach et al. [1972])
1.1 x 1071 cm®s~!
Auger coefficient at 300 K

C, 1.1 x 10739 ¢cmbs~1
Cy 0.3 x 1073% cmfs~!
C=Cr+0Cp 1.4 x 10739 cm®s~1!

for 180K < T < 400K

0.5
C~1.4x1073 (%) (cm®s™1) .
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1.4. Optical Properties
Infrared refractive index no, = (koo )'/2

for TTK < T < 400K.

Moo = 3.38 x (14+3.9%x 107° x T) (1.4.1))

for T = 300K Moo = 3.42

—_ N W 0O
|
L

Refractive index n

o
N
o~
(=}
o

Reflectance R

1 1 1 L - 1

0 1 2 3 4 5 67
Photon energy hv(eV )

Fig. 1.4.1. Refractive index n versus photon
energy, 300 K (Philipp and Taft [1960]).

Fig. 1.4.2. Experimental (dashed line) and
theoretical (solid line) values of reflectance
versus photon energy for Si (Chelikowsky and
Cohen [1976]).
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(o xhv)Y2(cm 2y 172
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Fig. 1.4.3. Low-level absorption spectrum of high purity Si at various temperatures
(Macfarlane et al. [1959]). (Reprinted with kind permission from Elsevier Science Ltd.)
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Fig. 1.4.4. Intrinsic absorption edge at different doping levels, 300K (Wolfson and
Subashiev [1967]).

A ground state Rydberg energy Ry = 14.7 meV.
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i T LIRS 2 L Fig. 1.4.5. The absorption coefficient versus
photon energy at different temperatures.

Curves 1 and 2 — Sze [1981],
Curve 3 — Jellison and Modine [1982].
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At 300K for A > 5 um, a, ~ 10~18 x ngA? (Schroeder et al. [1978]).
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Absorption coefficient o (cm™)
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Fig. 1.4.7. Free carrier absorption versus wave-
length at different doping levels (p-Si), 300K
(Hara and Nishi [1966]).
Hole concentrations are

1. 46 x 107 cm™3,
3.2.5x 10*¥ cm ™3,

2. 14 x 1

At 300K for A > 5 um, a, =~ 2.7 x 10718 x pgA? (Schroeder et al. [1978]).
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Fig. 1.4.8. Free carrier absorption versus wavelength for high purity Si at different tem-
peratures (Runyan [1966]).
Temperatures are 1. 300K, 2. 473K, 3. 573K, 4. 623K, 5. 673K (Figure reprinted with
permission of McGraw-Hill Book Co.).
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1.5. Thermal Properties
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Fig. 1.5.1. Temperature dependence of
thermal conductivity for high purity Si
(Glassbrenner and Slack [1964]).
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Fig. 1.5.3. Temperature dependence of spe-

cific heat at constant pressure. T, is the
melting point (Okhotin et al. [1972]).
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Fig. 1.5.2. The dependence of thermal con-
ductivity K versus doping level NV at 20K,
p-Si (Thompson and Younglove [1961]).
(Reprinted with kind permission from El-
sevier Science Ltd.)

For T > 100K thermal conductivity is
practically independent on doping level
N.
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Fig. 1.5.4. Temperature dependence of spe-
cific heat at low temperatures (Flubacher
et al. [1959]).



Handbook on Semiconductor Parameters: Vol. 1

28
= 10 ! L 7 I 4 Fig. 1.5.5. Temperature dependence of ther-
‘n o mal diffusivity (Shanks et al. [1963]).
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R J_o_ Fig. 1.5.6. Temperature dependence of linear
e expansion coefficient o (Okada and Toku-

maru [1984]).
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1.6. Mechanical Properties, Elastic Constants,

Lattice Vibrations, Other Properties

Density
Hardness
Surface microhardness
(using Knoop’s pyramid test)
Cleavage plane
Elastic constants at 300 K

29

2.329gcm™3
7 on the Mohs scale

1150 kg mm 2
{111}

Cn 16.60 x 10* dyncm ™2
Ci2 6.40 x 10 dyncm™2
Caq 7.96 x 10! dyn cm™?

& T T L T T Fig. 1.6.1. Temperature
‘e 17F dependences of elastic
Z ____ constants. Dashed lines
> 16f o=y . By . (McSkiITn'n [1953]). Cir-

= '°\o\ cles (Nikanorov et al
o —
= 15k e | [1971]).
1S5 T C T
O 8 TTm—m—=—To——o— o, Lk o .
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s Tr .
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S 6 - G .

(%) n e 12

0 o S ——o—0o__,

% s |

E 1 1 1 | | pre 1 1 1
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Temperature T (K)

For 400K < T < 873K (in units of 10' dyncm™2)

C11 ~16.38-1.28 x 1073 T
Ciz~ 592-0.48 x 1073 T
Cas ~ 8.17-059 x 1073 T
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For 300K
Bulk modulus (compressibility™") B, = 9.8 x 10" dyn cm ™2
Shear modulus C'= 5.2x 10" dyncm™?
(111] Young’s modulus Yinn = 18.5 x 10'* dyncm ™2
[110] Young’s modulus Yi10 = 17.0 x 10" dyncm ™2
[100] Young’s modulus Y100 = 13.0 x 10" dyncm™2
[100] Poisson ratio o100 = 0.28
[111] Poisson ratio o111 = 0.26
Acoustic Wave Speeds
Wave Wave Wave speed
propagation  character Expression for wave speed (in units
direction of 10°cms™)
(100] Vi (C11/p)? 8.43
Vr (044//))1/2 5.84
Vi [(C11 + C12 + 2Cuq) /2p)/? 9.13
[110] Vai Vi=Vr= (C44/p)1/2 5.84
Vii [(Cu1 — C12)/2p]1/2 4.67
[111] 17 [(C11 + 2C12 + 4C4q) /3p)/? 9.36
v/ [(C11 — C12 + C44)/3p]1/2 5.10

Phonon frequencies (in units of 10'% Hz)

vito(Tast) 155 wra(Ls) 3.45
VTA(X3) 4.5 VLA(LQI) 11.3
VLAO(XI) 12.3 VLO(LI) 12.6
l/To(Xq) 13.9 IlTo(Lgr) 14.7
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Fig. 1.6.2. Room temperature dispersion curves for acoustic and optical branch phonons.
Solid lines are theoretical calculations. Symbols are experimental data (Dolling [1963] and
Tubino et al. [1972]).
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CHAPTER 2

GERMANIUM (Ge)

L. E. Vorobyev
St. Petersburg State Technical University

Russia

2.1. Basic Parameters at 300 K
Crystal structure Diamond
Group of symmetry O] -Fd3m
Number of atoms in 1 cm3 4.4 x 10%2
Auger recombination

coefficient (cm®s™1) 10—30
Debye temperature (K) 374
Density (gem™3) 5.3234
Dielectric constant 16.2
Effective electron masses (in units of m,)

longitudinal m;/m, 1.6

transverse m:/m, 0.08
Effective hole masses (in units of m,)

heavy my/m, 0.33

light m;p/m, 0.043
Electron affinity (eV) 4.0
Lattice constant (A) 5.658
Optical phonon energy (eV) 0.037

33
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Band structure and carrier concentration

Energy gap (
Energy separation (Ery)  (

eV)
eV)
Energy separation (AE) (eV)
Energy spin-orbital splitting (eV)
Intrinsic carrier concentration (cm™3)
Intrinsic resistivity (2 x cm)
Effective conduction band density of states
(cm™?)
Effective valence band density of states
(em™?)

Electrical properties

Breakdown field (Vem™1)
Mobility (cm? V~1 s~
electrons
holes
Diffusion coefficient (em? s71)
electrons
holes
Electron thermal velocity (ms™1)
Hole thermal velocity (ms™1)

Optical properties

Index of refraction
Radiative recombination coefficient (cm® s=1)

Thermal and mechanical properties

Bulk modulus (dyncm™2)
Melting point (°C)

Specific heat (Jg=teC™!)
Thermal conductivity (Wem™! °C™1)
Thermal diffusivity (cm?s71)

Thermal expansion, linear (°C~1!)

0.661

0.8

0.85

0.29

2.0 x 1013
46

1.0 x 101°

5.0 x 1018

< 3900
< 1900

<100
<50

3.1 x 10°
1.9 x 10°

4.0
6.4 x 10714

7.5 x 1011
937
0.31
0.58
0.36
5.9 x 10~©
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2.2. Band Structure and Carrier Concentration

Energy 300K E, =0.66 eV
Ex =12eV
Er, =0.8eV
/ Era = 3.22 6V
AE = 0.85 eV
FEso =0.29 eV
Ery & <>

Heavy holes
Light holes
Split-off- band

Fig. 2.2.1. Band structure of Ge. Important minima of the conduction band and maxima
of the valence band.

2.2.1. Temperature Dependences

Temperature dependence of the energy gap

2

T
. 2.2.1
T3 V) (A21

E,=0.742 - 4.8 x 107*

where T is temperature in degrees K.

Temperature dependence of the direct band gap Er:

2

76 V) - (2.2.2)

Fr; =0.89—5.82x 107*



36 Handbook on Semiconductor Parameters: Vol. 1

Effective density of states in the conduction band

o

3/2
N, =4.82 x 1055M (ﬁ> x T%? (cm™3), (2.2.3)
or
N.=1.98 x 10*® x T%2 (em™3) ,

M = 4 is the number of equivalent valleys in the conduction band. m. = 0.22m, is
the effective mass of the density of states in one valley of the conduction band.

Effective density of states in the valence band

N, =9.6 x 10" x T%/2 (cm™3) . (2.2.4)
Temperature 7(K)
17 500 400 300 200
10 5P ‘ Fig. 2.2.2. The temperature dependence
15 of the intrinsic carrier concentration n;.
— 10°F
'E
3 %
&
10"
9 A ) 1
Wy =2 & & &
1000/7 (1/K)
" ! T v . Fig. 2.2.3. Fermi level versus tempera-
ture for different concentrations of shal-
oor low donors and acceptors. Dashed line
shows Fermi level dependence versus tem-
= -02 perature for intrinsic Ge.
@
-0 f
>
&
g -06r
w
-08r

0 100 200 300 400 500 600
Temperature T (K)
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2.2.2. Dependences on Hydrostatic Pressure

E, = E,(0)+5.1x 1072 P (eV)
(2.2.5)
Er; = Er(0) +1.53 x 1072 P (eV)

where P is pressure in kbar.

2.2.3. Energy Gap Narrowing at High Doping Levels

150 Fig. 2.2.4. Energy gap narrowing versus
— donor (Curve 1) and acceptor (Curve 2)
= doping density. Open curves are experi-
£ 100 . mental values (Jain and Roulston [1991]).
5 (Reprinted with kind permission from El-
W . .
q sevier Science Ltd.)
§ 50 T
)
c
w

0 !

1
e mf ¥
Concentration N {cm-3)

For n-type Ge

N, O\ V3 N, O\ /4 Ny \Y/2
AE, = 8.67 x <w—1de> +8.14 x <1—0%> +4.31 x (ﬁ%) (eV)

For p-type Ge (2.2.6)

N, 1/3 N 1/4 N, 12
AE, =821 x (1018> +9.18 x (10—1"8) +5.77 x (10—13> (eV)

(Jain and Roulston [1991]).
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2.2.4. Effective Masses

Electrons

The surfaces of equal energy are ellipsoids.
my = 159’"10
m; = 0.0815mg

Effective mass of density of states m. = 0.22mg

There are 4 equivalent valleys in the conduction band.

Effective mass of conductivity Mee = 0.12my
Holes
heavy myp = 0.33mg
llght myp = 00437710
split-off band ms, = 0.084my

Effective mass of density of states m, = 0.34mg

2.2.5. Donors and Acceptors

Ionization energies of shallow donors (eV)

As 0.014
P 0.013
Sb 0.010
Bi 0.013
Li 0.093

Tonization energies of shallow acceptors (eV)

Al 0.011
B 0.011
Ga 0.011
In 0.012

T1 0.013
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2.3. Electrical Properties

2.3.1. Mobility and Hall Effect

ek~ " "] Fig. 2.3.1. Electron mobility versus
\ temperature for different doping lev-
= '.\\: els. 1. High purity Ge; time-of-flight
o 05F ‘ 32\\\‘ | technique (Jacoboni et al. [1981]).
> 10 E '\7\\":\:' 2.-6. Hall effect (Debye and Con-
y - -2 TN well [1954]). Na — Na (cm™). 2.
54 '*-~-~.-.:\\5.\ 1310 3. 1.4 167 £. 1.7% 10" 5.
3 10T ’ NN, 1 75x 1056, 55x10'% 7. Ny— N, =
> T TS 1.2 x 10'® cm~3; Hall-effect (Fistul et
= = al. [1962]).
S 10’f '
= 2 ——— et gmee
11l S 0 O Y 1 i

7 10 20 304050 100 200 300
Temperature 7 (K)

For weakly doped Ge in the range 77--300 K electron mobility p,, ~ 4.9x107xT~1:66
(cm? V~1s71).

]05 T T T T T T
5 L\“\“\
;‘” L "\A 1
i, WT )
=< 2 \k
E — 3 *~o
— X 107F 7
:_g' =l
2 1 1 1 1 1 1
10
1014 1015 1016 1017 1018 ]019 1020

Electron concentration ng (cm-3)
Fig. 2.3.2. Electron Hall mobility versus electron concentration (Fistul et al. [1962]).
1. 77K 2. 300 K.

Approximate formula for the Hall mobility. 300 K. (Hilsum [1974]), 4 = pon/
[1 + (N4/1017)1/2], where pog ~ 3900cm? V! 571, Ny — in cm™3.
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1.3
1.2
E 1
5
(=}
S 10
LS
S 09
i

08 1 1 1 1
o p® p% p? P w?

Donor density Ny (cm-3)

Fig. 2.3.3. The electron Hall factor versus donor density for 300 K (Curve 1) and 77 K
(Curve 2) (Babich et al. [1969]).

(Ncm)

Resistivity

0'1‘ 1 1 1 1 I
1011. 1015 1016 1017 1018 ,019 1020
3

)

Concentration N (cm~

Fig. 2.3.4. Resistivity versus impurity concentration for Ge at 300 K (Cuttris (1961)).
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10° -. ———
= 3
Wbkl i
L 10
N
€ 4
o
;’. 5
> 10°r .
o
=
102— 7x |

I (O 1! 1 1 1 L
40 5060 80100 200 300 400
Temperature 7 (K)

Fig. 2.3.5. Temperature dependences of
hole mobility for different doping levels.
1. High purity Ge; time-of-flight tech-
nique (Ottaviani et al. [1973]). 2.-7. Hall
effect (Golikova et al. [1961]). N, —
Ny (cm™3): 2. 4.9 x 10%3, 3. 3.2 x 10'%,
4. 2.7 x 10, 5. 1.2 x 10'7, 6. 4.9 x 10'8,
7. 2.0 x 10%°.

For weakly doped Ge in the range 100300 K hole mobility p, ~ 1.05x 10% x 7'=%:33

(cm? V-1 s71),

28103 —— ———————————

—~ 241 N 136
20k \%’;, q30
> °e\

~ - 4

E 16 ‘3 300K 24
T 12f 3 M 418
= 77 K\ S

2> 08f \ % 112
= Y

e 04r Y o, 106
:c; 1 1 L \T\.. ! \P“eaeﬂ

0 1013 1015 1017 1019 1021

Hole concentration p (cm-3)

Fig. 2.3.6. The hole Hall mobility versus
hole concentration. Experimental points:
data from three References (Golikova et al.
[1961]).

42-10*

— = = = =
N WSO 9 >

—_

Hall factor ry

g
Q
T

o
w

50 100 150 200 250 300
Temperature 7 (K)

Fig. 2.3.7. The hole Hall factor versus
temperature for high purity p-Ge (Morin
[1954]).
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2.3.2. Transport Properties in High Electric Field

2107 — T

107F

Drift velocity vy (cms™)

L { O W O 1 T W

102 103 104

Field £ (Vem™)

— —— S
>
=
>
o
[
[
=
L)
e F
s
s I
= L
o3 R T Vo O 0 R ST
e
10' 102 103 10

Fig. 2.3.9. Mean energy of electrons in
lower valleys as a function of electric field
for three lattice temperatures. F||(100)
(Jacoboni et al. [1981]).

Fig. 2.3.8. Field dependences of the elec-
tron drift velocity. Solid lines: F|[(100).
Dashed lines: F||(111) (Jacoboni et al.
(1981)).

N

]O FrooT T T T ¥ LT EFLE |
s | ]
o~ - P

£ %o

8] 256

=) o, 77 K

3 e E

= £ 3 b

(3] o 0%

o [

©

o

o

(o T

2 10 L

";3 °g°°°° S

a \ ]
20 L L Lt agrl . ¢ vigifl

102 103 10

Fig. 2.3.10. The field dependences of lon-
gitudinal electron diffusion coefficient D
for 77K and 190K. F||(100). Solid lines
shows the result of calculation. Symbols
represent measured data (Jacoboni et al.
[1981]).
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Fig. 2.3.11. Field dependences

Drift velocity vy (cms™)

of the hole drift velocity at
different temperatures. F'||(100)
(Ottaviani et al. [1973]).
5
10 %, 1 L
1 10’ 102 103 0%

Field F (Vem™)

W T e T Fig. 2.3.12. Drift velocity vs as a func-
F 1 tion of temperature for an electric field
— 12f 4 1 F =10"Vem™. FJ||(100). Solid line
o i 4 | shows the results of calculation in the case
= g where non-parabolic effects are taken into
8 ¢ 10 + 1  account (Reggiani et al. [1977]).
U j
> Q i
=0 A
o L
06 saaaal L1l
10 102

Temperature 7 (K)
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Mean energy (meV)

Diffusion coefficient D (cmZs™)

a3
o
o

@
o

60

40

20

—
o
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Field F (Vem™)

T
<
d
-
"
~
~3
x
£

N

B 0 T O

o

Field F{Vem™)

Fig. 2.3.13. Mean energy of holes ver-
sus electric field at different lattice tem-
peratures. Solid lines are Monte-Carlo
calculations for F|[(111) (Reggiani et al.
[1977]). Points show experimental results
for 82K (Vorob’ev et al. [1978]).

Fig. 2.3.14. The field dependence of lon-
gitudinal hole diffusion coefficient D for
77K and 190K. F|[(111). Dashed and
solid lines show the results of the calcula-
tions. Symbols represent measured data
(Reggiani et al. [1978]).
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2.3.3. Impact Ionization

The are two schools of thought regarding the impact ionization in Ge. The first
one states that impact ionization rates a; and G; for electrons and holes in Ge are
known accurately enough to distinguish such subtle details as the anisothropy of o
and f3; for different crystallographic directions.

T T T Fig. 2.3.15. Ionization rates in (111) and
-~ [ — <111> 1 (100) directions versus 1/F for Ge, 300 K
TE g —== <y - (Mikawa et al. [1980]).
O o ]
a | :
g }-A\A\A\ B 7
2 4
o 3
[ 4
c ]
2 ]
o s
HE:
c ~
3
e ‘ : '
L7 50 55 60
1/7F (10°%cmv)
For electrons
a; = ag X exp[—Fno/F] (2.3.1)
(111) direction: a, =2.72 x 106cm™1!, Fro=11x10Vem™?!
(100) direction: a, = 8.04 x 106cm™1, F,=14x10Vcem™?
For holes
Bi = Bo X exp[—Fpo/ F] (2.3.2)
(111) direction: B, =172 x 108 cm™1, B =987 % 10° Vem™?
(100) direction: Bo = 6.39 x 108cm™1, B = 127 % 105 Vo1

(Mikawa et al. [1980]).
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The second school contends that the values of a; and ; for the same electric field
reported by different researches differ by an order of magnitude. This point of view
is explained by Kyuregyan and Yurkov [1989]. In accordance with this approach we
can assume that

For electrons

a; = ag X exp|—Fro/F] (2.3.3)
where a, = 2.84 x 105 cm™!, Fo,o =114 x 108 Vem™!
For holes

,Bz' = .HO X exp[_Fpo/F] (234)
where Bo = 4.21 x 108 cm™1, B =111 % 108 v

for all crystallographic directions.

o ' . - 10572
%= S
&102F 110° W~
> he=)
S o
St 110* <
o 3
© (=]
X ©
3 3
g 1 1 1 1 o

1011. 1015 1015 1017 1018 m

Concentration N (cm™3)

Fig. 2.3.16. Breakdown voltage and breakdown field versus doping density for an abrupt
p-n junction (Kyuregyan and Yurkov [1989]).
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2.3.4. Recombination Parameters

Pure n-type material

300K

The longest lifetime of holes

Diffusion length Ly = {1, % g )2
TTK

The longest lifetime of holes

Diffusion length By = T, mp @

Pure p-type material

300K

The longest lifetime of electrons

Diffusion length L = (10, 3 i, Y2
7TTK

The longest lifetime of electrons

Diffusion length L, = (Dn X 1)Y?

