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Physical constants

Quantity

St

CGS

Electronic charge e
Electron mass m,
Light velocity ¢
Electric constant ¢,

Magnetic constant y,

Planck constant A
h=h/2n

Boltzmann constant k
Bohr magneton py

Electron g-factor

1.602177-10-1°C
9.109 389- 10~ kg
2.997924- 10° m/s
8.854 187-10-12 F/m

47-1077 H/m=
12.566370- 1077 "H/m
6.626075-1073¢ J.5

1.054 57210734 Js
1.380 658 10-2% J/K
9.274015-10-% J/T
2.002319

4.803 206 -
9.109 389 -
2.997924.

1
1

6.626075-
1.054572.
1.380 658 -

9.274015
2.002319

10-1%¢su
10728 g

10* cm/s

10727 erg-s
10727 erg-s
1018 erg/K

- 1072 erg/Gs

Nonsystemic:

h=4.135669-10"15 eV .5
A=6.582122.10"1% ¢V
k=8.617385.10"5 eV/K
g =25.788382-107% ¢V/T




Relations between photon wavelength A, energy E and wave number k

A [y,m]:% in air with refractive index n,=1.0002749,
1.239842 ; a
—Elev] |0 vacuum.

k[em~1]=8065.54 E[eV] in vacuum.

1 eV =8065.54 cm~! in vacuum.
1 meV =8.06554 cm~! in vacuum.

1 cm™! =0.12398 meV in vacuum,
1 eV =2417988.104 Hz,
1.602 17710719 J,

1.602 17710712 erg.

1 K =8617385-10"% eV.

1 eV =1.160445-10* K.
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Preface

The data on main physical properties of technologically important semiconduc-
tor crystals, germanium, silicon, gallium arsenide, and indium phosphide, are pre-
sented. The choice of the semiconductors was dictated by two motives. First, they
are the most thoroughly investigated materials and, second, they are of great im-
portance for the semiconductor device fabrication. There exists a tremendous
amount of information scattered in the physical literature on the properties of these
semiconductors. The handbook contains only the most fundamental bulk proper-
ties of the single crystals.

A few words about the use of the handbook may be helpful. Introduction
(Chapter A) is followed by the main Chapter B of the physical data. The latter is
divided into four Sections. The Section number and the first number of a Figure
or Table in Chapter B indicates the semiconductor, namely:

1 — germanium,

2 — silicon,

3 — gallium arsenide,

4 — indium phosphide.

To present the physical properties of different semiconductors as uniformly
as possible, the headings of the Subsections and their numbering in the Chapter B,
as one may see from the Contents, are divided into six main groups:

1 — lattice properties,

2 — band properties,

3 — optical properties,

4 — electrical properties,

5 — piezoelectric, thermoelectric and magnetic properties,

6 — impurity properties.

The definitions of the physical properties presented in the handbook are given
in the Introduction. Apart from English, the Subject index is also given in
Lithuanian (Chapter C).

In selecting the data for the handbook the preference was given to those physi-
cal properties which are directly accessible to an experimentor. Where it was pos-
sible the presented data have been approximated by empirical formulas. The hand-
book is intended for solid state physicists, postgraduates and students and can serve
as a laboratory reference guide. The engineers who are interested in semiconductor
material application will find the handbook useful too.

Finally, we are grateful to the authors and publishers who granted permission
for the use of particular figures and tables. Most figures and tables that are inclu-
ded in this handbook are in modified form to produce a uniform format. Sources
are quoted with the individual captions.
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A. Introduction. General remarks
on the semiconductor properties and their
definition

1. Lattice properties

Phonon dispersion relation. Lattice waves are characterized by wave vector g and
frequency ;. The function w; (q) is called the phoron dispersicn rclation of the
“j-th branch. If &;—0 when q—0, the branch j is called acoustic. If »; is nonzero
when q—0, the branch j is called optical. In addition, depending on polarization
of the wave, the branch may be longitudinal or transverse. Phonons belonging to
these branches are consequently cited as longitudinal acoustic (LA}, transverse
acoustic (T4), longitudinal optical (LO) and transverse optical (7°0). Il necessary,
a subscript is added, for example, to indicate two orthogenal polarizations of
transverse acoustic waves: TA4;, TA..