Surface recombination

Tn > 10735
L, >03cm

Tn > 107%s
L, >0.15cm

47

Surface recombination rate depending on the treatment of Ge surface lies in the

range between 10 <+ 10% cms™!.

Radiative recombination coefficient at 300 K
Auger coefficient at 300K

6.4 x 10714

~1073cmbs

cm- s
6 —1
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2.4. Optical Properties

(300K)

Infrared refractive index n., = 4.00

l..OB:;;Ocl
< LOA‘OK
> o

4.02r2 o 1
§ 0 %, \\2970
- L.OO; 275 °
% 398 &Ea °\°2‘01‘° 1
L AN .
2 e 94
@ 394r i R |

Fig. 2.4.1. Refractive index n versus
wavelength at four different temperatures
(Icenogle et al. [1976]).

Wavelength X (pm)

30 40 50 60 70 80 90 100 110 120

Fig. 2.4.2. Refractive index n versus
photon energy, 300 K (Philipp and Taft
[1959]).

6

<

x 5

E 4

2

T 2

g

< 1

U

[r 4 4 I b b & 4 1 I
0 2 4 6 8 10

Photon energy hv(eV)
06 T T T T T T

Reflectance R

y | 1 T | 1 1

Fig. 2.4.3. Reflectance versus photon en-
ergy, 300 K (Cordona et al. [1967]).

Photon energy hv(eV)
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1/. Ry
a? (ecm ?)
w
T

—_
T

062 066 070 074 078 082 086
Photon energy hv (eV)

Fig. 2.4.4. Low-level absorption spectrum of high purity Ge at various temperatures (Mac-
farlane et al. [1957]).

= 16}
£
300 K s 12F
2 o8f
8 04r

0.80 081 082 083 088 089 090 0
Photon energy AvieV) Photon energy hv (eV)

w
S

N

o

aZ(108¢m2)
N
O

u—y
O

Fig. 2.4.5. The absorption edge at three dif-  Fig. 2.4.6. The absorption coefficient ver-
ferent temperatures (Seysyan et al. [1968]).  sus photon energy, 300 K (Phillipp and Taft
[1959]).
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62:10%cm?
1000'_— \/ 5
800 1
600} 410
L00F L/ 19

2310
3oof \/
200 ]

12:10°
100} 8-10'® .
80 E \/ ]

60
\/ 5.10'®

40

Absorption coefficient a (em™)

30+ )
1 2 3 4
Wavelength A (um)

Fig. 2.4.7. The absorption coefficient
at different donor (As) concentrations,
300K (Pankove and Aigrain [1962]).

2-10"

1

1 1 ) L
06 07 08 09 10 11
Photon energy hv(eV)

e

Fig. 2.4.9. The absorption coefficient at
different acceptor (Ga) concentrations,
293 K (Bagaev et al. [1962]).

Absorption coefficient o {em™)

062 066 070 07 078 082
Photon energy hv (eV)

1 I L

Fig. 2.4.8. Intrinsic absorption edges at
different donor (As) concentrations at
300K obtained after substracting the free
carrier absorption from the measured val-
ues (Pankove and Aigrain [1962]).
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06 07 08 09 10 1
Photon energy Av(eV)

Fig. 2.4.10. Intrinsic absorption edge at
different doping (Ga) level at 293K ob-
tained from Fig. 2.4.9 by substracting
the free carrier absorption (Bagaev et al.
(1962)).
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Wavelength X (pm)
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Fig. 2.4.11. Free carrier absorption ver-
sus wavelength at different doping levels.
n-Ge, 300K (Fistul [1967]). Conduction
electron concentration ng (cm™3):

1.8 x 10'7, 2. 4.8 x 108, 3. 1.35 x 10,
4.1.8 x 10*°, 5. 3.6 x 10*°,

Fig. 2.4.12. Free carrier absorption versus
photon energy at different doping levels.
p-Ge, 300K (Ukhanov [1977] and Vasi-
lyeva et al. [1967]). Free hole concentra-
tion po (cm™3):

1. 7.3 x 10%5, 2. 1.6 x 106, 3. 6.0 x 10%¢,
4.1.9 x 10'7,5. 1.2 x 108, 6. 1.0 x 10'°.
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2.5. Thermal Properties

o T i 5 e s R T YT
2 P i, ]
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Temperature 7 (K)
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Thermal conductivity K (Wem 'k

Omu 0% 108 100
Donor density Nd(cm'3)

Fig. 2.5.2. The dependences of thermal
conductivity versus doping level (Okhotin
et al. [1972]) n-Ge, T°(K):

1. 100, 2. 200, 3.300, 4.400, 5.500.

Fig. 2.5.1. Temperature dependences of
thermal conductivity at different doping
levels. (Carruthes et al. [1957]). Dashed
line (Glassbrenner and Slack [1964]).
p-Ge, N, (cm™3):

1. ~ 10%3, 2.10'%,  3.2.3x10%,
4 20 % 1058, 5 10%.

e
N

w

w

Thermal conductivity K (W cm'K™)
[ea]

o

1011. 1016 1018

Acceptor density Ng (cm=3)

Fig. 2.5.3. The dependences of thermal
conductivity versus doping level (Okhotin
et al. [1972]) p-Ge, T°(K):

1. 20, 2. 50, 3. 100, 4. 200.
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Fig. 2.5.4. Temperature dependence of Fig. 2.5.5. Temperature dependence of
specific heat at constant pressure (Pies- specific heat (high temperatures) (Okhotin
bergen [1963]). et al. [1972]).

Fig. 2.5.6. Temperature dependence of
linear expansion coefficient o (Novikova
[1960]).
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Temperature 7 (K)

Melting point T,, = 1210K
Ty ~ 1210 - 2.0 x P (P in kbar).
Saturated vapor pressure (in Pascals)
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For 1330°C 1
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2.6. Mechanical Properties, Elastic Constants,
Lattice Vibrations, Other Properties

Density
Hardness on the Mohs scale
Surface microhardness

(using Knoop’s pyramid test)
Cleavage plane
FElastic constants at 300 K

C111
Cro
Cys
C” T T T T T ICLL CS
13 B AAAAA 7‘ 50
§ 1 6445
cC
>
'_'U
)
o 5440
)
Co=(Cy-Cppl/2 -
‘]0 L ) L L . ) l’ 35
0 400 800 1200

Temperature 7 (K)

Fig. 2.6.1. Temperature dependences of
elastic constants (Nikanorov and Karda-
shev [1985]).
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Fig. 2.6.2. Elastic constant Cy4 versus
temperature for pure (Curve 1) and
doped (Curve 2, Ny = 3.5 x 10*° cm™?)
samples (Bruner and Keyes [1961]).
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B, = 7.13 x 10" dyncm—2

For T = 300K
Bulk modulus (compressibility~!)
B, = Cn -; 2C1,

Shear modulus

[100] Young’s modulus
(C11 + 2C12)(C11 — C12)

C' = 4.1 x 10" dyncm™2

Y. = o + Cra) Y, = 10.3 x 10! dyncm—2
[100] Poisson ratio
Ci2
0 i B =gt
Acoustic Wave Speeds
Wave Wave Wave speed
propagation  character Expression for wave speed (in units
direction of 105 cms™1)
[100] Vi (Cun/p)? 4.87
Vr (Caa/p)"? 3.57
Vi [(C11 + C1z + 2Cus) /201> 5.36
[110] Vi Vi = Vr = (Caa/p)*/? 3.57
Vir [(Chi = 012)/2911/2 277
[111] 174 [(C11 + 2C12 + 4Cys)/30)"/? 5.51
1A [(C11 — C1z2 + Cus)/30])"/? 3.06

55
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Fig. 2.6.3. Room temperature dispersion curves for acoustic and optical branch phonons.
Solid lines are theoretical calculations. Symbols are experimental data (Weber [1977]).

Phonon frequencies (in units of 102 Hz) (Nilsson and Nelin [1972]).
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CHAPTER 3

DIAMOND (C)

G. Sh. Gildenblat
Department of Electrical Engineering and Electronic Material
and Processing Research Laboratory,
The Pennsylvania State University, USA

and
P. E. Schmidt

Department of Electrical and Computer Engineering,
Florida International University, USA

3.1. Basic Parameters at 300 K (Field [1992])

Crystal structure Diamond
Group of symmetry O7-Fd3m
Number of atoms in 1 cm? 1.764 x 1023
Debye temperature (K) 1860
Density (gcm™3) 3.515
Dielectric constant (10? + 10* Hz) 5.7
Effective electron masses at 85K (in units of m,)

longitudinal m;/m, 1.4

transverse my/m, 0.36
Effective hole masses at 1.2 K (in units of m,)

heavy my/m, 2.12

light my,/m, 0.70

split-off ms,/m, 1.06
Lattice constant (A) 3.567
Optical phonon energy (eV) 0.16
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Band structure and carrier concentration

Energy gap
Energy separation (Er;)

Diamond ( C)

(eV)
(eV)

Energy of spin-orbital splitting Fs, (eV)
Intrinsic carrier concentration (cm™3)

Intrinsic resistivity

(2 x cm)

Resistivity of natural diamonds (2 x cm)

Types I and ITa (usually)

Type IIb

Effective conduction band density of states

(em™2)

Effective valence band density of states

Electrical properties

Breakdown field
Mobility

Diffusion coefficient

Electron thermal velocity
Hole thermal velocity

Optical properties

Index of refraction

Radiative recombination coefficient (cm?®s

(em™?)

(Vem™?!)
(em?2V~1s71)
electrons
holes
(cm?s71)
electrons
holes

(ms™1)
(ms™1)

3 —1)

Thermal and mechanical properties

Bulk modulus

(dyncm—2)

Melting point (°C) (at pressure p = 125kbar)

Specific heat
Thermal conductivity
Thermal diffusivity

Thermal expansion, linear

(.] g—l oc—l)
(Wem™! °C™1)
(cm?s™1)

(-c)
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5.46-5.6
7.3-74
0.006

- 10—27
Z 1042

P 1016
~ 1-103

B 1020

~ 1019

44.2 x 1011
4373
0.52
6-20
3-11
0.8 x 1078
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3.2. Band Structure and Carrier Concentration

<100>

Eq

Energy

EF1

ESO /; \
Split-off band \ Lig

—

300K
2 E,=5.46+56 eV
. Eri =73+74eV
FE;o =6 meV
<11>

Wave vector

Heavy holes
ht holes

Fig. 3.2.1. Schematic representation of major extrema in the conduction and valence bands
of C (diamond).

3.2.1. Temperature Dependences

Temperature dependence of the energy gap

Energy gap EgleV)

550

545

3 020,
o0 0 0,082
°
o

5401

\.

35 1 ! 1 1 1
100 200 300 400 500 600 700

Temperature T (K)

Fig. 3.2.2. Energy gap E, versus tem-
perature (Clark et al. [1964]).

At 300K: dE,;/dT = —(5.440.5) x 10~°eVK~! (Vavilov and Konorova [1976))

Temperature dependence of the direct band gap Er; at 300 K:

dEr,/dT ~ —6-10"%eVK™!

(Clark et al. [1964])
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3.2.2. Effective Masses and Density of States

Electrons

The surfaces of equal energy are ellipsoids.
m; = 1.4myg
my = 036m0

Effective mass of density of states
in one valley of conduction band
me = (my x m2)Y/3 = 0.5Tmg

There are 6 equivalent valleys in the “Si-like” conduction band of diamond.

Effective mass of density of states
for all valleys of conduction band Meq =~ 1.9m9

Effective mass of conductivity

=i
1 2
Mee =3 X <— + —) = 0.48my
my m
Holes
Cyclotron resonance measurement date (Rauch [1962]):
heavy mp = 2.12my
light myp = 0.7mg
split-off band mso = 1.06mg

Effective mass of density of states m, = 0.8mg
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There is a considerable uncertainty regarding the density of states effective mass.
The values as low as m, = 0.16m (Kemmey and Wederpohl [1965]) and as high
as m, = 1.1mg (Dean [1965]) have been reported. For estimations, one can use the
value of m, = 0.8my which is close to m, = 0.75mg (Collins and Williams [1971])

and m, = 0.88mg (Prosser [1964]).
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3.2.3. Donors and Acceptors

B (boron):
Boron is a deep acceptor level with an activation energy of 0.37 eV. So far
semiconductor applications of diamond have been based almost exclusively on
boron-doped p-type samples (Gildenblat et al. [1991]).

N (nitrogen):
Nitrogen is a most common impurity (donor) in diamond. It is difficult to
specify the activation energy since nitrogen can appear as isolated substitutional
impurity, simple aggregates or platelets (Stoneham [1992]). In particular, the
energy levels of 1.7 eV and 4 eV below the bottom of the conduction band are
often ascribed to nitrogen impurities (Davies [1977]; Vermeulen and Farer [1975];
Novikov [1987]).

P (phosphorus):
There are indications that doping with phosphorus results in donor states with
activation energies 0.84 + 1.16eV (Okano et al. [1990]). Further details are
reviewed in Gildenblat et al. [1991] and Stoneham [1992]).
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3.3. Electrical Properties
3.3.1. Mobility and Hall Effect

Fig. 3.3.1. Electron mobility as a func-
tion of temperature in natural diamond.
E The continuous curve refers to theoreti-
cal calculation. Open circles are experi-
mental data for drift mobility. Triangles
and closed circles are experimental data
. for Hall mobility (Nava et al. [1980]).

Mobility i (cm?Vv's™)

TR S O T R

N

10 Ll 1 Loa 1l
102 103
Temperature 7 (K)

10°F 3
" ]
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o~ = -
g
e 3L n
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= i :
o
s - 4

10%F <

Cisaaal I ) ]
102 103

Temperature 7 (K)

Fig. 3.3.2. Hole mobility as a function of temperature in natural diamond. Curves show
the results of calculations of drift mobility (solid line) and Hall mobility (dashed line).
Open circles are experimental data for drift mobility. Triangles and closed circles are
experimental data for Hall mobility (Reggiani et al. [1983]).
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Fig. 3.3.3. The hole Hall factor versus temperature at different impurity concentrations.
Na (cm™3): 1.10%, 2.10%, 3.10'®. Points show experimental data from Konorova

and Shevchenko [1967] and Dean et al. [1965] (Reggiani et al. [1983]).
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3.3.2. Transport Properties in High Electric Field

T TTTITT TTT

danan

Drift velocity v, (cm s
=}

-
o
T

ool L1 aaaul Lo a1
102 103 10 10°
Field F (Vem-T)

Fig. 3.3.4. Field dependences of the electron drift velocity. Solid lines: F'||(111). Dashed
lines: F||(100) (Nava et al. [1980]).
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Drift velocity vy (107em s™)
B
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Temperature 7 (K)
Fig. 3.3.5. Temperature dependences of the electron drift velocity at different fields.

F|[(111) + 15°. Field (kVem™): closed circles — 40, open circles — 20, triangles — 10.
Lines refer to theoretical calculations (Nava et al. [1980]).
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Fig. 3.3.6. Field dependences of the hole drift velocity F||(100) (Reggiani et al. [1981]).
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Fig. 3.3.7. Field dependences of the hole drift velocity for F||(110) (filled circles) and
F||(100) (open circles). (Reggiani et al. [1981]).
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3.3.3. Impact Ionization

Breakdown fields in the 106 +107 V cm ™! range have been reported in several papers
for natural diamonds (Bogdanov et al. [1982]; Konorova et al. [1983]). Breakdown
fields in excess of 2-107 Vcm™! have been reported by Landstrass et al. [1993] for
homoepitaxial diamond films.

. ‘IU6 Fig. 3.3.8. Ionization rates for electrons
e and holes (a; = (i) versus 1/F (Trew
L 105+ et al. [1991]). o = Bi = 1.935 x
& 108 exp(—7.749 - 105/F), where F is elec-
o tric field in Vem™!.
@ 10t
o
-
S 10°
©
2,
‘_é 0°T

‘IO | 1

0.5 1.0 15 20

- -1
1/7F (10%em v
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3.4. Optical Properties

Infrared refractive index n., = 2.375.

At 300K
27—_. T T T | TR T T T T
c [
= 2.6_—
=
£ [
[7) L
= 251
= <L
E +
e r '.\_N
&) 2.4k =, 1 | f 1 P (T
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Wavelength N (um)
Lor
c
| J
g | *
€ 20} ]
&' =
Wb o e e e s Aoy o
2 4 6 8 10 12 14, 16 18 20 22

Photon energy hv (eV)

1dn

=4.04x 1078 K~!
ndT =

Fig. 3.4.1. Type Ila diamond refractive
index versus wavelength. Experimental
points: data from four references (Ed-
wards and Ochoa [1981]).

Fig. 3.4.2. Type Ila diamond refractive
index versus photon energy at 300K
(Walker and Osantowski [1964]).



Fig. 3.4.3. Reflectance versus photon energy, 300 K (Walker and Osantowski [1964]).

Absorption coefficient a. (cm™)

Fig. 3.4.4. Absorption edge spectrum of diamond at various temperatures (Clark et al.

[1964]).
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Diamond (C)

10}

Absorption coefficient o (cm~T)
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Fig. 3.4.5. Visible and ultraviolet absorption spectra of a diamond with different types
of impurities. Predominant type of impurity is: 1. boron atoms, 2. N3 centers, 3. single
nitrogen atoms, 4. absorption spectra of a brown diamond (Wilks and Wilks [1991]).
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Fig. 3.4.6. Infrared absorption spectra of a diamond in which 1. boron atoms are pre-

dominant impurities,

Wilks [1991]).

2. single nitrogen atoms are predominant impurities (Wilks and



3.5. Thermal Properties

Thermal conductivity K (Wem'K™)

Diamond (C)
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Fig. 3.5.1. Thermal conductivity versus
temperature for different diamond types
(low temperatures) ¥,o,e¢ — Type Ia
(three different specimens), 7 — Type Ib,
O, ® - Type IIb (Berman et al. [1975]).

Temperature 7 (K)

Fig. 3.5.2. Thermal conductivity versus
temperature (high temperatures). o, —
Type Ia, x — Type Ib, o — Type Ila, + -
Type IIb (Burgemeister [1978]).
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20 TR ETEEE T L ET Fig. 3.5.4. Specific heat Cp versus tem-
_ perature from 20K to 300K (DeSorbo
N [1953]) and C,, (0) and C, () from 273K
=< 15} to 1073K (Viktor [1962]).
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Fig. 3.5.5. Temperature dependence of
linear expansion coefficient o (Slack and
Batram [1975]).
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Melting point T,, = 4100K (for P = 125 kbar).
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3.6. Mechanical Properties, Elastic Constants, Lattice Vibrations,
Other Properties (Field [1979]; Field [1992])

Density 3.515gcm™3
Hardness on the Mohs scale 10
Surface microhardness
(using Knoop’s pyramid test) (8 +10) x 10° kg mm—2
Cleavage plane {111}
Elastic constants at 300 K (McSkimin and Andreatch, Jr. [1972]).
C11 107.9 x 101! dyncm_2
Ci 12.4 x 10! dyncm ™2
oM 57.8 x 10 dyncm—2
1.006 Fig. 3.6.1. Ratio of modulus at temper-
_ 1005F ature T to modulus at 25°C (McSkimin
o and Andreatch, Jr. [1972]).
E 1004
c 1003
>
© 1002
2 1001
= 1000
© 0999
0'9980 40 80 120 160 200 240280320360
Temperature 7 (K)
Bulk modulus (compressibility—!) For T = 300K
B, = % B, = 44.2 x 10" dyncm™2

Shear modulus

C'=(Cy1 — Cr2)/2 C’ = 47.8 x 10! dyncm—2

[100] Young’s modulus

C11 + 2C12)(C11 — Ch2)

(
Y, =
0 Cu1 + Cr2

Yy = 105 x 1011 dyncm ™2

[100] Poisson ratio
Crz

0p= ——=—
= Cu+Cr2

gg = 0.1
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Acoustic Wave Speeds

Wave Wave Wave speed
propagation  character Expression for wave speed (in units
direction of 10°cms™!)
[100] Vi (Cr1/p) /2 17.52
Vr (Caa/p)'? 12.82
Vi [(C11 + Ciz + 2C44)/20]*? 18.32
[110] Vai Ve = Vr = (Caa/p)"/? 12.82
Viv [(C11 — C12)/20)M? 11.66
[111] 174 [(C11 + 2C12 + 4Caq) /3p] 2 18.58
‘/tl [(Cll i Clg o C44)/3P]1/2 12.06
r A XR K 3 rr A L
45 T
o !
Ir M 37
— 4 & 9 A
N 35 TO e S L 10 Ly
B ; L L
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Fig. 3.6.2. Room temperature dispersion curves for acoustic and optical branch phonons.