The first Brillouin zone, nomenclaturc of high symmetry points and lines for
the phonon branches are the same as for the clectronic bands, Fig. 1.

Stress and strain tensors. For small deformations, when Hooke’s law holds, the se-
cond-rank stress tensor 6;; and strain tensor ¢;; are related by the fourth-rank com-
pliance tensor s;;;, and elastic tensor ¢y, [1]

-
&= 2_‘ Sijkt Okt
kil

Ty = Z Cijnt ke~
k7

For cubic semiconductors these tensorial equations can be put into the following
matrix form: v

E Tox S Sz & 000 T
i Ty 512 S Sz OO0 Ty
| S| | Sz Sw Sy 0 0 0O G,
| €42 0 0 0 54 0 0 Gy
. 0 0 0 0 sy O Gey
! Sy 0O o0 0 0 0 s Ty
! Oxx . Cp G 0 0 0! Crx
=™ €z €1y Cp 0 6 0 Sy
[ G2z - Ciz Ci2 (&7 0 0 0 Foz
6| [0 0 0 ¢4 0 O o
Oux | 0 0 0 0 cyy O €y
G| 10 0 0 0 0 cu Eay

Here x, y, z are directed along the crystallographic axes. The tensors s,;,, and ¢,
are written in the abbreviated form (see Section 7 for notation).




Introduction

Fig. 1. The first Brillouin zone for Ge, Si,
GaAs and InP lattices with high symmetry
points (I', K, L, U, X, W) and lines (A, A, Z,
Q, S, Z) indicated.

For cubic semiconductors the following relations exist between the elastic and
compliance tensor components:

ety —Cy3 1

= S10 = y Spu= .
B ep—cm) (eu+2ey) ° "1 (e cip) (Cuat2¢10) ey

S

Below the various parameters characterizing the cubic lattice are listed.
Elastic anisotropy factor:
a=(cy;—c12)/(2cyy).
For isotropic media a=1.
Poisson ratio v characterizes the response of the lattice to the shear deformation
as compared to the compressional one
V= —S515/511 -
Young’s modulus E characterizes the ability of the lattice to resist the deformation
in the particular direction [qrt]:

1 4 3
Eovem Eopiim e E . .
e DR DR B s+ 2505

For isotropic media, 2¢,4=¢;;— ¢35, the Young’s modulus is independent of the
direction.

Isothermal compressibility K defines the relative differential change in a volume
at the constant temperature, (dV/V)y, after hydrostatic pressure increment dp

@v/iyy=—-Kdp.
The compressibility is an inverse of the isothermal bulk modulus B,
K=1/B,.
Isothermal bulk modulus B, is related to the elastic constants in the following way
By=(c11+2¢15)/3.

Murnaghan equation describes the relation between the hydrostatic pressure p
and the lattice constant a, [2]

10
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TABLE 1 Relations between acoustic wave longitudinal (L) and transverse
(T) velocities and adiabatic elastic constants for the main crystallographic
directions in cubic semiconductors

Sound velocity as a function of

Wave propagation Direction or plane crystal density p and elastic
direction of particle motion constants c;,
[100] [100] vy = (c1/p)V?
(100) plane V1 =(Cas/ P)H/?
{110] [110] vy = [(C11+ €12+ 2¢44)[ 20112
[001] vy, = (Caa/p)!/?
{110 vr, = [(cs1— 12)/20]M2
11y [i11] v =[(c11+ 2¢10+ 4cge)/3p]H2
(111) plane vr=[(c11— C12+ cq0)/3p]H?

- (&)1

where Bj=dB,/dp and a is the lattice constant at p=0.