Solid lines are theoretical calculations. Symbols are experimental data (Warren et al.
[1967]).
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Phonon frequencies (in units of 10!2 Hz) (Solin and Ramdas [1970]).

vrro(T2s)  39.9
vrao(X1) 35.5
I/TA(Xg) 24.2
l/To(X4) 32.1
VLA(Ll) 30.2
I/Lo(Lzl) 37.6
I/To(Lgl) 36.2
I/TA(L;;) 16.9
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CHAPTER 4

GALLIUM ARSENIDE (GaAs)

M. E. Levinshtein and S. L. Rumyantsev
Ioffe Institute,
St. Petersburg, Russia

4.1. Basic Parameters at 300 K

Crystal structure Zinc Blende
Group of symmetry T2-F43m
Number of atoms in 1 cm? 4.42 x 1022
de Broglie electron wavelength (A) 240
Debye temperature (K) 360
Density (gem™3) 5.32
Dielectric constant static 12.9
Dielectric constant high frequency 10.89
Effective electron mass (in units of m,) 0.063
Effective hole masses (in units of m,)

heavy mp/m, 0.51

light mp/m, 0.082
Electron affinity (eV) 4.07
Lattice constant (A) 5.65325
Optical phonon energy (eV) 0.035

Band structure and carrier concentration

Energy gap (eV) 1.424
Energy separation (Err)
between I' and L valleys (eV) 0.29

7
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Energy separation (Erx)
between I' and X valleys (eV)

Energy spin-orbital splitting  (eV)

Intrinsic carrier concentration (cm™3)

Intrinsic resistivity (2 x cm)

Effective conduction band density of states
(cm™?)

Effective valence band density of states
(cm™?)

Electrical properties

Breakdown field (Vem™1)

Mobility (cm? V—1g~1)
electrons
holes

Diffusion coefficient (cm?s™1)
electrons
holes

Electron thermal velocity (ms™!)

Hole thermal velocity (ms™1)

Optical properties

Infrared refractive index
Radiative recombination coefficient (cm? s=1)

Thermal and mechanical properties

Bulk modulus (dyncm=2)
Melting point (°C)

Specific heat JgteCc™
Thermal conductivity (Wem™1! °C1)
Thermal diffusivity (cm?s71)

Thermal expansion, linear (°C™1!)

0.48
0.34
2.1 x 108
3.3 x 108

4.7 x 1017

9.0 x 10~18

~ 4 x10°

< 8500
< 400

< 200
<10

4.4 x 10°
1.8 x 10°

3.3
7 x 10710

7.53 x 1011
1240
0.33
0.55
0.31
5.73 x 106
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4.2. Band Structure and Carrier Concentration

Energy

300K Eg=142¢eV

X-valley M-valley E;,=171eV
Ex =1.90 eV

Eso =0.34 eV

EX
<= f9) 1o <>
—, N T Wave vector
E, Heavy holes
SO ,
Light holes
Split-off band

Fig. 4.2.1. Band structure of GaAs. Important minima of the conduction band and maxima
of the valence band.
4.2.1. Temperature Dependences
Temperature dependence of the energy gap
2

e 0 1 (4.2.1)

E, =1.519 —5.405 x 107*

where T is temperatures in degrees K (0 < T < 103).
Temperature dependence of the energy difference between the top of the valence
band and the bottom of the L-valley of the conduction band

2

T
755 V) (4.2.2)

E; =1.815-6.05x 1074

Temperature dependence of the energy difference between the top of the valence
band and the bottom of the X-valley of the conduction band

T2
T + 204

Ex =1.981 —4.60 x 107* (eV) . (4.2.3)
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Fig. 4.2.2. The temperature dependences of the relative populations of the I', L and X
valleys (Blakemore [1982]).
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Fig. 4.2.3. The temperature dependence of the intrinsic carrier concentration (Shur [1990]).
(Figure reprinted with permission of Prentice Hall Inc.)
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Intrinsic carrier concentration

E
n; = (Nc . Nv)1/2 exp [— Qk;T] ; (4.2.4)

Effective density of states in the conduction band taking into account the non-
parabolicity of the I'-valley and contributions from the X and L-valleys

N, = 8.63 x 101373/2 [1 —1.93 x 10747 — 4.19 x 107872

Effective density of states in the valence band

N, =1.83 x 10 x T%/2 (cm™3) . (4.2.6)
05 T T T T T Fig. 4.2.4. Fermi level versus tem-
17 .3 perature for different concentra-
ook 107 cm™ E; tions of shallow donors and accep-
’ T tors.
— 10
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4.2.2. Dependences on Hydrostatic Pressure

E, = E,(0) + 0.0126P — 3.77 x 10=° P? (eV)
Ep = Ep(0)+5.5x 1072 P (eV) (4.2.7)
Ex = Ex(0)—15x 1072 P (eV)

where P is pressure in kbar.

4.2.3. Energy Gap Narrowing at High Doping Levels

10 T L
= C ]
& - 1
g ]
q - 4
> = P
(=)}

—
[\}]
= L <
w
/
10-2 O o ) S 1 e TR

1018 1019
Concentration N, (cm™3)
Fig. 4.2.5. Energy gap narrowing at high doping levels (Tiwari and Wright [1990]).

AE, ~2x 10""'N}/? (eV) (N, - in cm™)
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4.2.4. Effective Masses
Electrons

For I'-valley mr = 0.063mg
In the L-valley the surfaces of equal energy are ellipsoids
mp; = 1.9m0
my = 0.075mg
Effective mass of density of states
my, = (16mym#)1/3 = 0.56mg
In the X-valley surfaces of equal energy are ellipsoids
m; = 1.9m0
my = 0.19mg
Effective mass of density of states
mx = (9mym?)/3 = 0.85my

Holes
heavy mp = 0.51mg
light myp = 0.082mg
split-off band mso = 0.15mg
Effective mass of density of states my, = 0.53mg

4.2.5. Donors and Acceptors

Ionization energies of shallow donors (Milnes [1973])  (eV)

S ~ 0.006
Se ~ 0.006
Si ~ 0.006
Ge ~ 0.006
Sn ~ 0.006
Te ~ 0.03

Ionization energies of shallow acceptors (Milnes [1973]) (eV)

C ~ 0.02

Si three acceptor levels ~ 0.03, 0.1 and 0.22
Ge ~ 0.03

Zn ~ 0.025

Sn ~ 0.2
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4.3. Electrical Properties
4.3.1. Mobility and Hall Effect

R R 2 SR R LR I L Fig. 4.3.1. Electron Hall mobility versus
- - Deformation—_ /7 Polar 4 temperature for different doping levels.
T 1gb potential mobiut?/v"‘/ mobility | 1 Bottom curve: Na = 5 x 1015 cm™?,
~ E / \\ 3 2. Middle curve: Ng = 10 cm™3,
5 n -, o,..pe.,_\\\/ 1 3. Top curve: Ny =5 x 10" cm™2,
T i o /.'\( \,\/ 1  (Stillman et al. [1970]). (Figure reprinted
3 105k o~ 4 oo & N 73 with kind permission from Elsevier Sci-
2 F lonized ——=¢° %%, 1 ence Ltd.).
3‘ F impurity L € o0m?® ]
g - mob|l|tx fo /’(. o‘:... .
= 1OL E ,“o ok E
jc_‘, F NIRRT ] AR ETIT| 11 lllll:
1 10 100 1000

Temperature T (K)

For weakly doped GaAs at temperature close to 300 K, electron Hall mobility py ~
9400(300/T)%/3 (cm? V-1 571,

10L_ 7 Fig. 4.3.2. Electron Hall mobility versus
temperature for different doping levels
and degrees of compensation (high tem-

4 peratures):
] Open circles Ny = 4N, = 1.2x 10" cm™®

i, Open squares Ng = 4N, = 10** cm™°
Open triangles Ng=3N, =2 x 10*® cm™3.

(8,]
T

N

Solid curve represents the calculation for
pure GaAs (Blakemore [1982]).
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For weakly doped GaAs at temperatures, close to 300K, electron drift mobility
fn =~ 8000(300/T)%/3 (cm? V=1 s71),
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Electron density n, (cm-3)
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Fig. 4.3.3. Drift and Hall mobilities versus electron concentration for different degrees of
compensation (Rode [1975]).

Approximate formula for the Hall mobility u = pon/[1 + (Na/10'7)/2], where
pon ~ 9400cm? V-1s~! N, —in cm™2 (Hilsum [1974]).

Weak field Hall factor ry

=
N
T

—_
—
T

1 1

—
o

PR | '
20 40 60 100 200 40060
Temperature T (K)

07000

Fig. 4.3.4. Temperature dependence of
the Hall factor for pure n-type GaAs in
a weak magnetic field (Rode [1975]).
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LA Fig. 4.3.5. Temperature de-
o pendences of hole Hall mobil-
= ®%50 ity for three high-purity sam-
5 ¢a0 ples (Wiley [(1975)].
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For GaAs at temperatures close to 300 K, hole Hall mobility

300

T
300

T \23 1.57 1
) +4x10'21p<—> } (cm2V—1g~1)

lpH = [0.0025 (

(p - in cm™3).
For weakly doped GaAs at temperatures close to 300 K, hole Hall mobility
ppH = 400(300/T)?3 (cm? V-15—1)

- 500 ! ! ! * ! Fig. 4.3.6. Hall hole mobility versus hole
- density (Wiley [1975]).
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At T = 300K, the hole Hall factor in pure GaAs rg = 1.25.
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4.3.2. Transport Properties in High Electric Field
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Fig. 4.3.7. Field dependences of the electron drift velocity (Blakemore [1982]). Solid curve
was calculated by Pozhela and Reklaitis [1980]. Dashed and dotted curves are measured

data, 300 K.
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Fig. 4.3.8. The field dependence of the electron drift velocity for high electric fields, 300 K
(Blakemore [1982]).
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L LA Fig. 4.3.9. Field dependences of the elec-

tron drift velocity at different temper-

i { atures (Pozhela and Reklaitis [1980]).

77 K _ (Figure reprinted with kind permission
160 K | from Elsevier Science Ltd.)
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Fig. 4.3.10. Fraction of electrons in L and X valleys. ny and nx (a) and mean energy E
inT, L, and X valleys (b) as a function of electric field F' at 77, 160, and 300K, Ny =0
(Pozhela and Reklaitis [1980]). Solid curves — I" valley, dotted curves — L valleys, dashed
curves — X valleys. (Figure reprinted with kind permission from Elsevier Science Ltd.)
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= L z Fig. 4.3.11. Frequency dependences of
>:m 2t Hd ] electron differential mobility in GaAs. ug
=l is a real part of the differential mobility;
'.g NE 1k ) py is an imaginary part of differential
€.0 mobility. F=5.5kVcem™" (Rees [1969]).
= 98 Hd (Figure reprinted with kind permission
= :u 0 g from Elsevier Science Ltd.)
]
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Diffusion coefficient D (cm“s

Fig. 4.3.12. The field dependences of longitudinal electron diffusion coefficient D||F. Solid
curves 1 and 2 are theoretical calculations. Dashed curves 3, 4, and 5 are experimental
data. Curve 1 — from Pozhela and Reklaitis [1980]. Curve 2 — from Fauquembergue et al.
[1980]. Curve 3 — from Ruch and Kino [1968]. Curve 4 — from Bareikis et al. [1978].
Curve 5 — from de Murcia [1991].
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Fig. 4.3.13. Field dependences of the hole
drift velocity at different temperatures
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(Dalal et al. [1971]).
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Fig. 4.3.14. Temperature dependence of
the saturation hole velocity in high elec-
tric fields (Dalal et al. [1971]).

Fig. 4.3.15. The field dependence of
the hole diffusion coefficient (Joshi and
Crendin [1989)]).
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4.3.3. Impact Ionization

The are two schools of thought regarding the impact ionization in GaAs. The
first one states that impact ionization rates a; and f3;, for electrons and
holes in GaAs are known accurately enough to distinguish subtle details
such as the anisothropy of «; and (; for different crystallographic directions.
This approach is described in detail in the work by Dmitriev et al. [1987].
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% ] Fig. 4.3.16. Experimental curves a; and
L ap 00 - Bi versus 1/F for GaAs for three orienta-
§ tions of the electric field (Pearsall et al.
[1978]). (Figure reprinted with kind per-
mission from Elsevier Science Ltd.)
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The second school focuses on the values a; and ; for the same electric field reported
by different researchers differ by an order of magnitude or more. This point of view
is explained by Kyuregyan and Yurkov [1989]. According to this approach we can
assume that a; ~ §;. Approximate formula for the field dependence of ionization
rates

a; = ﬁi = (o exp [15 == \/(52 + (FO/F)z] (431)

where a, = 0.245 x 108cm™1, § = 57.6, F, = 6.65 x 106 Vem™! (Kyuregyan and
Yurkov [1989]).
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Fig. 4.3.17. Breakdown voltage and breakdown field versus doping density for an abrupt
p-n junction (Kyuregyan and Yurkov [1989]).
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4.3.4. Recombination Parameters
(no ~ 10 cm™3)

The longest lifetime of holes
Diffusion length L, = (D, % 5,)43

Pure n-type material

Pure p-type material

(a) low injection level
The longest lifetime of electrons
Diffusion length Ly = (Dn x 1,)Y2

(b) high injection level (filled traps)
The longest lifetime of electrons
Diffusion length L,

,l::n‘ 107 T T T
/
g / 6 ®
; //o .
.
ook F )
& «
o /
c y/
2 8 4
-— 5_ a
£Y 8,7 ]
Fal
e | f
/
o
o L
[ 0 | 1 1
10" 10’6 107 0% 10

Concentration N (em™3)

93

e 3% 1079
L, ~ 30-50 ym

Ta~5x107%s
L, ~ 10 yum

T~ 2.5%x1077s
Ly ~ 70 pm

Fig. 4.3.18. Surface recombination
velocity versus doping density
(Aspnes [1983]). Different experi-
mental points correspond to differ-
ent surface treatment methods.

Radiative recombination coefficient (Varshni [1967])

90K - 1.8 x 108 cm3s™!

185K - 1.9 x 1079 cm3s?

300K - 7.2 x 10710 ¢m3g~1
Auger coefficient

300K — ~ 10739 ¢cmf 5!

500K — ~ 1029

cmfs!
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4.4. Optical Properties

Infrared refractive index
oo = (koo)/? = 3.255 x (1 +4.5x 107°T) (4.4.1)
for 300 K Noo = 3.299
Long-wave TO phonon energy
hvro = 3381 x (1—5.5x107°T) (meV) (4.4.2)

for 300K hvro = 33.2meV

Long-wave LO phonon energy

hvpo = 36.57x (1—4x 107°T) (meV) (4.4.3)
for 300 K hvpo = 36.1 meV
38 T T T T T
<
x
Q
©
€
[}
=
S
2
o
o
34 1 1

1 1 L
12 13 14 15 18 17
Photon energy hv(eV)

Fig. 4.4.1. Refractive index n versus photon energy for a high-purity GaAs (no ~ 5 x
10" em™2). Solid curve is deduced from two-beam reflectance measurements at 279 K.
Dark circles are obtained from refraction measurements. Light circles are calculated from
Kramers-Kronig analysis (Blakemore [1982]).
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Reflectance R

1 1
0 5 10 15
Photon energy hv(eV)

Fig. 4.4.2. Normal incidence reflectivity versus photon energy (Phillip and Ehrenreich
(1963]).
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Fig. 4.4.3. Intrinsic absorption coefficient near the intrinsic absorption edge for different
temperatures (Sturge [1962]).

A ground state Rydberg energy Rx; = 4.2meV



96 Handbook on Semiconductor Parameters: Vol. 1

— [~ — 1Y
'.—10 LI e o e o B B B S B o B e 710 ....-vrrv—r1||-v-‘;6.-|---.
18

E High purity (n,=5 x10" em) E_ 12x10 24x10

3.4 3 1k High purity

1071 7 -3 = 10°t

c Ne=59x10 'cm c i

3 2 12x10 .

&2 = ’ p-type doping

& il R R =P 18

v 10 ig doping o 10°F 24x10 1

O 2x10 o 15)(1019 1.6)(1016

£ = 67x 10" g al 17

= 10T 1 =10 22x10 1

=y 33x10"® & n -3

o o Po=4.9%x10 cm

B ‘ 1 g ‘]0 ‘ [ | 1

<‘|0 SN TR N N N RO A N A < 11 [ S I S 0 A S O O O O B B A

13 14 15 13 14 15
Photon energy hv (eV) Photon energy hv (eV)
(a) (b)

Fig. 4.4.4. Intrinsic absorption edge at 297 K at different doping levels (Casey et al. [1975]).

—_ 107 T T L B B i i | T 3
£ F E
l o ]
S 105 3
c E 3
L E ]
9 r g
b & 4
g 10°F
c F 3
= i 9
=3 L J
5 10°E 3
(%] - 3
ra) E 3
= C
103 1 PU SR RS A A | 1
1 2 4L 6 810 20 30

Photon energy h (eV)

Fig. 4.4.5. The absorption coefficient versus photon energy from intrinsic edge to 25eV
(Casey et al. [1975]).
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Fig. 4.4.6. Free carrier absorption ver-
sus wavelength at different doping levels,
296 K (Spitzer and Whelan [1959]). Con-
duction electron concentrations are:

1.1.3x 107 cm™3, 2.4.9x 10 em™?,
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Fig. 4.4.7. Free carrier absorption ver-
sus wavelength at different temperatures.
no = 4.9 x 10'" cm™* (Spitzer and Whe-

lan [1959]) Temperatures are:
1. 100K, 2.297K, 3.443K.

At 300K
For A ~ 2 ym

a=6x10"%ny (cm™!)
(ng — in cm™3)
For A > 4 pm and
1017 < ng < 10 cm—3

a~175x10"PnyA3 (cm™1)

(ng —in cm™3, A — in pm)
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4.5. Thermal Properties
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Fig. 4.5.1. Temperature dependences of thermal conductivity (Carlson et al. [1965]).
n-type sample, no =: 1. 10*® cm™3, 2.1.4 x10'® cm™3, 3.10'® cm™3.
p-type samples, po =: 4. 3 x 10*® cm™3, 5.1.2 x 10*° cm™2.
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Fig. 4.5.2. Temperature dependences of thermal conductivity (for high temperatures)

(Blakemore [1982]). n-type samples, no =: 1. 7 x 10'® em™, 2. 5 x 10'® cm™3,
3.4x 10" cm™3, 4.8 x10'"® cm™3. p-type sample, po =: 5. 6 x 101° cm3.
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5 Fig. 4.5.3. Temperature dependence of
3 specific heat at constant pressure (Blake-
< 10 more [1982]).
«rk 5 Ce =3kgN =0.345 Jg~! K1,
:’ 10.2 N is the number of atoms in 1g of GaAs.
= 5 Dashed line:
O Cp = (47*C1/5603) x T® for 6y = 345 K.
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4.6. Mechanical Properties, Elastic Constants, Lattice Vibrations,

Other Properties

Density
Hardness on the Mohs scale
Surface microhardness

(using Knoop’s pyramid test)
Cleavage plane
Elastic constants

at 300 K 011
Ci2
Cyq
o
£
(8]
g T T T
'.:-‘J 12F \L‘\\
2 1
= Ch
(&)
o NE
E fE e
wn
c =
S -
= 5 :
)
o L 1 1
w g 200 400 600

Temperature T (K)

For T = 300K
Bulk modulus (compressibility 1)
B, = Cn -; 2C12

Shear modulus C' = (C11 — C12)/2

[100] Young’s modulus

(C11 +2C12)(C11 — Chr2)
(C11+ Cr2)

Yo =

Ci2

100] Poisson ratio o0¢9= ——-—
P 7 Cu+Chs

5.317gcm™3
between 4 and 5

750 kg mm—?
{110}

11.90 x 10 dyncm~2
5.34 x 10" dyncm™2
5.96 x 10! dyncm~2

Fig. 4.6.1. Temperature dependences
of elastic constants

for 0 < T < T, = 1513 K (in units
of 10" dyn cm™2)

Ci1~12.17-1.44 x 1073 T

Cia~ 546-0.64 x107%T

Cys~ 6.16-0.70 x 1073 T
(Burenkov et al. [1973)]).