Griineisen parameter v, characterizes the shift of phonon energy with the pressure
p or volume V' [3, 4]. This parameter for quasiharmonic lattice mode j of frequency
w; is defined by the relation

01]1(,\)] 1 01130),__ 1 a&)]

YW="3nmv K " op Ko, 0p°

where K is the isothermal compressibility. Derivatives are defined at zero hydrosta-
tic pressure. Averaged (thermodynamic) Griineisen parameter is

— . | 4
Yav = Cyp! Z YJCV(J)='CF?—VT{‘)
J
where ¢y (j) is the heat capacity of the mode j and Cy is the heat capacity of the
crystal at the constant volume.

Velocities of elastic waves are slopes of the acoustic phonon branches at q=0. The
slope dw;[dg gives the velocity of longitudinal waves for the LA4-branch and the
velocity of transverse waves for the T'4-branches. Table 1 gives relations between
sound wave velocities and elastic constants.

Acoustic wave attenuation coefficient is defined by the relation

Py

1
Hac [dB/CHl] = '12—_? 20 lOglo W’

where P (I,) and P (l,) are the acoustic wave intensities at distances /; and /,. Rela-
tion between attenuation coefficients in units [dB/us] and [dB/cm]:

g [AB/w 8] = oy, [dBfcm] - 10 ¢ v [cm/s],
where v is an appropriate sound velocity of the elastic wave.

11
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The heat capacity C relates the increment in sample energy AE; at the temperature
T upon temperature increment AT
C=AFE;JAT.

The relation between heat capacity at constant pressure C, [J/K] and constant
volume Cp [J/K] is

C,=Cy+p2B,VT.

Here B, is the isothermal bulk modulus, ¥'is the volume, and § is the volume coef-
ficient of thermal expansion at coustant pressure,

B=V-1(0V/oT),,
which for cubic semiconduciors can be expressed through differential thermal ex-
pansivity (1/) (9l/oT),:
3 of

The handbook gives the heat capacity at constant pressure for unit weight,

Gy /g - K)].

The Debye characteristic temperature © is defined through the equation [5]

nx,

Cr =Nk (') f (e—l)z

where Cp is the experimentally ,n'loas;ured heat capacity at constant volume, N is
the total number of atoms in the specimen, and & is the Boltzmann constant.

‘Thermal conductivity ¥ relates the power P tranamitted through the sample of the
cross sectional area S when the temperature difference AT=T,~ T, is maintained
over the sample length Al=[—/,

P=ySAT/AIL

2. Band properties

Nomenclature of high symmetry points and lines. Points and axes of high symmetry
in the Brillouin zone for Ge, Si, GaAs and InP are shown in Fig. 1. The wave vee-
tor components k,, k,, k, are assumed to be parallel to the crystallographic direc-
tiens [100], [010], [001] respectively.

The dependence of carrier energy E, (k) on the wave vector k is a multivalued
function. The index n determines the band. Bands are further characterized by
irreducible representations of the respective symmetry group according to which
the wave functions transform. Tables 2 and 3 give standard notation of irreducible

representations of single and double groups used for diamond and zinc blende latti-
1 ces. If necessary, a subscript or superscript is added to mark whether the state be-
longs to the conduction or valence band. For example, %, 1§ and T, I'Z; indicate
the same state in the valence and conduction bands when spin-orbit mtcmctnon is
neglected (I'y) and included (1'¢).

Relationship of energy to wave vector. The energy-wave vector relationship, also
called the dispersion relation, E= E (k) around a minimum (valley) in a conduction
band or around a maximum in a valence band may assume three forms cha-
racterized by spherical, ellipsoidal or warped constant energy surfaces, Fig. 2.