B, = 7.53 x 10! dyncm™2

C’ = 3.28 x 10" dyncm—2

Yy = 8.59 x 10" dyncm—2

09 = 0.31
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Acoustic Wave Speeds

Wave Wave Wave speed
propagation  character =~ Expression for wave speed (in units
direction of 10° cms™1)

[100] Vi (Cu/o)? 473

Vr (Caa/p)*? 3.35

Vi [(Cll + Clg + 2044)/2p]1/2 5.24
[110] ‘/t|| Vvt" = VT = (C44/p)1/2 3.35

V“_ [(Cll = Clz)/2p]l/2 2.48
[111] ‘/I’ [(Cll +2C12 + 4C44)/3p}1/2 5.4

Vt’ [(Cu —C1o+ C44)/3p]1/2 2.8

Frequency v (10" Hz)

—= N W s~ 00 g o W
T

lg00] [0ggq] [999]
Reduced (dimensionless) wave vector gq

Fig. 4.6.2. Room temperature dispersion curves for acoustic and optical branch phonons.
Solid lines are calculated according to dipole approximation force constant model (Waugh
and Dolling [1963]).
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Phonon frequencies (in units of 1012 Hz) (Waugh and Dolling [1963])

vro(T) 8.02 vro(X) 722
I/Lo(F) 8.55 I/TA(L) 1.86
I/TA(X) 2.36 VLA(L) 6.26
I/LA(X) 6.80 l/To(L) 7.84
vro(X) 7.56 vro(L) 7.15
Piezoelectric constant ey —0.16Cm™2
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CHAPTER 5

GALLIUM PHOSPHIDE (GaP)

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

5.1. Basic Parameters at 300 K

Crystal structure Zinc Blende
Group of symmetry T2-F43m
Number of atoms in 1 cm? 4.94 x 10%2
Auger recombination

coefficient (cm®s~1) 10730
Debye temperature (K) 445
Density (gcm™3) 4.14
Dielectric constant

static 11.1

high frequency 9.11
Effective electron masses (in units of m,)

longitudinal m;/m, 1.12

transverse m;/m, 0.22
Effective hole masses (in units of m,)

heavy my/m, 0.79

light my,/m, 0.14
Electron affinity (eV) 3.8
Lattice constant (A) 5.4505
Optical phonon energy (eV) 0.051
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Band structure and carrier concentration

Energy gap

Energy separation Eq (I'y. — I'15,)
Energy spin-orbital splitting
Intrinsic carrier concentration

(eV)

(eV)

(eV)
(em™2)

Effective conduction band density of states

(em™?)

Effective valence band density of states

Electrical properties

Breakdown field
Mobility

Diffusion coefficient

Electron thermal velocity
Hole thermal velocity

Optical properties

Infrared refractive index

(cm™?)

(Vem™1)
(cm?2V—1s71)
electrons
holes
(cm?s71)
electrons
holes

(ms™t)
(ms™?)

Radiative recombination coefficient (cm®s~1)

Thermal and mechanical properties

Bulk modulus
Melting point

Specific heat
Thermal conductivity
Thermal diffusivity

Thermal expansion, linear

(dyncm™2)
(°C)
(Jg=t°Cc™)
(Wem™! °C~1)
(cm?s71)
(°c™)

105

2.26
2.78
0.08

1.8 x 101°

1.9 x 101°

~1 x 108

< 250
<150

<6.5
<4

2 x 10°
1.3 x 10°

3.02
10—13

8.8 x 1011
1457

0.43

1.1

0.62

4.65 x 106
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5.2. Band Structure and Carrier Concentration

Energy

300K E, = 2.26eV

|_'- VO“EY /\1C EL = 2.6eV
L -valley E, = 2.78V
X-valley E,, =0.08eV

Xic
Eo
<00> B9 |E, <111>

Eso l/sﬁ w Wave vector

Light Heavy holes
Split-off band holes

Fig. 5.2.1. Band structure of GaP. Important minima of the conduction band and maxima
of the valence band.

5.2.1. Temperature Dependences

Temperature dependence of the energy gap (Panish and Casey [1969)])

2

E,=234-62x10"*—
g T Y460

(eV) , (5.2.1)

where T is temperature in degrees K (0 < T' < 1200).

Temperature dependence of the direct band gap E, (Takizawa [1983])

E, = 2.866 — 0.108[coth(164/T) — 1] (eV) , (5.2.2)

(100 < T < 300K).
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Effective density of states in the conduction band
N, = 3AR 10" % T (em %) (5.2.3)

Effective density of states in the valence band

N, ~ 3.6 x 10'® x T3/2 (cm™?) . (5.2.4)
Temperature T (K)

1000 500 400 300

Intrinsic concentration n,-(cm'3)

1000/ T (1/K)

Fig. 5.2.2. The temperature dependence of the intrinsic carrier concentration.

T T T T = | E T
00F £
I~
= ap b
>
o
5
=
w
20k
i l
0 100 300 500 700

Temperature 7 (K)

Fig. 5.2.3. Fermi level versus temperature for different concentrations of shallow donors
and acceptors.
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5.2.2. Dependences on Hydrostatic Pressure (Ves et al. [1985])

E,=E,(0)—24x 1072 P — 4.6 x 107® P? (eV) (
5.2.5)
E,=E,(0)+9.5x 1073 P — 3.4 x 107% P2 (eV),

where P is pressure in kbar.

5.2.3. Energy Gap Narrowing at High Doping Levels

! ! Fig. 5.2.4. Energy gap narrowing versus
% 200 ]/ donor (Curve 1) and acceptor (Curve 2)
€ doping density 300 K (Calculated accord-
o ing Jain et al. [1990]).
W
A
> 100
(=]
e
Q
c
w

0o 107 e 1020
Concentration N (cm™3)

For n-type GaP

AE; =10.7x 107° x N}/® +3.45 x 1077 x NY* +9.97 x 10722 x NI/?  (eV)
For p-type GaP

AE; =12.7x107% x N}/3 4+ 5.85 x 1077 x N4 +3.90 x 10712 x N1/2  (eV)

(Jain et al. [1990]). (5.2.6)
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5.2.4. Effective Masses
Electrons

The surfaces of equal energy are ellipsoids (X-valley):
m; = 1.12mg
my = 0.22mg
Effective mass of density of states
me = (9mym2)/3 = 0.79m,

Effective mass of conductivity me. = 0.35mg
For T'-valley myp = 0.09mg
For L-valley m; = 1.2mg

my = 0.15mg

Holes
heavy mp = 0.79mg
llght mip = 0.14m0
Effective mass of density of states m, = 0.83mg

5.2.5. Donors and Acceptors
Ionization energies of shallow donors (eV) (Dean [1973], Kopylov and Pikhtin [1978])

Sp 0.107
Sep 0.105
Te, 0.093
Ty 0.091
Gega 0.204
Siga 0.085
Snga 0.072

= 0.061
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Ionization energies of shallow acceptors (eV) (Dean [1973])

Gep
CP
Si,
BeGa
Cdga
MgGa
cha

0.265

0.0543
0.210

0.0566
0.1022
0.0599
0.0697

Most important deep levels (Dean and Henry [1968], Clerjaud et al. [1981])

Impurity
O, (donor)
Cr (acceptor)

Radiative centers (Bergh and Dean [1976])

N
Znga-0p

Capture cross section for electrons

to neutral Zn — O complex (at 300K)
Capture cross section for holes

to negative Zn — O complex (at 77K)

Cdga—0,
Mg—-O

Position in the forbidden gap

E.
E.
E.

=

v

c

&

c

— 0.89 eV
— 1.2 eV
— 0.5 eV

+ 0.008 eV
— 0.30 eV

~ (1.5 + 4.5) x 1016 cm?

~5x 10717 cm?

— 0.40 eV
—0.14 eV
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5.3. Electrical Properties
5.3.1. Mobility and Hall Effect

100

(=)
o

&
o
T

Hall mobility py {em? vlsT)
@
(&
T
X/‘
P
r
i

w
o

wk N\

\ E

200

300 40

0 gE]O 600

Temperature T (K)

Fig. 5.3.1. Electron Hall mobility versus temperature for different donor (Sn) densities

(Kao and Eknoyan [1983]). Ny (cm™3):

1. 5 x 108, 2. 2% 10Y7, 3. 2.5 x 108,

)

v 250

A 4

200

150

100

Hall mobility .y (cm?V

[3,]
o

T T T T T T

sl 1 vanl Lol

1017 1018
Donor density N, (cm”

5

1019

4. 7.5% 10", 5. 1.2 x 10*°.

Fig. 5.3.2. Electron Hall mobil-
ity versus donor (Sn) density at
different temperatures (Kao and
Eknoyan [1983]). T (K): 1. 203,
2. 233, 3. 273, 4. 300, 5. 400,
6. 500.

For T > 200K electron Hall mobility g,z ~ T~17
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T T T T

"
o
&

—_
o
w

LI ) S i

N

Lol

Hall mobility py(cm?vTs™)
&

—T T T

100 TETERTITT BTN R TTT] B R W R TET)

100 10’ 102 103

Temperature T (K)

- 2
_»n 2001 .
I> 3
e \
L 4
5 100F \ '\\ :
> L J
%' 80 i 5 '\&\v ]
o 60r \\ 1
E 50r Q\ ]
:g 4Ot B\ x)\'\ T
30" 1 ]

L 1 1 1 1
200 300 400500 700
Temperature T (K)
Fig. 5.3.4. Hole Hall mobility versus tem-
perature for different acceptor (Mg) den-
sities (Kao and Eknoyan [1983]). N,
(cm™3):
1.5 x 106,
4.1x 108,

2.3 x 10'7,
5.2 x 108,

3. 6 x 10'7,

Fig. 5.3.3. Hole Hall mobility versus tem-.
perature for different acceptor (Zn) den-
sities (Casey et al. [1969]). Na (cm™3):
1. 6.7 x 10'%, 2. 1.9 x 107, 3. 6.7 x 10'7,
4.3.8 x 108, 5. 1.2 x 10"°

T T T T
T

w

o

o
L

N
o
o
T
1

N
o
o

-
(84
o

100

Hall mobility ey (cm?Vv's™)

a
o

L1l Ll Lo

10" 108 10
Acceptor density Ng (em™)

Fig. 5.3.5. Hole Hall mobility versus ac-
ceptor (Mg) density at different tempera-
tures (Kao and Eknoyan [1983]). T (K):
1. 203, 2. 233, 3. 300,
4. 350, 5. 400, 6. 500.

For T > 200K hole Hall mobility p,g ~ T~%3.
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Temperature T (K)
200 100 5040 30 25 20

= .19 Fig. 5.3.6. Hole concentration versus tem-
T 10°F \5' perature for different acceptor (Zn) den-
g ]7- \/ 7 1 sities (Casey et al. [1969]). N, (cm™3):
o 107 3 7] 1. 6.7 x 10'%, 2.6.7x 107, 3.3.8x
€ 1 ] W, 4i2x™, 5 21x®
2 107k .
= - 2
£ 09} -
[
(é -
8 1011 B i
o . 1
:‘E’ 109 PO NI

0 8 16 24 32 40 48
1000/7 (1/K)

5.3.2. Transport Properties in High Electric Field

15 =7 T 7 T~ F %7
T [ i
g L ]
l\o &
= 10+
>.D I // -
> i z7
= - ¢
(8]
8 L
v 051 7
= 1 ]
I/ R S SR SR S TR SR SR U [ SR SH N1 ]
0 100 200 300

Field F (kVcm™)

Fig. 5.3.7. Field dependences of the electron drift velocity 300 K. Solid line shows the results
of the calculation. Dashed line shows the experimental results (Arora et al. [1987]).

Saturation electron drift velocity v, = 1.25 x 107 cms™! (30CK) (Johnson and
Eknoyan [1985]).
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5.3.3. Impact Ionization

- L S Fig. 5.3.8. The dependence of ionization
'€ .5l ] rates for electrons a; and holes ; versus
CRU electric field, 300 K. a; = f: (Sze [1969]).
< 0r .
3
@ 10°f ]
o
c 107 1
2
=
R 10 1
c
L 100 2 S 5

10 2 3456 810

Field £ (Vem™)

At 300K for 5 x 10° Vem™! < F < 1.3 x 106 Vem™!

a; = 3 = agexp [6 — (82 + (Fo/F)*)'/?] (5.3.1)

where ap = 0.39 x 105cm ™!, § = 19.1, F, = 7.51 x 10°Vem ~!.  (Kyuregyan and
Yurkov [1989]).

LB R B R AL T T T

Fig. 5.3.9. Breakdown voltage and break-
down field versus doping density for an
abrupt p-n junction, 300 K (Sze and Gib-
bons [1966]).

-
o
w

o
o—o

Breakdown voltage V; (V)
=3
N

ol il [T

1015 1016 1017 1018
Concentration N (cm3)

Breakdown field £ (Vcm-')
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5.3.4. Recombination Parameters

-3
—~ 10 s 7 —LETL - i
g 1 1 <k % _|_“ ‘T"_F{E
a g
=) L 4
. {F
(=]
©
— _5_ 0
s 10
k")
2
= 6 1 1 !
a0 1015 1016 1017 1018

The longest lifetime of holes (undoped GaP)

1019

Donor density Ny(cm™3)

Diffusion length L, = (D, x 7,)'/2

-3

10

07T

Diffusion length L,(cm)

-5

+@q§n

T,

10

The longest lifetime of electrons

410" 10”7
Acceptor density Ng {cm™3)

1
10'®

Diffusion length L, = (D, x 7,)%/?

1019

Fig. 5.3.10. Hole diffusion length L, in
n-type GaP (undoped or doped with S)
versus donor density, 300 K (Young and
Wight [1974)).

e LR 14
L ~ 20 pm

Fig. 5.3.11. Electron diffusion length L,
in p-type GaP versus acceptor (Zn) den-
sity, 300 K (Young and Wight [1974]).

Ta~1x10"7s
L, ~T7pm

Surface recombination (Gershenzon and Mikulyak [1966]).

20K
TTK
300K

(0.1 +3.4) x 102cms~!
(1.1 +90) x 10*cms™!
(0.4 +2) x 108 cms™?
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Radiative recombination

Band to band radiative
recombination coefficient ~ 10~ Bcm3s!

Impurity recombination (Yunovich [1972], Bergh and Dean [1976]) at 300K

Zn-O complex (red LED, hv ~ 1.8eV, A ~ 0.7 ym)

Radiative exciton lifetime ~ 1077571
Oscillator force for exciton recombination 0.07
Non-radiative exciton lifetime
Ten =1/B x p B~10"10+10""cem 357!
Non-radiative single electron lifetime
Ten = 1/C x p? C ~10"3%cmbs!
N-isoelectron impurity (green LED, hv ~ 2.22eV, X ~ 0.56 yum)
Radiative exiton lifetime ~3x 1078
Oscillator force for exciton recombination 0.09
Bond energy of exciton in GaP doped with V:
free exciton 0.021eV
NN bound exciton 0.143eV

(Zwang et al. [1990])

Auger recombination coefficient ~1073%mbs~!
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5.4. Optical Properties

Infrared refractive index

Nioo = (koo)/? = 2.932 x (1+107% x T)

for 300K, ne = 3.02

Refractive index n

& T
.

N W o~ 01O
T

e
T
1

01 2 3 4 5 6

Photon energy hv (eV)

o o
o (2]
T T

o
&
T

Reflectance R

o
w
T

1 L I I

A

o
N
it

2 3 4 5
Photon energy hv (eV)

(80 < T < 300K)
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(5.4.1)

Fig. 5.4.1. Refractive index n versus pho-
ton energy. Solid curve is the theoretical
calculation. Points represent experimen-

tal data, 300 K (Adachi [1989]).

Fig. 5.4.2. Normal incidence reflectivity
versus photon energy, 300 K (Aspnes and

Studna [1983]).
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3L 296 K

218

77

215 2.20 2.25

2.30 235 2.40

Photon energy hv(eV)

Fig. 5.4.3. Low-level absorption spectrum of n-type GaP (no = 1 x 10'® cm™3) at different
temperatures (Dean and Thomas [1966]).

T

N
o
T

15F

o
(5]
T

Absorption coefficient a (108cm™)
>
L

T T Y T T

ma— |

. 30 35 40 45 50 55

Photon energy hv (eV)

Fig. 5.4.4. The absorption coefficient ver-
sus photon energy. 300K (Aspnes and
Studna [1983]).

T X T

400} // i
300 17
! X
200f /51
°° J /

100 I 1% L 1
80} /y/j 11};{‘ )
60 //

wt 7 ]

30 1 L 1
1 2 4 6 810

Wavelength X\ (um)

Absorption coefficient a (cm™')

Fig. 5.4.5. Free carrier absorption co-
efficient versus wavelength at different
temperatures. no = 1 x 10*®* cm™3 T (K):
1. 80, 2. 295. (Spitzer et al. [1959)).
(Figure reprinted with kind permission
from Elsevier Science Ltd.)
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5.5. Thermal Properties

10,0 ————— T ———rr

Iﬁ'rll
Ooo
o
Wy

10 é
05

°
7 N O U |

T T 17T
°

T
°
|

01
005

? B O §

N

Thermal conductivity K (W em™K™)
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7 2 5 10 20 50100200 500
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Fig. 5.5.1. Temperature dependence of thermal conductivity (Muzhdaba et al. [1968]).
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Fig. 5.5.2. Temperature dependence of specific heat (Sirota and Sidorov [1988]).
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05 06 07 08 09 10 11
1000/ 7 (K™

Melting point T;, = 1730 K
Saturated vapor pressure at melting point 32 atm.

Fig. 5.5.3. Temperature dependence of
linear expansion coefficient o (Deus et al.
[1983]).

Fig. 5.5.4. Temperature dependence of
equilibrium pressure of P, along the lig-
uidus curve (Ilegems et al. [1974]).
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5.6. Mechanical Properties, Elastic Constants,
Lattice Vibrations, Other Properties

Density
Hardness on the Mohs scale
Surface microhardness

(using Knoop’s pyramid test)
Cleavage plane
Elastic constants at 300 K

Cn

Ci2

Cys
§ 1w3el
=
5 w3
‘© .28t
S 124k :
(&) 3

C
£ m N ]
o b
2 708t ™~
s Cy2 P
© 650- o T
© D
w646} N g
=
w 6_[.2 n L ! 1

0 100 200

Temperature 7 (K)

For T = 300K
Bulk modulus
(compressibility™!) B, =
Shear modulus C’ = (C1; — C12)/2
[100] Young’s modulus

Y, = (C11 +2C12)(C11 — C12)
(Cu1 + Ci2)

(100] Poisson ratio op =

C11 +2Ch

Ci2
Cu1+ Ci2

4.138 gcm™3
5

850 kg mm—2
{110}
14.05 x 10 dyncm—?2
6.20 x 10! dyn cm™2
7.03 x 10 dyncm—2
(Yogurtcu et al. [1981])

Fig. 5.6.1. Temperature dependences of
elastic constants (Boyle and Sladek [1975]).

B, = 8.82 x 10! dyncm™2
C' =3.92 x 10" dyncm—2

Yy = 10.3 x 10" dyn cm—2

oo = 0.31



122 Handbook on Semiconductor Parameters: Vol. 1

Acoustic Wave Speeds

Wave Wave Wave speed
propagation  character Expression for wave speed (in units of
direction 10° cms™!)

(100] VL (Cu/p)? 5.83

VT (044/[7)1/2 4.12

Vi [(C11 + C1z + 2Cas) /20]'? 6.43

(110] Vi Vi = Vo = (Caa/p)"/? 4.12

ViL [(Cr — Cr2)/20)? 3.08

[111] 174 [(C11 + 2C12 + 4Cy4) /302 6.63

Vi [(C11 — Crz + Caa)/3p)*/? 3.46

N A XR K T = I A L
12 to4F i . LO
x "TOxo — -);Z;g\
9 gX R %o 08 O % 0 R o% o
—10f 1 1t -
o | lgo0] i [0gql (999]
o 8r 1F 1 1t .
Z LA : —Lw4ﬁ\ |
~ 6 v/ 4E LA {}
= } ;A\" LA 7}
3 4t 1L A7 1t/ |
o TAxx OIDT /° TA
Lt 2 ’ : \\:\ o °
i /‘ 11 ! 1L/ 4 ]
I
| - 1

1 1 1 1 1 I 1 1 1 I
0020406081010 08 06 04 02 000102030405
Reduced (dimensionless) wave vector g

Fig. 5.6.2. Room temperature dispersion curves for acoustic and optical branch phonons.
Solid lines are calculated according to overlap shell model (Borcherds et al. [1979]).
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Phonon frequencies (in units of 102 Hz). 4.2 K (Suto and Nashizawa [1990]).

VLO(X) 11.3

vro(X)  10.96
I/LA(X) 7.65
VTA(X) 3.16

Piezoelectric constant eq4 —0.1Cm™2
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CHAPTER 6

GALLIUM ANTIMONIDE (GaSb)

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

6.1. Basic Parameters at 300 K

Crystal structure Zinc Blende
Group of symmetry T2-F43m
Number of atoms in 1 cm3 3.53 x 10%2
Debye temperature (K) 266
Density (gecm™3) 5.61
Dielectric constant

static 15.7

high frequency 14.4
Effective electron mass (in units of m,) 0.041
Effective hole masses (in units of m,)

heavy 0.4

light 0.05
Electron affinity (eV) 4.06
Lattice constant (A) 6.09593
Optical phonon energy (eV) 0.0297

Band structure and carrier concentration

Energy gap (eV) 0.726
Energy separation (Err)
between I' and L valleys (eV) 0.084

125
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Energy separation (Erx)
between I' and X valleys (eV)

Energy spin-orbital splitting  (eV)

Intrinsic carrier concentration (cm™2)

Intrinsic resistivity (Q x cm)

Effective conduction band density of states
(cm™?)

Effective valence band density of states
(em™?)

Electrical properties

Breakdown field (Vem™1)
Mobility (em?V~1s71)
electrons
holes
Diffusion coefficient (cm?s71)
electrons
holes
Electron thermal velocity (ms™!)
Hole thermal velocity (ms™1)

Optical properties

Index of refraction
Radiative recombination coefficient (cm®s™1!)

Thermal and mechanical properties

Bulk modulus (dyncm™2)
Melting point (°C)

Specific heat (Jg=teCc™
Thermal conductivity (Wem™! °C™1)
Thermal diffusivity (cm?s71)
Thermal expansion, linear (°C~1)

0.31
0.80
1.5 x 1012
102

2.1 x 107

1.8 x 101°

~5x10*

< 3000
< 1000

<75
<25

5.8 x 10°
2.1 x 10°

3.8
- 10—10

5.63 x 101!
712
0.25
0.32
0.23
7.75 x 10~
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6.2. Band Structure and Carrier Concentration

Energy 300K E, =0.726 eV

Fr =0.81eV

= ullimy Ex = 1.03 eV

valley E.o =0.8 eV
. <1Mi>
— /I\ —~ Wave-vector
Eso Heavy holes
Light holes
Split-off band

Fig. 6.2.1. Band structure of GaSb. Important minima of the conduction band and maxima
of the valence band.

6.2.1. Temperature Dependences

Temperature dependence of the energy gap (Wu and Chen [1992])

T2
=0.813 — 3.7 [ V), 6.2.1
Ey = 0813 -3.78 x 107! 7 (eV) (6.2.1)
where T is temperature in degrees K (0 < T' < 300).
Temperature dependence of energy Er,
T
= 0.902 — 3. 10~ V) . 6.2.2
E; =0.902 -3.97 x 10 T+94(e ) ( )
Temperature dependence of energy Ex
, T2
=1.142 — 4.75 x 10~ \% 6.2.3
Ex X 1074 (eV) (6:2:3)

where T is temperature in degrees K (Lee and Woolley [1981]).



128 Handbook on Semiconductor Parameters: Vol. 1

Effective density of states in the conduction band

N, = 4.0 x 10*® x T%/2 (cm™%) (6.2.4)

Effective density of states in the valence band
N, =3.5x 10" x T%2 (cm™3) . (6.2.5)

Temperature 7 (K)

& .16 600500 400 300 200
P 10 N K3 Fig. 6.2.2. The temperature depen-
o dence of the intrinsic carrier con-
& 10" centration.
c
©
S 107
[
2 10"
o
(8]
(&)
7, 108 1 1 1
= 1 2 3 4 5
p= 1000/7 (1/K)

6.2.2. Dependences on Hydrostatic Pressure

Ey = E,(0) +14.5 x 1072 P (eV)
Ep = Er(0) +5.0 x 1073 P (eV) (6.2.6)
Ex = Ex(0)—1.5x 1073 P (eV)

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

o ’ I Fig. 6.2.3. Energy gap narrowing versus
> acceptor doping density. Curve is calcu-
g 150 1 lated for p-GaSb according to Eq. (6.2.7).
e Experimental points are taken from
“<41 100l | Titkov et al. [1981) (Jain et al. [1990)).
>
E’ °
o 50r . 1
(= ° .
w —
1 1
10’8 10 10%

Acceptor density Ng (cm-3)

For n-type GaSb

AE, =13.6 x 10~° x N}® 4+ 1.66 x 107 x NJ/* + 119 x 10712 x N,/? (eV)
For p-type GaSb

AE, =807 x 107° x N3 +2.80 x 1077 x NY/* + 412 x 1072 x N}/? (eV)
(Jain et al. {1990]). (6.2.7)

6.2.4. Effective Masses

Electrons
For I'-valley mr = 0.041myg

In the L-valley the surfaces of equal energy are ellipsoids.
my; = 0.95mg
my = 011m0
Effective mass of density of states
myg = (16mym?)Y/3 = 0.57mg
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In the X-valley the surfaces of equal energy are ellipsoids.

Effective mass of density of states

Holes

heavy
light
Split-off band
Effective mass of density of states
Effective mass of conductivity
(Heller and Hamerly [1985])

6.2.5. Donors and Acceptors

; 03r\/ ]
2 sl —Tel i
w 02
—le
S ool —sw \LTM —sel
CSelr)” S(M) —s(L)
<100> ¥ 0 7

Wave vector K

<>

Ionization energies of shallow donors (eV)

Te(L)
Te(X)
Se(L)
Se(X)
S(L)
S(X)

m; = 1.51m0
me = 0.22my

mg = (9mym?)'/3 = 0.87Tmq

mp = 0.4myg
m; = 0.05mg

Mmso = 0.14mg
m, = 0.8mg

Mye = 0.3mg

Fig. 6.2.4. The diagram of VI group donor

states (Vul’ et al. [1970]).

~ 0.02
<0.08
~ 0.05
~ 0.23
~ 0.15
~ 0.30
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For typical donor concentrations N, > 107 cm~3 the shallow donor states connected
with I'-valley did not appear.

Ionization energies of shallow acceptors (eV).
The dominant acceptor of undoped GaSb seems to be a native defect. This acceptor
is doubly ionizable

Ea 0.03 eV
Ea2 0.1 eV
Si ~ 0.01
Ge ~ 0.009

Zn ~ 0.037
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6.3. Electrical Properties
6.3.1. Mobility and Hall Effect

Fig. 6.3.1. Electron Hall mobility versus
temperature for different doping levels.
Curves 1. Ng =1.7 x 10®¥ em™3,

Curves 2. Ny = 2.8 x 107 cm™3,

Broken curves represent the experimental
data. Continuous curves represent the-
oretical calculations. (Mathur and Jain
[1979]).

Mobility Ky (cm?2 v-1s-1)

i} 1

100 140 180 220 260 300
Temperature 7 (K)

-

o
&~
|

-1 -1

Electron Hall mobility
u,.,(cm2 VisT)

3
10 107

Electron concentration n, (cm-3)

Fig. 6.3.2. Electron Hall mobility versus electron concentration. 77 K. Open circles rep-
resent measurements with a group of samples having approximately the same residual
acceptor concentrations IN,. Full symbols: specimens with lower residual acceptor concen-
trations. Solid lines represent the theoretical calculations for different values of compen-
sating acceptor densities — either singly (N, ) or doubly (N; ~) ionized.

1. Ny =1.2x107 or NJ” =0.4 x 101" cm™3

2. N; =2.85x 107 or N;~ =0.95 x 10" cm™®

3. Ny =4.5x 10" or N;~ = 1.5 x 10'” cm™ (Baxter et al. [1967]).
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S 4103 :
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= 3L Y ]
T 210 ,.2.°--“"\

= . -~

> ?o" “

=R ) S N .
5 8107t . -
= 610

[ 1 1
60 80100 200 400
Temperature 7 (K )

Fig. 6.3.3. Hole Hall mobility versus tem-
perature at different compensation levels.
1. N, = 1.39 x 10/7em™3; N; = 9 x
10 em™3,

2. N, =13 x10"em™3; Ny = 95 x
10*¢ cm™3,

3. N, =11x107em™3; Ny = 9.5 x
10 em™3 (Nakashima [1981]).

T
o

1000

800 i

600} .

400

Mobility Ky em?vls
T

zoqlolﬁ 1617 1618 1619

Hole concentration p,(cm -~

3)

—
o
~
-
4
-

T T
>
bl

Mobility pylcm?vs™)
=
W

~N

) < . D B | I 1
30 50 100 200 300
Temperature 7 (K)

ury
o

Fig. 6.3.4. Hole Hall mobility versus
temperature. = MBE technique. Car-
rier concentration py at 300 K: 1. 2.28 x
10%cm=3, 2.1.9 x 10 ecm™2 (Johnson
et al. [1988)]).

Fig. 6.3.5. Hole Hall mobility versus hole
concentration. 300 K. Experimental data
are taken from five different papers (Wi-
ley [1975]).

10%0
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6.3.2. Transport Properties in High Electric Field

= . ' .
wn
£
o
.
=
<, 05r 1
P
2
©
=
;" ! 1 1
0 1 2 3 4

Field F (kVem™)

Fig. 6.3.6. Calculated field dependence of
the electron drift velocity, 300K (Ikoma
et al. [1977]).

Ne

0 5 0 5 20
Field F (kV cm-)

Fig. 6.3.8. Fraction of electrons in I', L, X
valleys nr, nr, nx as a function of electric
field, 300 K. n = 6.8 x 10'® cm™3 (Jantsch
and Heinrich [1971]).

N

5 1II.'] 15 20
Field F (kVcm™)

o

Current density J (10°Acm?)
P |

Fig. 6.3.7. Calculated (solid) and exper-
imental (points) current density depen-
dencies versus the electric field, 300K
(Jantsch and Heinrich [1971]).

—

o

(=)
T

w
(5,
T

w
o
T

[e]
o
T

@
o
T

Electron temperature 7 (K)

|

50 100 150
Field F (Vem™)

=

Fig. 6.3.9. Experimental (full and open
circles) and calculated results of the elec-
tron temperature as a function of the
electric field, 77K (Jantsch and Heinrich
[1971)).
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6.3.3. Impact Ionization

lonization rate a,;, B; (cm™)

135

—] Fig. 6.3.10. Dependences of ionization
4 rates for electrons «; and holes f3; ver-
{ sus 1/F for two orientations of electric
field, 77 K. Open symbols: F||(111);
Filled symbols: F||(100) (Zhingarev et al.
o1 [1981)).

Fig. 6.3.11. Experimental curves a; and
B: versus 1/F 300K, F||(100) (Hilde-
brand et al. [1980]).
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6.3.4. Recombination Parameters

Lifetime T (s)
[=2]

10_ i 1 i [
107 2 L 681008 2

Concentration N, (cm-3)

Fig. 6.3.12. Radiative lifetime versus
donor concentration, 77 K, GaSb(Te). To
extract these dependences from experi-
mental data the values of internal quan-
tum efficiency n were taken: open circles
n = 0.8, filled circles n = 1 (Agaev et al.
[1984)).

T T LR 2 e N B
10.8 '_—\: nA ]
: J 1/N j
a
f \\ \ 1/Nc,2
= s s
2 07 \A g
[ r 0% g u\ T
" L o %0go o |
E | .
o ol \
) 10 I AAA 1
-11 UM N T N, T TS I [ YO W,
10 1017 1018 1019 1020

Concentration Ng ( em3)

L1077 -
n
T 2107t F_ 1
g o
:-.—_; 10-7_ o‘::c:.o.o.c:
=
-8
510 1 1 1 1 1
107 2 L 68108 2

Concentration Ny(cm™3)

Fig. 6.3.13. Nonradiative lifetime versus
donor concentrations, 77K, GaSb(Te).
Open circles: 77 = 0.8, filled circles n =1
(Agaev et al. [1984]).

Fig. 6.3.14. Electron radiative (triangles)
and nonradiative (squares) lifetime ver-
sus acceptor concentration, p-GaSb, 77 K,
(Titkov et al. [1986]).
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T L) l T T T

9 /!
10°F ;]
Z L ]
e | ]
o i

€ 2

©10% / 3
3 3/ 1
L "
2.]0'11 PR | 1 11

80 100 200 300
Temperature T (K)

Radiative recombination coefficient
Auger coefficient

TTK

300K

Fig. 6.3.15. Electron lifetime versus tem-
perature at different acceptor concentra-
tions, N, cm™3: 1. 5x 108, 2. 2.2x10°,
3. 3.5 x 10'° (Titkov et al. [1986)).

~ 10710 ¢cmBg1

2% 1072 cm®s~1
5% 10730 cm®s~1
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6.4. Optical Properties
Infrared refractive index
Noo = (koo)¥/? ~ 3.71 x (1 + 8.25 x 107°T)) (6.4.1)
For 300 K: ny ~ 3.8.

Long-wave T'O phonon energy hvro = 27.78 meV (300 K).
Long-wave LO phonon energy hvpo = 28.89 meV (300 K).

LI S L B Fig. 6.4.1. Refractive index n versus pho-
ton energy, 300 K (Adachi [1989]).
IS
>
v
o
E
o
=
S
2
b
(02
1 1 1 1 1
0 1 2 3 4 5 6
Photon energy hv(eV)
T T T T Fig. 6.4.2. Reflectivity versus photon en-
ergy, 300 K (Cardona [1961]).
x g5l .
@ .
LS’ e, o .
o oL uenr .
E 04F .'... .‘\.‘l o’ ]
g 1
24 >
el .
0.3 1 1 1 1
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Absorption coefficient o (cm 1)

1 1 1 "

1 Il
06 07 08 09 1.0
Photon energy hv (eV)

1

Fig. 6.4.3. Intrinsic absorption coefficient
near the intrinsic absorption edge in pure
p-type samples. T(K): 1. 300, 2. 77, 3. 4.2
(Becker et al. [1961]).

10

Absorption coefficient a (cm™)

1 |

I
05 06 07 08 083

Photon energy hv(eV)

11000 T T

-
N
o
(=]
T
)

1000

800 1

600 3 1

Absorption coefficient a (cm™)
N

0.6 07 08 09
Photon energy hv (eV)

Fig. 6.4.4. Intrinsic absorption edge in p-
type GaSb. N, = 3 x 10" cm™?, T(K):
1.215, 2. 140, 3. 77 (Tluridze et al. [1987]).

Fig. 6.4.5. Intrinsic absorption edge at
77K for different doping levels, p-GaSb.
No(em™3):;, 1. 2.9 x 10'7, 2. 5 x 108,
3. 1.8 x 10, 4. 3 x 10" (Tluridze et al.
[1987]).

A ground state Rydberg energy Rx; = 2.8meV.
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e 107 T T T T T
E
510 g_ T
c
o -
£ 0% .
o E
S F
g L
2 10°F =1
a E
5 o
o o
0 o
< 103 { . 1 ! 1
0 1 2 3 4L 5 6

Photon energy hv (eV)

Fig. 6.4.6. The absorption coefficient versus photon energy, 300 K (Adachi [1989]).

sl

LB Rl |

Absorption coefficient o (cm™')
7

%
w

10

T
Lol

005 01 015 020
Photon energy hv (eV)

Fig. 6.4.7. The impurity absorption at low photon energies, 80 K
1. Undoped sample (p = 2.4 x 10'" cm™2 at 300 K),

2. Te added (p = 7.5 x 106 cm™3),

3. Se added (p =4.1 x 10'® cm™®) (Johnson and Fan [1965]).
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6.5. Thermal Properties

T T

1

_
&~ oo

T |

o
N

Thermal conductivity K (Wem K™
N

Thermal conductivity K (W em 'K

141

1 E
0 : 01
04 1
0 | v 11 el 007
L 6810 20 40 6080100 300

Temperature 7 (K)

Fig. 6.5.1. Temperature dependences of
thermal conductivity.

1, 2, 3 — are n-type samples,

n (300K) cm™3:

1. 1.6 x 10%7, 2. 8.6 x 1017, 3. 1.8 x 10'8,
4. p-type sample. Undoped GaSb,

p (300K), cm™® — 1.4 x 10" (Poujade and
Albany [1969]).

500 700 900
Temperature T (K)

Fig. 6.5.2. Temperature dependence of
thermal conductivity (for high tempera-
tures) (Okhotin et al. [1972]).

Fig. 6.5.3. Temperature de-
pendence of specific heat
1. Piesbergen [1963],

2. Okhotin et al. [1972].
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T T T T T T T T

oo
006000090000 ° g
oo

0 40 80 120 160 200240 280 320360
Temperature 7 (K)

Melting point T,,, = 985 K.

Fig. 6.5.4. Temperature depen-
dence of linear expansion coeffi-
cient o (Novikova and Abrikosov
[1963]).
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6.6. Mechanical Properties, Elastic Constants,
Lattice Vibrations, Other Properties

Density 5.614 gcm™3
Hardness 4.5 on the Mohs scale
Surface microhardness
(using Knoop’s pyramid test) 450 kg mm—2
Cleavage plane {110}
Elastic constants
at 300K Cn 8.83 x 10 dyncm—2
Cia 4.02 x 101 dyncm~—2
Cys 4.32 x 10 dyncm~—2
90—

Fig. 6.6.1. Temperature dependences of

410
4.05

‘\"g 905 elastic constants (Boyle and Sladek [1975]).
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For T = 300K
Bulk modulus (compressibility ~!)
B, = % s = 5.62 x 101 dyn cm™2

Shear modulus

C' = (Cy1 — C13)/2 C' = 2.4 x 10 dyncm™2

[100] Young’s modulus
_ (C11 +2C15)(Cn1 = Cr2)

Y. Yy = 6.31 x 10" dyncm™?
0 (C11 + C12) 0
[100] Poisson ratio
Cia
- L oo = 0.31
R B O ¢
Acoustic Wave Speeds
Wave Wave Wave speed
propagation  character Expression for wave speed (in units of
direction 10° cms™?)
[100] Vi (C11/p)Y? 3.97
Vr (Caa/p)*? 2.77
Vi [(C11+ Cr2 + 2044)/2p]1/2 4.38
[110] Vi Vi = Vr = (Caa/p)"/? 277
Vii [(C11 — C1a)/2p)"/? 2.07
(111] v/ [(C11 + 2C12 + 4Cu4)/3p] '/ 4.50

Vi [(C11 — C12 + Cua)/3p)*/? 2.33
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Fig. 6.6.2. Room temperature dispersion curves for acoustic and optical branch phonons.
Solid lines are calculated according to 14 parameter shell model. Symbols: Experimental
results from inelastic neutron scattering (Farr et al. [1975]).

Phonon frequencies (in units of 1012 Hz)

vro(T'1s)
vra(Xs)
vpa(Xs)
vro(Xs)
vro(X1)

Piezoelectric constant e14

6.87
1.70
4.99
6.36
6.35

vra(La)
vra(Ly)
vro(L1)
vro(L3)

—0.13Cm™2.

1.37
4.60
6.15
6.48
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CHAPTER 7

INDIUM ARSENIDE (InAs)

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

7.1. Basic Parameters at 300 K

Crystal structure

Group of symmetry

Number of atoms in 1 cm?

de Broglie electron wavelength (A)

Debye temperature (K)
Density (gcm™3)
Dielectric constant
static
high frequency
Effective electron mass (in units of m,)
Effective hole masses (in units of m,)
heavy mp/mo
light myp/Mo
Electron affinity (eV)
Lattice constant (A)

Optical phonon energy (eV)

147

Zinc Blende
T2-F43m
3.59 x 1022
400

280

5.68

15.15
12.3

0.023

0.41
0.026
4.9
6.0583
0.030
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Band structure and carrier concentration

Energy gap (eV)
Energy separation (Err)
between I’ and L valleys (eV)
Energy separation (Erx)
between I' and X valleys (eV)
Energy spin-orbital splitting (eV)
Intrinsic carrier concentration (cm™3)
Intrinsic resistivity (2 x cm)
Effective conduction band density of states
(cm™)
Effective valence band density of states
(cm™?)

Electrical properties

Breakdown field (Vem™1)
Mobility (ecm?V-1s71)
electrons
holes
Diffusion coefficient (cm?s™1)
electrons
holes
Electron thermal velocity (ms™!)
Hole thermal velocity (ms™1)

Optical properties

Infrared refractive index
Radiative recombination coefficient (cm3s™1)

Thermal and mechanical properties

Bulk modulus (dyncm—2)
Melting point (°C)

Specific heat Te=t e
Thermal conductivity (Wem™! °C™1)
Thermal diffusivity (cm?s™1)

Thermal expansion, linear (°C~1!)

0.354
0.73

1.02
0.41
1 x 101
0.16

8.7 x 1016

6.6 x 1018

~ 4 x 10*

< 4 x 10%
< 5x 102

<108
<13

7.7 x 10°
2 x 10°

3.51
1.1 x 10~10

5.8 x 101!
942

0.25

0.27

0.19

4.52 x 108
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7.2. Band Structure and Carrier Concentration

300K E,=0.35eV

Energy EL =1.08 eV
Ex =137 eV

- valley E;o =041 eV

L -valley

Ey r/

EL
<100> <111>
— N Wave vector

Eso Heavy holes

Light holes
Split-off band

Fig. 7.2.1. Band structure of InAs. Important minima of the conduction band and maxima
of the valence band.

7.2.1. Temperature Dependences

Temperature dependence of the energy gap (Fang et al. [1990])

2

E, = 0.415 — 2.76 x 10—4T v (eV), fro.1)
where T is temperature in degrees K (0 < T' < 300).
Effective density of states in the conduction band
N, ~1.68 x 10*® x T%2 (cm™%) (7.2.2)

Effective density of states in the valence band

N, ~1.27 x 10 x T3/2 (cm™3) . {7 a8
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Temperature T (K)

"t 500 300 200 100
(&) T T
%
< 10°F :
S ]
£
g n
§ 10 T
(8]
2107 *
< 1
€10 L .

2 L 5 810

1000/7 (17K)

Fig. 7.2.2. The temperature dependence of the intrinsic carrier concentration.

T T T

0.1

00

Energy £ (eV)
)
N

100 200 300
Temperature T (K)

Fig. 7.2.3. Fermi level versus temperature for different concentrations of shallow donors
and acceptors.

7.2.2. Dependence on Hydrostatic Pressure
Ey~ E,(0) +4.8 x 1073 P (eV)
(7.2.4)
EL ~Er(0)+3.2x1073 P (eV),

where P is pressure in kbar (Edwards and Drickamer [1961]).
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7.2.3. Energy Gap Narrowing at High Doping Levels

N
o
(=)

100

Energy AEg(meV)

107

Concentration N (cm™3)

For n-type InAs

Fig. 7.2.4. Energy gap narrow-
ing versus donor (Curve 1) and
acceptor (Curve 2) doping den-
sity. Curves are calculated accord-
ing Jain et al. [1990]. Points
show experimental results for n-
InAs (Semikolenova et al. [1978]).

i

AE, =14.0 x 107° x N}/® +1.97 x 1077 x N¥* 4 57.9 x 10712 x N}/? (eV)

For p-type InAs

(7.2.5)

AE; =8.34x107% x N3 +2.91 x 1077 x N} + 4.53 x 10712 x N1/2 (eV)

(Jain et al. [1990]).

7.2.4. Effective Masses

Electrons
For I'-valley mpr = 0.023mg
- h2k? x|
Non-parabolicity: E(1 + aF) = —— a=14 (V™)
2mr

—B s T - T E Nl 3 L

E | ' : Fig. 7.2.5. Electron effective mass versus

EL 0.2 - electron concentration (Kesamanly et al.

—= 016 1969]).

3 0 . & (1969])

g 012 r v i""ggy

) 008 I"//;A

2 v ogAot

G 004 Sk P——},"p:%.s =

< A | vl | T B 1

w BT 107 1009 1020

Electron concentration N (cm

.3)
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In the L-valley effective mass of density of states
my, = 0.29mg
In the X-valley effective mass of density of states

myx = 0.64mg

Holes
heavy myp = 0.41mg
light myp = 0.026mg
split-off band mso = 0.16mg

Effective mass of density of states m, = 0.41mg
7.2.5. Donors and Acceptors
Ionization energies of shallow donors > 0.001 (eV): Se, S, Te, Ge, Si, Sn, Cu

Ionization energies of shallow acceptors (eV) (from Guseva et al. [1974], Guseva
et al. [1975])

Sn 0.01
Ge 0.014
Si 0.02
Cd 0.015

Zn 0.01
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7.3. Electrical Properties
7.3.1. Mobility and Hall Effect

105 T 17T
I :
> i ]
o~
§ 1051 =
T C B
I -
2 r s i
= L ]
3 s
E .
T I R
2103 1 aal 1 1 M S| O 1S o |
60 100 200 400 1000

Temperature T (K)

" 5105 - .
N> &
R N -
~ eo8 °
=1 oo
> b mﬁ“o %:oo
= Sy g, ot
3 0t —— :
z " 10% 10" 10"

Electron concentration n, (cm3)
Fig. 7.3.2. Electron Hall mobility versus
electron concentration (Karataev et al.
[1977)), T = 77K.

153

Fig. 7.3.1. Electron Hall mobility versus
temperature for different electron con-
centration: full triangles — ng = 4 x
10'° cm™2, circles — np = 4 x 10'® cm™3,
open triangles — ng = 1.7 x 106 cm—3.
Solid curve — calculation for pure InAs

(Rode [1975]).

& Wrrr—r—r7

< 8r
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§ «f -
=, " °% oo ngﬁégﬂf

3 | % X X o o o °£o°'
= 2 o® o x:éo X x ow“o""l‘xa°

o ® o

e .

> 10 1 £ ET |

|

10
Electron concentration n, (cm™3)
Fig. 7.3.3. Electron Hall mobility versus

electron concentration (Karataev et al.
[1977]), T = 300K.
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Magnetic field 8 (T)

Fig. 7.3.4. Electron Hall mobility (R x o)
in compensated material (Garyagdyev
et al. [1974]).

Curve ncm™2 Ng+Ngcm™2 6= &
Ny

1 82x10® 3 x 1017 0.58

2 3.2x10V7 6.1 x 1018 0.9

3 5.1x10 3.2 x 1018 0.96

4  3.3x10' 7.5 x 1017 0.91

5  7.6x 10 3.4 x 1017 0.95

6  6.4x101 3.8 x 107 0.96

7 3.3x10% 3.9 x 1017 0.98

Fig. 7.3.5. Electron Hall mobility ver-
sus transverse magnetic field, T = 77K
(Kamakura et al. [1975]). Ng(cm™®):
1. 1.7 x 106, 2. 5.8 x 10°.

At T = 300K the electron Hall factor in pure n-InAs rg ~ 1.3.
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/1/
0 | 1 i
101 10 100 300
Temperature T (K)
103} i\ .
J ‘-\
[\
102} | B
10'f 1
0 !

=
o

10 100 300 1000

Temperature T (K)

Fig. 7.3.6. Hole Hall mobility (R x o)
versus temperature for different accep-
tor densities (Kesamanly et al. [1968]).
Hole concentration at 300K pg (cm_3):
1. 5.7 x 106, 2. 2.6 x 10'7, 3. 4.2 x 10'7,
4. 1.3 x 10'8.

Fig. 7.3.7. Hall coefficient versus tem-
perature for different acceptor densities
(Kesamanly et al. [1968]). Hole concen-
tration at 300 K. po (cm™3): 1. 5.7 x 10*¢,
2.2.6 x 10'7, 3. 4.2 x 10'7, 4. 1.3 x 10'®,
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7.3.2. Transport Properties in High Electric Field

o o

o N

Drift velocity v, (107 cms™)
&~

1 10
Field F (kVcm-)

100

Fig. 7.3.8. Steady state field dependence
of the electron drift velocity, 300K,
F]|(100). Theoretical calculation (Bren-
nan and Hess [1984]).

Drift velocity (arb.units)

Field F (kVcm)

Drift velocity Vd(107cm s

et e 23

5 /.///‘ i

° 3r : .~

2 44//
i

z 2t ZZ 4

k= Z7

s | 77 .

Ny 4

2 .

15
Field £ (kVem™)

Fig. 7.3.9. Field dependences of the elec-
tron drift velocity at different transverse
magnetic fields for long (microsecond)
pulses. Experimental results, 77K (Ka-
makura et al. [1975]). Magnetic field
B(T): 1.0.0,2.0.3,3.0.9, 4. 1.5.

Fig. 7.3.10. Field dependences of the elec-
tron drift velocity, 77 K. Solid lines show
results of theoretical calculation for dif-
ferent non-parabolicity a(eV)™': 1. 2.85,
2. 2.0, 3. 1.5 (Kuchar et al. [1973]).
Points show experimental results for very
short (pico-second) pulses (Krotkus and
Dobrovolskis [1988]).
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7.3.3. Impact Ionization

=)
wn

T T T
l

10%

10

lonization rate a; , B; (cm™")

LB RRAR) |

2llllll
12 3 L 5 617

1/F (10%cm V™)

10

Fig. 7.3.11. The dependences of ionization rates for electrons — a; and holes — f; versus
1/F, T = 77K. (Mikhailova et al. [1976]).

For electrons
a; = ap X exp[—F,o/F] (7.3.1)

@, =1.8x10% cm™!, F,, = 1.6 x 105Vem™! (77 K)

For holes
B: = Bo X exp[—Fpo/ F) (7.3.2)

At TTK

LEx il Vem 2 F<3u 10 Van?
Bo = 4.7 x 10° em™ 1, F,, = 0.85 x 10° Vem™?

3x10* Vem™ ! < F < 6x10* Vem™!
B = 4.5 % 10% etn L, Bp = LB o 10F Viem™
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10
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T(h
o
< 10°
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=
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S
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[ o=
(5]
(L]
107

Field F (kVcm™)

Fig. 7.3.12. Generation rate g versus electric field for relatively low fields, 7" = 77 K. Solid
line shows the result of calculation. Experimental results: open and full circles — undoped
InAs, open triangles — compensated InAs (Krotkus and Dobrovolskis [1988]).

Concentration N (cm-3)

; 102 T T T 15
5= ]
= ]
g ]
2.
s 10F 3
> = 7
c 3
z ]
[=}
g f ]
m Al LAV 1 00 W 1 1
10% 10" 1G5

]

Breakdown field £ (Vem™")

Fig. 7.3.13. Breakdown voltage and break-
down field versus doping density for
abrupt p-n junction, T'= 77 K.
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7.3.4. Recombination Parameters

Pure n-type material (no = 2 x 10'5 cm=3)

The longest lifetime of holes T~ 3% 107%s

Diffusion length L, ~ 10-20 ym
Pure p-type material

The longest lifetime of electrons To ~3x 10785

Diffusion length L, = (D, x 7,)'/2 L, = 30-60 um

Characteristic surface recombination rates (cms™!)  102-10*

Radiative recombination coefficient (Varshni [1967])

77K - 1.2 x 10 %cm?s™!

298K — 1.1 x 10~ 0¢m3s~1!
Auger coefficient

300K ~ 2.2 x 10727 cm®s!

(Gel'mont et al. [1982]).
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7.4. Optical Properties

Infrared refractive index

Noo = (Koo )'/? =~ 3.51 (300K) (7.4.1)
Long-wave T'O phonon energy hvro ~ 27 meV (300K) (74.2)
Long-wave LO phonon energy hvpo ~ 29 meV (300K) (7.4.3)

Wavelength A (pm)
2106 04 03

Fig. 7.4.1. Refractive index n versus pho-
ton energy. Solid curve is theoretical cal-

culation. Points represent experimental
T data, 300K (Adachi [1989)).

N W s 00 o

Refractive index n

0 1 2 3 4L 5 6
Photon energy hv (eV)

For 3.75 pm < A < 33 um

s ] 0.71 N 2.75
Tl T 1-65xA"2 " 1—2085x A2

1/2
-6 x107% x ,\2] (7.4.4)

where A is the wavelength in ym (300K) (Lorimor and Spitzer [1965]).

d k L J Fig. 7.4.2. Normal incidence reflec-
tivity versus photon energy, 300K
06 & (Aspnes and Studna [1983]).
Q@
S 05 5
[
82
Q04r 1
&
03r 7
0 2 Il 1 I 1

1 2 3 4 5
Photon energy hv (eV)
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Fig. 7.4.3. Absorption coefficient near the

intrinsic absorption edge for n-InAs. T =
- 4.2K (Varfolomeev et al. [1975]).
F
S~
=2
k=
85
c o
o -
= ©
=t
- %
o
Y
1 1
041 042 043

Photon energy Av(eV)

T T T T T [-]
20d%
— 101.:_ A$A0°au 7]
£ F 1 0
5 o o°° AA un
= B S &A '3
3 i 8% A2 nu
ool 5 5" B o
g W0°F 8¢ o
£ [of &°
o P o o
S i 26 2
§ 10%F F 7]
- F o o
AR
o [ o &
n L 4 o
< 1le o i
10 Eo ﬂn 1 1 1 1

03 04 05 06 07 O
Photon energy hv (eV)

Fig. 7.4.4. Absorption coefficient versus photon energy for different donor concentration,
300K (Dixon and Ellis [1961]). n (cm™3): 1. 3.6 x 10'¢, 2. 6 x 10'7, 3. 3.8 x 10'5.

A ground state Rydberg energy Rx; = 3.5 meV.
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N
-

)
(S,

o
w

Absorption coefficient o (10%cm )

o
L

N
w
&~
[3,]
N

Photon energy hv (eV)

Fig. 7.4.5. Absorption coefficient versus photon energy, T' = 300K (Aspnes and Studna
[1983)).

— 100

30

101

Absorption coefficient a (cm

1 I | S SRS |
3 5 7 10 15

Wavelength X (pm)

Fig. 7.4.6. Free carrier absorption versus wavelength at different electron concentrations
(Dixon [1961]), 300 K. no(cm™?): 1. 3.9 x 108, 2. 7.8 x 10'7, 3. 2.5 x 107, 4. 2.8 x 107S.
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7.5. Thermal Properties

=3 | .A““AA T T

X 3 pofoog

e 7l S, y

4 0 o

= 10 g2 T o

3 N g3y :

< 6f & . 1
L 48 3 ]

= 4 [ %,
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Z 2r . 4 1
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2 s S ]

s o . W]

—_— . i

E o -

_ac' Kl 1 | |

- 10 1 1 ! | 1 1 J A

2 L6810 2 L 6810% 2
Temperature T (K)

Fig. 7.5.1. Temperature dependences
of thermal conductivity (Tamarin and
Shalyt [1971]). 1, 2. — n-type samples,
L fig = 1.6 % 100w ¥, 2, 4y = 2O R
10" em™3, 3. p-type sample, po = 2.0 X
107 em™2.

03 T T T T

02 5

01+ 1

Specific heat Cp(J g'K ™)

L 1

1 |
0 100 200 300
Temperature T (K)

I

For 298 < T < 1215 K

Thermal conductivity

300 400 500 600 700 800
Temperature 7 (K)

Fig. 7.5.2. Temperature dependences of
thermal conductivity for high tempera-
tures (Okhotin et al. [1972]). Electron
concentration ng(cm™2):

1. 5x 106, 2. 2 x 106, 3. 3 x 10%.

Fig. 7.5.3. Temperature dependence of
specific heat at constant pressure (Pies-
bergen [1963]).

Cp=0.240+3.97x 107°T(Jg~ 1K)

(Barin et al. [1977]).
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Temperature T (K)

Fig. 7.5.4. Temperature dependence of
linear expansion coefficient (low temper-
atures) (Sparks and Swenson [1967]).

-04f

'

o

[=a)
T

-08F
-101
-1.2¢

Nernst coefficient (cmZK™'s™) samples (1-4)

L0 6

0

100

200

Temperature T (K)

400

Nernst coefficient (cmZK™'s™) samples (5-8)

al107%™

2 ! 1 1 1
0 100 200 300 400 500 600

Temperature 7 (K)

Fig. 7.5.5. Temperature dependence of
linear expansion coefficient (high temper-
atures) (Sirota and Berger [1959]).

Fig. 7.5.6. Temperature dependences of
Nernst coefficient (transverse Nernst—
Ettinghausen effect) (Domanskaya et al.
[1970]). Electron concentration at 77K

no(cm™3):

1. 2.96 x 106
3. 8.43 x 1016
5. 1.56 x 108
7.5 x 108

2. 4.46 x 106
4. 4.53 x 107
6. 2.28 x 108
8. 1.68 x 10*°

Melting point T,

=1215K

Saturated vapor pressure, (in Pascals)

For
For
For

950K ~ 2 x 1073
1000K ~ 102
1050K ~ 1071
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7.6. Mechanical Properties, Elastic Constants,

Lattice Vibrations, Other Properties

Density
Hardness
Surface microhardness
(using Knoop’s pyramid test)
Cleavage plane

5.68 gem™3
3.8 (on the Mohs scale)

430kg mm—2
{110}

Elastic constants at 293 K (Burenkov et al. [1975])

Cn

Ci2

(om
&z . ; . .
E [Fx—--»— Cy
; 8f N
o 77
._g sl
L:): 5 s Cr
A0 A L—x——___?
E 3 L CLL
¢ (Cyi=Cip)72
o 2 2

O -

P
W r
o
w

200 400 600 800

0
Temperature 7 (K)
For T = 300K
Bulk modulus (compressibility 1)
Ciu +2C12

B, =
Shear modulus

Cl = (Cll = Clg)/2
[100] Young’s modulus
(C11 +2C12)(C11 — Ch2)

Y o=
0 (C11+ Ch2)
[100] Poisson ratio
Ci12
ao

= B9

8.34 x 10 dyncm™—2
4.54 x 10 dyncm™2
3.95 x 10! dyncm—2

Fig. 7.6.1. Temperature dependences
of elastic constants (Burenkov et al.
[1975]).

B, = 5.81 x 10 dyncm—2

C’ =1.90 x 10! dyncm~2

Yy = 5.14 x 101 dyncm ™2

gg = 0.35
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Acoustic Wave Speeds

Wave Wave Wave speed
propagation  character Expression for wave speed (in units of
direction 10°cms™?!)

(100] VL (C11/p)? 3.83

Vr (Caa/p)"? 2.64

V [(Cll +Cio + 2044)/2p]1/2 4.28

(110] Vi Vi = Vo = (Caa/p)/? 2.64

Vis [(C11 — Cr2)/20)'/? 1.83

[111] v/ [(C11 + 2C12 + 4C44) /302 4.41

v [(C11 — C12 + Cas)/3p)"/? 2.13

7E LO I :LO
NogL 70 o j, 70
o~ |
2 5t Iq00] i 109q] | |iggg]
I LA i N\za | |4
S 3l ITA
&
b | .
L2 TA §: I TA
1k I7A
|
Pl IR 1

002040608 1 108 0604020 0 05
Reduced (dimensionless) wave vector g

Fig. 7.6.2. Room temperature dispersion curves for acoustic and optical branch phonons.
Solid lines are calculated according to overlap shell model (Carles et al. [1980]).
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Phonon frequencies (in units of 102 Hz)

vro(T) 6.44 vro(X) 6.20
VLO(F) 7.01 UTA(L) 1.50
VTA(X) 1.70 I/LA(L) 4.46
I/LA(X) 4.94 l/To(L) 6.44
vro(X) 6.47 vro(L) 6.26
Piezoelectric constant eqq —4.5-1072Cm~2
Electron g-factor
298 K —-17.5
80K —15.4
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CHAPTER 8

INDIUM PHOSPHIDE (InP)

Natalya M. Shmidt
Ioffe Institute,
St. Petersburg, Russia

8.1. Basic Parameters at 300 K

Crystal structure
Group of symmetry

Number of atoms in 1 cm?

Debye temperature
Density
Dielectric constant
static
high frequency

Effective electron mass

Effective hole masses
heavy
light
Electron affinity
Lattice constant
Optical phonon energy

(K)
(gem™3)

(in units of m,)

(in units of m,)

(eV)
(A)
(eV)

169

Zinc Blende
T?-F43m
3.96 x 1022
425

4.81

12.5
9.61

0.08

0.6
0.089
4.38
5.8687
0.043
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Band structure and carrier concentration

Energy gap (eV) 1.344
Energy separation (Epy)
between I' and L valleys (eV) 0.59
Energy separation (Erx)
between I’ and X valleys (eV) 0.85
Energy spin-orbital splitting (eV) 0.11
Intrinsic carrier concentration (cm~2) 1.3 x 107
Intrinsic resistivity (Q x cm) 8.6 x 107
Effective conduction band density of states
(cm™3) 5.7 % 10%
Effective valence band density of states
(cm™3) 1.1 x 10%°

Electrical properties

Breakdown field (Vem™1) ~5x 10°
Mobility (em?V—1s~1)
electrons < 5400
holes <200
Diffusion coefficient (cm?s71)
electrons <130
holes <5
Electron thermal velocity (ms™!) 3.9 x 10°
Hole thermal velocity (ms™1) 1.7 x 10°

Optical properties

Infrared refractive index 3.1

Radiative recombination coefficient (cm3s~1) 1.2 x 10~10

Thermal and mechanical properties

Bulk modulus (dyncm™2) 7.1 x 1011
Melting point (°C) 1060
Specific heat (Jg=teCc™Y) 0.31
Thermal conductivity (Wem™! °C™1) 0.68
Thermal diffusivity (em?s™1) 0.372

Thermal expansion, linear (°C™1!) 4.60 x 10~6
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8.2. Band Structure and Carrier Concentration

Energy
300K E,=134eV
By =1. \%
X-valley M-valley L 93 e
Ex =219eV
L-valley E;o =0.11 eV
Ex
E
E
<100> g <111>
 aaly N Wave vector
& Heavy holes
S0 5
Light holes
Split-off band

Fig. 8.2.1. Band structure of InP. Important minima of the conduction band and maxima
of the valence band.

8.2.1. Temperature Dependences

Temperature dependence of the energy gap

T2

E;=1421-49x107* x

where T is temperature in degrees K (0 < T < 800).

Temperature dependence of the energy separation between
I' and X valleys

Erx =0.96—3.7x10"* x T (eV) (8.2.2)

where T is temperature in degrees K (0 < T < 300).
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Effective density of states in the conduction band

N, ~1.1x 10" x T%2 (cm™3) (8.2.3)
Effective density of states in the valence band
N, ~ 2.2 x 10 x T%2 (cm™3) . (8.2.4)

Temperature T (K)
600 500 400 300

Intrinsic concentration n; (cm-3)
=)

[=4]

1 I L

1 2 3
1000/ 7 (1/K)

Fig. 8.2.2. The temperature dependence of the intrinsic carrier concentration.

T T T T

Ec
\\\

10]7cm'3 10]5 "

10
-10F %-
Ey
- k! 1 1 1
0 100 200 300 400 S00 600
Temperature T (K)

Energy (eV)

-15

Fig. 8.2.3. Fermi level versus temperature for different concentrations of shallow donors
and acceptors.
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8.2.2. Dependence on Hydrostatic Pressure

Ey=FE4(0) +84x 1073 P—1.8 x 107 P? (eV),
Ep =EL(0) +4.6 x 1073 P (eV), (8.2.5)
Ex = Ex(O) + 2 X 1073 p (eV),

where P is pressure in kbar.

8.2.3. Energy Gap Narrowing at High Doping Levels

150 L d i Fig. 8.2.4. Energy gap narrowing ver-

= sus donor (Curve 1 and experimen-
g tal points) and acceptor (Curve 2)
— 100} doping density, 300K. Curve 1 and
W experimental points (Bugajski and
< Lewandowski [1985]), Curve 2 (Jain et
>

> sof al. [1990]).

o

c

w

-2 %
e

010‘5 07 10 108 102
Concentration N (ecm™3)

For n-type InP
AE, ~ 225 x 107° N}/? (eV)

(Bugajski and Lewandowski [1985]).

For p-type InP

AE, =103 x 107° x NX% 4+ 4.43 x 1077 x NY* +3.38 x 10712 x N1/? (eV)

(Jain et al. [1990]). (8.2.6)
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8.2.4. Effective Masses
Electrons

For I'-valley mr = 0.08my

There are 4 equivalent L-valleys in the conduction band:

my, = 0.25myg is the effective mass in one L-valley,

mypq = 0.63mg is the effective mass of density of states for all L-valleys.
There are 3 equivalent X-valleys in the conduction band:

mx = 0.32my is the effective mass in one X-valley.
mxq4 = 0.66myg is the effective mass of density of states for all X-valleys

Holes
heavy myp = 0.6mg
light myp = 0.089mo
split-off band Mg = 0.17myg

Effective mass of density of states m, = 0.6mq

8.2.5. Donors and Acceptors

Ionization energies of shallow donors (eV) ~ 0.0057: S, Si, Sn, Ge

Ionization energies of shallow acceptors (eV)

C 0.04

Hg 0.098

Zn 0.035

Cd 0.057

Si 0.03

Cu 0.06

Be 0.03 (MBE)
Mg 0.03 (MBE)
Ge 0.021

Mn 0.27
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8.3. Electrical Properties

8.3.1. Mobility and Hall Effect

l. T T
'TV)
~ 5
L 108_
e,
I
4 2
2 4
=10
2 8
E
5
T 2F :__‘o,__.,.a__'t_.._,\.
3 1 1
B 0 100 200 300

Temperature T (K)

105

10%

T T

A |

4
“AA 8a,

N
103 sl N llx.l

100 1000
Temperature 7 (K)

Hall mobility py(cm? v's™)

Fig. 8.3.1. Electron Hall mobility ver-
sus temperature for different doping lev-
els. Bottom curve — ng = Ny — N, =
8 x 1017 cm™3, Middle curve — no =
2 x 10%° cm'3; Top curve — ng = 3 X
10" cm™ (Razeghi et al. [1988] and
Walukiewicz et al. [1980]).

Fig. 8.3.2. Electron Hall mobility ver-
sus temperature (high temperatures).
Bottom curve — ng = Ng — N,
3 x 107 cm™3, Middle curve — ng
1.5 x 10**cm™3; Top curve — no
3 x 10 ecm™® (Galavanov and Siukaev
(1970]).

IRR

For weakly doped n-InP at temperatures close to 300 K electron drift mobility p, =~

42+ 5.4) x 10% x (32)? (cm2 V-15-1).
T



176 Handbook on Semiconductor Parameters: Vol. 1

—
o
w

Hall mobility py (cm? vs™)
3 3
w ~

—
o

2

1 = 1 i ik,
.'Oll. 1015 1015 1017 1018 1019

Electron concentration n, (cm-3)

(3,

&~

w

N

-

Hall mobility Wwylcm?V's™)

0 1 1 1
0% 0% 107 1% 09

Electron concentration n, (cm-3)

Fig. 8.3.3. Hall mobility versus electron
concentration for different compensation
ratios § = No/Ng4, 77TK. Dashed curves
are theoretical calculations: 1. § = 0,
2.0 =02 3.0 = 04, 4. § = 06,
5. 0 = 0.8 (Walukiewicz et al. [1980]).
Solid line is mean observed values (An-
derson et al. [1985]).

Fig. 8.3.4. Hall mobility versus electron
concentration for different compensation
ratios § = N,/N4, 300 K. Dashed curves
are theoretical calculations: 1. § = 0,
2.0 =02, 3.6 = 04, 4. 0 = 0.6,
5. 8 = 0.8 (Walukiewicz et al. [1980]).
Solid line is mean observed values (An-
derson et al. [1985]).

Approximate formula for electron Hall mobility

1= pon/[1+ (Na/10'7)1/?] |

where pop ~ 5000cm? V='s™!, Ny ~ in cm™3 (Hilsum [1974]).
At 300K, the electron Hall factor r,, in n-InP for Ny > 10 cm=3: r, ~ 1 .

n &=
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Fig. 8.3.5. Hole Hall mobility versus tem-
3 perature for different doping (Zn) levels.

107 3 | Hole concentration at 300 K:
1. 1.75 x 10" cm™?, 2. 3.6 x 10'" ecm ™3,

3. 4.4 x 10 cm™3.

°° 2 6 = Na/N, ~ 0.1 for all samples (Ko-
hanyuk et al. [1988]).

10

Hall mobility Ky (cm?V's™)

—
/

FUR T | 1
40 60 102 200 400
Temperature T (K)

For weakly doped p-InP at temperatures close to 300 K the hole Hall mobility

2.2
300
Upr ~ 150 x <T> (cm?V~1s71),

N

o

o
T

T % ] Fig. 8.3.6. Hole Hall mobility

o SN

> L ; versus hole density, 300K (Wi-
& - ley [1975]).
E i ] y [1975])
= 100 |- 1

o + 4

3 [ ) o |

':E_; : DG‘O\

o i ) ¢ 1 IJ—I 1 L. l 1 1

E 106 10"7 108 10"

o

I

Hole concentration p, (cm™3)

The approximate formula for hole Hall mobility

tp = pipo/[1 + (Na/2 x 107)1/2] |

where 15, ~ 150cm? V=571, N, in cm™3

At 300K, the hole Hall factor in pure p-InP: r, ~ 1.
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8.3.2. Transport Properties in High Electric Field

— 40 T T T
'(/)
£
O 30t 4
= P
® 20t et 3
-z\ . N —~
Z -
2 10} .
>
5 - ! :

0 10 20 30

Field F (kVcm™)

Fig. 8.3.7. Field dependences of the electron drift velocity in InP, 300 K. Solid curves are
theoretical calculations. Dashed and dotted curves are measured data (Maloney and Frey

[1977] and Gonzalez Sanchez et al. [1992]).

20 T T T T
IV‘
5
© 15 .
=
ey
S 1o} .
s 2
g 05 1 1 1 |
0 50 100 150 200 250

Field F (kV cm™)

Fig. 8.3.8. The field dependences of the electron drift velocity for high electric fields T'(K):

1. 95, 2. 300, 3. 400 (Windhorn et al. [1983]).
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4 Fig. 8.3.9. Field dependences of the
electron drift velocity at different
=~ temperatures. Curve 1 - 77K
‘n 3 (Gonzalez Sanchez et al. [1992]).
g ] Curve 2 — 300K, Curve 3 — 500K
- (Fawcett and Hill [1975]).
- 2
L 2r
> 3
‘S
[}
)
2t
a
1 1 1
0 10 20 30 40
Field F (kVem™)
—~ 105 v T —
E ]0 T T
~
8 10L T T T T
A=
o -
e o s0 1.0 E
£ X 08F n/ny A
= <
= : 06
§ 10 N o4t -
< < ny/n,
g o7 e
E L L 1 e 1 1 1 n

-
o
o

s 110 15 20 25 30
Field F (kVem™)
Fig. 8.3.10. Electron temperature versus

electric field for 77 K and 300 K (Maloney
and Frey [1977]).

0 20 40 60 80 100
Field F (kVcm-)

Fig. 8.3.11. Fraction of electrons in L and
X valleys nr/no and nx /no as a function
of electric field, 300 K (Borodovskii and
Osadchii [1987]).
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Fig. 8.3.13. Longitudinal (D || F) and
transverse (D L1 F) electron diffusion
coefficients at 300 K. Ensemble Monte
Carlo simulation (Aishima and Fukushima
(1983)).
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Fig. 8.3.12. Frequency dependence of the ef-
ficiency n at the first (solid line) and at the
second (dashed line) harmonics in LSA mode.
Monte Carlo simulation.

3
sindmft + o~

7) -

F:F0+F1 xsin21rft+F2 <

Fo = Fi = 35kVem™', F; = 10.5kVem™
(Borodovskii and Osadchii [1987]).

600} ]
'Tm Dl
NE 40O e
Q
200} Dy ]
1 1
0 10 20 30
Field F (kVem™)

Fig. 8.3.14. Longitudinal (D | F) and
transverse (D L F) electron diffusion
coefficients at 77K. Ensemble Monte
Carlo simulation (Aishima and Fukushima
(1983]).
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8.3.3. Impact Ionization

5

10 Fig. 8.3.15. The dependences of ionization

rates for electrons «; and holes 3; versus
1/F, 300K (Cook et al. [1982]).

—_
o
s~

—_
o
N

o

lonization rate a.;, B; (cm™T1)
o
(%]

—_
o

15 20 25 30 35 40 45
1/7F(10%ecm v

The dependence of ionization rates a; and (3; on crystal orientation has not been
found.

At 300K, and 2.2 x 10° Vem™! < F <8 x 105Vcem™?

a; = o X expln — /62 + (Fro/F)? ) (8.3.1)

where a, = 5.5 x 10° cm™1, 6, = 2.88, F,, = 3.04 x 10V cm™!.

Bi = Bo x expldp — /8% + (Fpo/ F)? | (8.3.2)

where 3, = 2.42 x 10% cm™!, §, = 6.80, F,, = 3.14 x 10° V cm~! (Kyuregyan and
Yurkov [1989]).

For electrons

For holes

z 0 :é Fig. 8.3.16. Breakdown voltage and
= o breakdown field versus doping den-
t 10° Z sity of an abrupt p-n junction, 300K
g i‘ (Kyuregyan and Yurkov [1989)).
S 102 s
3 §
° 10 ]
=] x
® ®
@ 10° 5
@

102 10% 10® 0% 107 10"
Concentration N {cm™)
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8.3.4. Recombination Parameters

Pure n-type material (ng ~ 10 cm™3)
The longest lifetime of holes my o 3 % 10~%8
Diffusion length L, = (D, x 7,)'/? L, ~ 40 ym

Pure p-type material (pg ~ 10'°cm™3)
(a) Low injection level

The longest lifetime of electrons Tn~2x107%s
Diffusion length L, = (D, x 7,)'/? L, ~ 8um
(b) High injection level (filled traps)

The longest lifetime of electrons T~ 10785

Diffusion length L, L, ~ 25pum
w 107 d v g T 4 3 Fig. 8.3.17. Surface recombination veloc-
£ Au Ag,| . .
S a ity versus the heat of reaction per atom of
) 106- 1 each metal phosphide AHr (Rosenwaks
[ o
5 . Cu | et al. [1990]).
c 10°r
2
2 't a O ]
=] i
g 3 :
¢ 107 =z )
m 1 1 1 1

1 1
-12 -08 -06 0 04 08 12
AHg (eV metal atom™)

If the surface Fermi level Epg is pinned close to midgap (Eps ~ E4/2) the surface
recombination velocity increases from ~ 5 x 103 cms™! for doping level ny ~ 3 x
10" cm ™2 to ~ 10% cms™ for doping level ng ~ 3x10'® cm=3 (Bothra et al. [1991])

Radiative recombination coefficient 300K - 1.2 x 107 10¢p3 -1

Auger coefficient 300K — ~ 9 x 10=31¢p6 -1
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8.4. Optical Properties

Infrared refractive index

Moo = (koo)'/? = 3.075 x (14 2.7 x 1075 T)

For 300K n., = 3.1
Long-wave T'O phonon energy at 300 K
Long-wave LO phonon energy at 300 K

6.
IS
x 5t ]
€ 4t \x ;
2 gl ]
=l "
0 1 2 3 4 56
Photon energy hv(eV)
. 06
]
E 0sf
@ 04f
;6 03
02 . . L

Photon energy hv (eV)

(8.4.1)

hvro = 38.1 meV
hVLO = 42.6 meV

Fig. 8.4.1. Refractive index n versus pho-
ton energy. Solid curve is theoretical cal-
culation. Points represent experimental
data, 300 K (Adachi [1989]).

Fig. 8.4.2. Normal incidence reflectivity
versus photon energy, 300 K (Aspnes and
Studna [1983]).
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104F

298 K

2L

Absorption coefficient a (cm™)

128 132 136 140
Photon energy Av(eV)

144
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Fig. 8.4.3. Intrinsic absorption coef-
ficient near the intrinsic absorption
edge for different temperatures.
n—InP. no = 5x10'° cm™3 (Turner
et al. [1964]).

A ground state Rydberg energy Rx; = 5.0 meV.

Photon energy hv (eV)

5 13 1.4 15 16
. 10 T T T ]
‘E I w-_;_)“r_—-w’:
& i P o
3 10 ,:_ (,0’ "_./ .
"E L
QL L ]
o
= 1% -
Y} L
o - 4
o
g B 4
= an2l |
5 [ 2,
2 b
<10

L 1 1 I
1000 950 900 850 800 750
Wavelength X (nm)

Fig. 8.4.4. Intrinsic absorption edge at
296 K at different doping levels (Burkhard
et al. [1982]). 1. p-type sample, po =
1.1 x 10" em™3, 2 + 4. n-type samples,
2. ng = 7.4 x 10%cm™® 3. no =
1.9 x 10" cm™2, 4. ng =7 x 10" cm™3.

s~ o o

N W

Absorption coefficient o (cm™')

0: T r 1 1 L
06 08 1.0 1.2 14
Photon energy Av (eV)

Fig. 8.4.5. Intrinsic absorption edge at
77K for n-InP at different doping levels
(Bugajski and Lewandowski [1985)).
1.20=10%em™3 2. ng = 5x10*¥ cm ™3
3. n0 = 2 x10%¥cm™3, 4. no
10" cm™3.

)

= 9.6 X
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g
o

Absorption coefficient a (108cm™)
=

Photon energy hv(eV)

Fig. 8.4.6. The absorption coefficient versus photon energy, 300 K (Aspnes and Studna
[1983)).
Wavelength A (pm)

1006040 20 10 6 4 2
III T?ﬁ IVI T
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—_
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S
et —
/ W .®
>

10 1
001 01 10

Photon energy hv (eV)

Fig. 8.4.7. Free carrier absorption versus photon energy at different doping levels, 300 K
(Newman [1958]). Electron concentration ng (cm™%): 1. 4 x 10%¢, 2. 2 x 10'7, 3. 4 x 10'.
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8.5. Thermal Properties

« ————T T
'TE | /%X )
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2z N,
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c - \ :
S N
o I \

i \

[=] L A
E %
lq') 10_ n Lol 1 | 1 Nl )
1 10 102 103

Temperature 7 (K)

Fig. 8.5.1. Temperature dependence of thermal conductivity. n-type samples, no = 2 X
10 cm™? (Aliev et al. [1965)).

T T L T T Fig. 8.5.2. Temperature dependence of
_ 03 7 specific heat at constant pressure (Pies-
% bergen [1963]).
X L 4
‘o
-y
e 02 7
[§)
= L d
[}
=
e OAF -
o
[}
a L ]
0
! /| ! 1 1
0 100 200 300

Temperature 7 (K)

For 298 < T < 910 K
Cp=028410"*xT (Jg K1)
(Barin et al. [1977)).
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Fig. 8.5.3. Temperature dependence
of linear expansion coefficient «.
1. Soma et al. [1982], 2. Glazov
et al. [1977].

Fig. 8.5.4. Temperature dependences
of saturation vapor pressure (Pan-
ish and Arthur [1970]).

Tpm = 1333 — 2.0 x P (P in kbar).

(Glazov et al. [1977]).
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8.6. Mechanical Properties, Elastic Constants,
Lattice Vibrations, Other Properties

Density 4.81 gcm™3
Surface microhardness

(using Knoop’s pyramid test) ~ 460 kg mm 2
Cleavage plane {100}

Elastic constants at 300 K (in units of 10'* dyncm™2):
Ci1 = 10.11; C1z = 5.61; Caq = 4.56 (Nichols et al. [1980]).

Bulk modulus B, = 7.11 x 10 dyn cm—2
Shear modulus C' = 2.25 x 10" dyncm™—2
[100] Young’s modulus Yy = 6.11 x 101 dyncm ™2
[100] Poisson ratio oo = 0.36

Acoustic Wave Speeds

Wave Wave Wave speed
propagation  character Expression for wave speed (in units of
direction 10% cms—1)

[100] VL (C11/p)? 4.58

Vr (Caa/p)'? 3.08

Vi [(C11 + Ci2 + 2Cu4)/20)? 5.08

(110] Vi Vi = Vr = (Caa/p)V? 3.08

1/“_ [(Cll —Clg)/Qp]l/z 2.16

(111] v/ [(C11 + 2012 + 4C44)/3p] M2 5.23

124 [(C11 — C12 + Cu4)/3p)*/? 2.51
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Fig. 8.6.1. Room temperature dispersion curves for acoustic and optical branch phonons.
Solid lines are calculated according to overlap shell model (Borcherds et al. [1975]).

Phonon frequencies (in units of 10'2 Hz) (Suto and Nashizawa [1990])

vro(T) 9.2 vro(X) 9.95
l/Lo(F) 10.3 I/TA(L) 1.65
VTA(X) 2.05 IILA(L) 5.0
VLA(X) 5.8 l/To(L) 9.5
IITo(X) 9.7 I/Lo(L) 10.2

Piezoelectric constant: ej4 —3.5%x1072Cm~2
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CHAPTER 9

INDIUM ANTIMONIDE (InSb)

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

9.1. Basic Parameters

9.1.1. Basic Parameters at 300 K

Crystal structure Zinc Blende
Group of symmetry T2-F43m
Number of atoms in 1 cm? 2.94 x 1022
Debye temperature (K) 160
Density (gecm™2) 5.77
Dielectric constant

static 16.8

high frequency 15.7
Effective electron masses (in units of m,) 0.014
Effective hole masses (in units of m,)

heavy 0.43

light 0.015
Electron affinity (eV) 4.59
Lattice constant (A) 6.479
Optical phonon energy (eV) 0.025
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Band structure and carrier concentration

Energy gap (eV)
Energy separation (Err)

between I' and L valleys (eV)
Energy separation (Erx)

between I' and X valleys (eV)

Energy spin-orbital splitting  (eV) (I'sy — I'7y)

Intrinsic carrier concentration (cm™3)

Intrinsic resistivity (2 x cm)

Effective conduction band density of states
(cm™?)

Effective valence band density of states
(em™?)

Electrical properties

Breakdown field (Vem™1)
Mobility (cm?V~1s71)
electrons
holes
Diffusion coefficient (cm?s™1)
electrons
holes
Electron thermal velocity (ms~1)
Hole thermal velocity (ms™1)

Optical properties

Infrared refractive index
Radiative recombination coefficient (cm3s~1)

Thermal and mechanical properties

Bulk modulus (dyncm™2)
Melting point (°C)

Specific heat (Jg=teCc™
Thermal conductivity (Wem™! °C™1)
Thermal diffusivity (cm?s™1)

Thermal expansion, linear (°C™1)

0.17
0.51

0.83
0.80

2 x 1016
4% 1073

4.2 x 1016

7.3 x 1018

~ 108

< 7.7 x 10%
< 850

<2x10%
<22

9.8 x 10°
1.8 x 10°

4.0
5x 10711

4.7 x 1011
527

0.2

0.18

0.16

5.37 x 106
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9.1.2. Basic Parameters at 77K

Debye temperature (K)
Lattice constant (A)

Band structure and carrier concentration

Energy gap (eV)

Intrinsic carrier concentration (cm™3)

Intrinsic resistivity (2 x cm)

Effective conduction band density of states
(cm™?)

Effective valence band density of states
(cm™?)

Electrical properties

Breakdown field (Vem™1)
Mobility (cm?V~1s71)
electrons
holes
Diffusion coefficient (cm?s™1)
electrons
holes
Electron thermal velocity (ms™!)
Hole thermal velocity (ms™1)

Optical properties

Infrared refractive index
Radiative recombination coefficient (cm3s~1)

Thermal and mechanical properties

Specific heat (Jg=t°C™)
Thermal conductivity (Wem™! °C™1)
Thermal diffusivity (cm?s™1)

Thermal expansion, linear (°C~!)

220
6.472

0.23
1 x 10°
5.2 x 103

5.4 x 10%

9.5 x 1017

~ 2.5 x 102

<1.2x108
<104

< 8x10°
<65

5 x 10°
0.9 x 10°

3.9
2.5 x 1079

0.14
1.0

1.24

1.6 x 10~6
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9.2. Band Structure and Carrier Concentration

Energy
300K E, =0.17 eV
X-valley r-valley EpL =0.68 eV
Ex =1.0eV

L -VCllley Esa =0.8eV
Ex
E
<100> Eqg <111>
- N T~ Wave vector
E; Heavy holes
So )
Light holes
Split-off band

Fig. 9.2.1. Band structure of InSb. Important minima of the conduction band and maxima
of the valence band.

9.2.1. Temperature Dependences

Temperature dependence of the energy gap (Littler and Seiger [1985])

T2

E,=024—6x107* x

where T is temperature in degrees K (0 < T < 300).

Effective density of states in the conduction band

N, ~ 8 x 10'2 x T%2 (cm™3) (9.2.2)

Effective density of states in the valence band

N, ~ 1.4 x 10'® x T%/2 (cm™3) . (9.2.3)
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Intrinsic carrier concentration

FE
ni = (Nex Ny)/% xexp | ——2— ) . 9.2.4
Temperature 7 (K)
300 200 100 77
108 y T ] Fig. 9.2.2. The temperature dependence
o5 of the intrinsic carrier concentration.
1 |-
= 0 ;
E o3l |
< 107 :
0"t
100} -
9 L X k A B2
el S R TR T
1000/T7 (1/K)

For 200K < T < 800K

n; ~ 2.9 x 1011(2400 — T)%*4 x (14 2.7 x 107* x T) x T3

0.120 —1.5x 1074T
X exp (— ’ - x);“ > (em™3) (9.2.5)

(Oszwaldowski and Zimpel [1988]).

T T

Fig. 9.2.3. Fermi level versus tempera-

8
01r 10 4 ture for different concentrations of shal-
10 low donors and acceptors.
e ]
; E¢ 10%
_ = — N
& -01F 1
@
€ 1017
o ,//mm
-
-03

0 56 100 10 200
Temperature T (K)
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9.2.2. Dependences on Hydrostatic Pressure

E, ~ E,(0) +13.7x 1073 P — 3.6 x 107° P? (eV),

Ep ~Er(0)+4.7x107% P - 1.1 x 1075 P? (eV),

(9.2.6)

Ex ~ Ex(0) —3.5x107% P 4 0.64 x 107° P? (eV),

where P is pressure in kbar (Van Camp et al. [1990]).

9.2.3. Effective Masses
Electrons

For I'-valley
h2k?
B)=——:
E(1+ aF) e

Non-parabolicity

mp = 0.014myg

w

|
T

w
p T
|

Effective mass (mp/mo)x102
(8]
T

() P | "

Coa el

a=4.1 (eV)!
TR Fig. 9.2.4. Electron effective
iz mass versus electron concen-
/V_ tration (Zawadzki [1974]).

|
210" 10" 108
Electron concentration n, (cm3)

]019

In the L-valley, effective mass of density of states mp = 0.25mq

Holes
heavy
light
split-off band

mp = 0.43m0
mip = 0.0157710
mso = 0.19mg

Effective mass of density of states m, = 0.43mg
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9.2.4. Donors and Acceptors

Tonization energies of shallow donors ~ 0.0007 (eV): Se, S, Te.

Tonization energies of shallow acceptors (eV):

Cd 0.01
Zn 0.01
Cr 0.07
Cu® 0.028

Cu~ 0.056
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9.3. Electrical Properties
9.3.1. Mobility and Hall Effect

—_
o
~ oo o

N

oo

Hall mobility i, (cm? Vs )
=~ 501

L T T | 1 T |

L6810 2 4 68102
Temperature 7 (K)

2X105 T T T ) G |
= 105?\\ .
R E
“E sx104t e 1
< - -
=
= L ]
§2x101" T
=
AA
1 1 L ] 1
200 400 600 800

Temperature T (K)

For pure n-InSb at T' > 200K

Fig. 9.3.1. Electron Hall mobility versus
temperature for different doping levels
and different compensation ratios § =
No/Ny.

1. Ng =3.85x 10" cm™, 6 = 0.5

2. Ng=8.5x10"cm™, 6 =0.88

3. Ng=95x10"cm™3, 6 =098

4. Ng=1.35x 10" ecm™2, 6 = 0.99
(Yaremenko et al. [1973]).

Fig. 9.3.2. Electron mobility versus tem-
perature (high temperatures).

Solid line is theoretical calculation for
electron drift mobility. Experimental data
are Hall mobilities. (Rode [1971]).

~1.66
Pnp = 7.7 x 10* x <ﬁ> (cm?V—1s~1),



Indium Antimonide (InSb) 199

0
w F o r
(> o0 o 0
o~ [ 2 5}:\
g [ c‘ha\
;10L.— °oo°°a°°. %
> AN
._-é‘
S0l vl il
1015 ]017 10'8 1019

Electron concentration n, (cm-3)

Fig. 9.3.3. Electron mobility versus
electron concentration, 300K (Litwin—
Staszewska et al. [1981]).
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Fig. 9.3.4. Electron mobility versus
electron concentration, 77K (Litwin—
Staszewska et al. [1981]).

Fig. 9.3.5. The electron Hall factor ver-
sus carrier concentration, 77 K (Baranskii
and Gorodnichii [1969]).

Maximal electron mobility for InSb grown on GaAs substrate
TTK - 1.5 x 10°ecm? V157! (ng = 2.2 x 10'° cm™3)
300K - 7.0 x 10*cm?V~1s71 (ng = 2.0 x 106 cm—?)

Maximal electron mobility for InSb grown on InP substrate

7TK - 1.1 x 105cm?V—1g~1
300K — 7.0 x 10*cm? V—1g~1
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Fig. 9.3.7. Hall mobility versus hole con-
centration: 1. 77K (Filipchenko and Bol-
shakov [1976]), 2. 290K (Wiley [1975)).
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Fig. 9.3.6. Hole Hall mobility versus tem-
perature for different hole concentrations.
po (cm™3): 1. 8 x 10™, 2. 3.15 x 10'®,
3. 2.5 x 10'° (Zimpel et al. [1989] and
Filipchenko and Bolshakov [1976]).

5
) (cm?V—15—1),

=~ =
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T T
1 1

e
N
T

Hall factor y
o

5
o o
T

1. 1 1 1
1014 1015 10]6 1017 10]8

Carrier concentration (em-3)
Fig. 9.3.8. The hole Hall factor versus car-

rier concentration, 77K (Baranskii and
Gorodnichii [1969]).
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9.3.2. Transport Properties in High Electric Field

.;‘5
(2]
E 4t s
‘B . 5 ¥ *
< 4t 9
;u .
-~ 9
5 2 :
o .
] K
> 1-
g 1 1 1 A
0 100 200 300 400 500

Field F(Vecm)
Fig. 9.3.9. Field dependence of the elec-
tron drift velocity, 77 K. The solid line
is the Monte Carlo calculation. Points
are experimental data (Asauskas et al.
[1980]).

ng/ng

1 1

0 500 1000
Field F (Vem™)

Fig. 9.3.11. Fraction of electrons in the

L valley as a function of electric field F,
77K (Asauskas et al. [1980]).

[=2]

&

N

1

1 1 1 1 1 1 L
200 400 600 800 1000
Field F (Vem™)
Fig. 9.3.10. Field dependence of the elec-
tron drift velocity, 77 K. The solid line
is the Monte Carlo calculation. Points

show the experimental results (Neuker-
mans and Kino [1973]).
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1 2 4L 610 20 4060
Frequency f (GHz)

Fig. 9.3.12. Frequency dependence of
the efficiency in LSA mode F, =
F + Fysin2nft: Fy = 2.5 kVem™!
(Prokhorov et al. [1977]).
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9.3.3. Impact Ionization

108 ——rrrry j
- ;
S0 £
e o
9 of
5 /
< 108} / -
[ 59
Q
&

o /
10°} /l C ]
10 100 1000
Field F (Vem™)

g

t’y:) 4

by

b ’

[

2

‘E‘ 4

(]

[ =

(4] 6 o

O 10 P S T N T S T
200 400 600 800 1000 1200

Field F(Vem™)

For 300K, for 30Vem™! < F < 300V cm !

where F is in Vem™1,

Fig. 9.3.13. The dependence of the gen-
eration rate for electrons g, versus'the
electric field F, 300K (Vorobyev et al.
[1983]).

Fig. 9.3.14. The dependence of the gen-
eration rate for electrons g, versus the
electric field F, 77K (Krotkus and Do-
brovolskis [1988]).

gn(F) =126 x F? x exp(F/160) (s!), (9.3.1)

1
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Fig. 9.3.15. The dependence of the ionization rate for electrons a; versus the electric field
F, 78K (Gavrushko et al. [1978]).

Generation rate g, (s-1)

Field F (kVcm™)

Fig. 9.3.16. The dependence of the generation rate for holes g, versus the electric field F,
77K (Adomaitis et al. [1985]).



204 Handbook on Semiconductor Parameters: Vol. 1

9.3.4. Recombination Parameters

For pure InSb at T > 250K lifetime of carriers (electrons and holes) is determined

by Auger recombination:

Tu =Ty & 1/Cnf , (9.3.2)

where C ~ 5 x 10726 cm®s~! is the Auger coefficient. n; is the intrinsic carrier

concentration (see Eq. (9.2.5)).
For T = 300K

Tn=7'p:5><10'ss

At T = 77K for pure InSb

n-type: the lifetime of holes
p-type: the lifetime of electrons

Tp ~ 107%s
Tp ~ 107105

—_

B 1

%3 700 120 140 160 180 200
Temperature 7 (K)

Fig. 9.3.17. Temperature dependence of
surface recombination velocity for p-InSb
(Euthymiou et al. [1981]).

Radiative recombination coefficient
Auger coefficient

o ../'\\

£

St AN

©

“ 0 \*

|
60 100 20 300
Temperature T (K)
Fig. 9.3.18. Temperature dependence of

surface recombination velocity for n-InSb
(Skountzos and Euthymiou [1976]).

B~5x%x10"" cm3s~!
C~5x10"2 cmbs!
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9.4. Optical Properties

Infrared refractive index

Neo = (koo)/? ~ 4.0 (for 300K) (9.4.1)
For 120K < T < 360K
1 dng 4 i
—— =1 K™ 4.
ne dT 6x107* K (9.4.2)
7 T Fig. 9.4.1. Refractive index n versus pho-
6 1 ton energy, 300K (Adachi [1989]).
c
%9
£ 4
(V]
23
(5]
g2
k]
Ca |

0 1 2 3 4 56
Photon energy hv (eV )

07 - T T T Fig. 9.4.2. Normal incidence reflectivity
versus photon energy, 300 K (Aspnes and

& Studna [1983]).
S 06
c
o
S
2
‘v 05
@
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Absorption coefficient
(arb. units)

|2

1

0236 0238 0240

Photon energy hv (eV)

Fig. 9.4.3. Absorption coefficient near the
intrinsic absorption edge, T' = 2K (Kan-

skaya et al. [1979]).

A ground state Rydberg energy Rx; = 0.5meV.

Absorption coefficient a{cm-1)

100
80
60
40
20

0.14

I/

016 018
Photon energy hv (eV)

0.20

Fig. 9.4.4. Absorption coefficient near
the intrinsic absorption edge for different
temperatures (Dumke [1957]).

Absorption coefficient o (cm-")

Fig. 9.4.5. Absorption edge of pure InSb.
T (K): 1. 298, 2. 5 (Johnson [1967], Gobeli

104+
03 ¢
1§ 2
102}
LRl
01 03 05 07

Photon energy hv(eV)

and Fan [1956]).




Indium Antimonide (InSb) 207

E 14}
w

=}

-— 12_
(=

T 1or
o .
= 08}
©

S 06f
c

2 04f
=

{ 9

3 021
” = |

< 0 "

—_

2

Photon energy hv (eV)

Fig. 9.4.6. Absorption coefficient versus photon energy, T' = 300 K (Aspnes and Studna
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Fig. 9.4.7. Absorption coefficient versus
photon energy at different doping levels,
n-InSb, T = 130 K. no(cm™2): 1. 6.6 X
1013, 2. 7.5x 107, 3. 2.6 x 10'%, 4. 6 x 10'®
(Ukhanov [1977]).
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Fig. 9.4.8. Absorption coefficient versus
photon energy at different doping levels,
p-InSb, T =5 K. po(cm™3): 1. 5.5 x 107,
2.9 x 10%7, 3. 1.6 x 108, 4. 2.6 x 10'8,
5.9.4 x 10’8 6. 2 x 10'° (Gobeli and Fan
(1960)).
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9.5. Thermal Properties
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Fig. 9.5.1. Temperature dependences of ther-
mal conductivity for n-InSb. Electron con-
centration at 78K n(cm™3): 1. 2 x 10",
2. 4.8 x 10", 3. 4 x 10'® (Kosarev et al.
[1971]). Solid line shows the temperature
dependence of thermal conductivity at high
temperatures (Busch and Steigmeier [1961]).
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9.6. Mechanical Properties, Elastic Constants,
Lattice Vibrations, Other Properties

Density 5.77 gcm™3
Surface microhardness

(using Knoop’s pyramid test) 220 kg mm 2
Cleavage plane {110}, {111}

Elastic constants at 300K (Slutsky and Garland [1959])
Ci1 6.67 x 101 dyncm™2
C12 3.65 x 10 dyncm™—?2
Cys 3.02x 101 dyncm™2

70 T T T T T Fig. 9.6.1. Temperature dependences of
N Cy elastic constants. (Circles — Slutsky and
Garland [1959], triangles — Potter [1956]).
5
=
c 5.
o 4
=
3
U\ .
30
25 ! ! 1 1 I
0 100 200 300 400 500 600
Temperature T (K)
For T = 300K
Bulk modulus (compressibility~!)
Cu +2C
B, =112 B, = 4.66 x 10'! dyn cm™2
Shear modulus
C' = (Cy1 — C12)/2 C’' =1.51 x 10" dyncm—2

(100] Young’s modulus
Y = (C11 +2C12)(C1y — Cha)
H =
(C11 + Cr2)
[100] Poisson ratio
12

= e = 0.35
. Ci1+ Cr2 v

Yo = 4.09 x 10! dyn cm™2
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Acoustic Wave Speeds

Wave Wave Wave speed
propagation  character Expression for wave speed (in units of
direction 10%cms™?)
(100] Vi (C11/p)'? 3.4
Vr (Caa/p)'? 2.29
Vi [(C11 + Crz + 2C44)/20)*/? 3.76
(110] Vi Vi = Vr = (Caa/p)*? 2.29
ViL [(C11 — C12)/20)'/? 1.62
[111] ‘/,’ [(Cll +2C5 + 4044)/3/)]1/2 3.88
v/ [(C11 — C12 + Cus)/3p)'/? 1.87
r A X K X r A L
T T '_‘ j § Al
7t i
|
36 |
™
=]
> 4
>
(5]
g 3
3
:'if 2
1 I
I
|

0 02 0. 06 08 10 08 06 04 02 0 02 04
Reduced (dimensionless) wave vector g

Fig. 9.6.2. Room temperature dispersion curves for acoustics and optical branch phonons.
Solid lines are calculated according to the dynamic model (Ram and Kushwaha [1985]).
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Phonon frequencies (in unit of 1012 Hz) (Price et al. [1971])

ULO(F) 5.90
vro(D) 5.54
vra(Xs) 1.12
vpa(Xs) 4.30
vro(X1) 4.75
IJTo(Xs) 5.38
vra(Ls) 0.98
VLA(LI) 3.81
VLO(LI) 4.82
VTo(L;;) 5.31
Piezoelectric constant eq4 —7%x1072Cm™2
Electron g-factor: - 50.6
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Appendix 1. Basic Physical Constants

Quantity
Avogadro number
Bohr energy
Bohr magneton
Bohr radius
Boltzmann constant
Boltzmann constant /q
Electronic charge
Electronvolt
Fine structure constant
Gas constant
Gravitational constant
Impedance of free space
Mass of electron at rest
Mass of proton at rest
Permeability in vacuum
Permittivity in vacuum
Planck constant
Reduced Planck constant
Speed of light in vacuum
Standard atmosphere
Thermal voltage at 300 K
Wavelength of visible light

APPENDICES

Symbol
Nav
Ep
HUB

h = h/(2r)

kBTq_l

214

Value
6.0221 x 1023 mol~!
13.606 eV
5.788 x 10~5eV T~
0.5292 A
1.381 x 1028 JK~1
8.617 x 107°eVK™!
1.602 x 10~1°C
1.602 x 107197
0.007297
8.315J mol"1 K1
6.673 x 1071 m3 kg~ 1x 572
376.7Q
0.9109 x 10730 kg
1.672 x 10~%" kg

1.256 x 1078 Hem ™! (47 x 1079)~!

8.854 x 10~ 12F m~!
6.626 x 10734J x s
1.054 x 10734 J x s
2.997 x 108 ms~!
1.013 x 10° Nm~—2
0.0258 V

0.4 to 0.7 um
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Appendix 2. Periodic Table of the Elements
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Appendix 3. Greek Symbols

Letter Lowercase Capital
Alpha a A
Beta B B
Gamma ¥ T
Delta 6 A
Epsilon € E
Zeta ¢ Z
Eta n H
Theta 0 (C)
Iota L I
Kappa K K
Lambda A A
Mu n M
Nu v N
Xi 13 =
Omicron 0 (0]
Pi T II
Rho p P
Sigma o 3
Tau T T
Upsilon v Y
Phi 1) i)
Chi X X
Psi P N/
Omega w Q
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Appendix 4. Diamond Crystal Structure

.

¢
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Thin lines show the tetrahedral atomic configuration.

o |

Appendix 5. Zinc Blende Structure

.

> =

Thin lines show the tetrahedral atomic configuration.
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Appendix 6. The First Brillouin Zone for the Face Centered Cubic
(fcc) Lattice

k1001]

k(0101

k[100]

kl[111]

Symmetry points of the first Brillouin zone for the face centered cubic lattice

Number of equivalent Symmetry Point group
Notation  Location k-vectors operations of symmetry
5 (000) 1 E,8C3,3C2,6S54,6C, Ty
2
X ?”(101) 3 E,3C3,254, 20 o
2r (111
— == 4
L a <222> i, HasVe Cav
27 1
w 7 (105) 6 E,254,Cz S4
A (k00) 6 E,20,C, Ca
A (kkk) 4 E,2C3,30 Bl
s (kOk) 12 E,o c.
27 (3 3
K — (=0~ 12 E,C
a (404) 12 a;
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