12
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TABLE 2 The comparison of nomenclatures of high symmetry points and
lines in the Brillouin zore of Ge and Si when spin-orbit interaction is neglec-
ted (', X, L, A, A, ¥) and included (I', X, L, A, A, Z)xDW?, In fact, the
points and lines are irreducible representations of single and double O] space

group of diamond lattice [6]

i
Coordinate

1

Point, ‘
line in k-space |
I 0, 0, )
T'x pt/
I 0, 0, B)
1" pv
X (1, 0, 0y~
Yot

1 ! 1y 2=
L (2’ 2"2’)}[

Lx DR

Symmetry point,

lin

AR
Ly

I

.
Py

c
o Ty s I
rF Iy rs, ry @5 ry)
1 2 Py |
1 Py W, Iy (I, Ty)
1\,-3_ /\r“ ,}L"l
X, X X
L, L, I L L
Lé (L 1) Li Lo Ly (Lis L§), I

A (0. 0.0 % A, A A, A As

A x p O<g<l Ag Ay A A; (Ag. A9
2w

A @ q,9) = Ay A As

A x D2 0<g<1/2 Ag Ag (Mg, Ag), Ag
2 N

b (@, g, 0) =~ X, z, I

S« D@2 0<g<l1j2 5 X 5 s

a is the lattice constant.

13
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TABLE 3 The comparison of nomenclatures of high symmetry points and
lines in the Brillouin zone of GaAs and InP when spin-orbit interaction is
neglected (I, X, L, A, A, X) and included (I, X, L, A, A, Z)xDW?, In
fact, the points and lines are irreducible representations of single and double
T3 space group of zinc blende lattice [7]

Point, Coordinate Symmetry point,
line in k-space line
T ©, 0, 0) )T, Ty Ty | P
FXD(1/2) PG P7 Pg (F7| PS) (FG’ FB)
27
X (1, 0, 0) o X X, X3 X, Xs
X x D2 Xeg X; Xy Xo (Xs, Xo)
1 1 1\ 2=
L (-2*, 5 E) 0 L, L, Ls
LXD(l/z) Le Ls (L4, Ls), Lﬁ
A @ 0, 03 A A A A
A x pQa/2 O<g<1 Ay Ay Ay A
A i ZT . ‘ .
@ 9 9 7 Ay Ay Aq
A x D@/ 0<g<l1/2 As Ag (s Ag), Ag
% (q’ q, 0) “a z'l 22
> x D@/ O<g<l/2 (Zsy Zy) (Zs, Z)

a is the lattice constant. The points L, and L; and lines A; and A, are de-
generate by time reversal.

Spherical constant energy surfaces are characteristic of conduction band. They
are located in the center of the Brillouin zone at the points I'g and I'; and are de-
scribed by the following dispersion relation:
B GREHEBHEY) Bk

2m, T 2m,

EKk)=

The parameter m, is called scalar effective mass.

Ellipsoidal constant energy surfaces are described by two parameters, longitudinal
m, and transverse m, effective masses, and are connected with the dispersion re-
lation of the form

F@ = (H4a 1),

Ellipsoidal surfaces are appropriate for energy minima located at L and X points
or along A and A axes. For symmetry reasons, as a rule, there are several equiva-

14
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SPHERICAL ELLIPSOIDAL WARPED
K | k,

neavy light

Fig. 2. Shapes of constant energy surfaces for electrons and holes in cubic semiconductors.

Ient valleys (many-valley model). The conductivity mass m, and the density-of-sta-

tes mass my, are described by the formulas

1 1 1 2
(7‘ + 7‘) , my=(my - mpY3.

m, 3

Warped constant energy surfaces are typical to valence bands which are degene-
rate at k=0. Energies of holes for parabolic warped heavy h and light / mass bands
are

E, (k)=
- [ri(k2+ k2 + k3 2V 3K+ K+ k) + By — v (R2R2+ K2k2 + K2 K2)]

2my,
where k., k,, k, are the wave vector components defined with reference to crys-
tallographic axes and vy, v,, v; are the valence band parameters (also called Luttin-
ger parameters). The plus and minus signs refer to light and heavy hole mass bands,
respectively. For GaAs and InP the lack of inversion symmetry gives an additional
term in the dispersion which is linear in a wave vector. The latter term is small
and is not taken into account most often. :

The valence band warping is characterized by nonsphericity parameter [8]

3= (yy— Yz)/Yl .

For spherical valence bands y,=v,.
Frequently the band warping is neglected, then the dispersion laws for heavy
and light mass bands reduce to

Ey,1 (k)= B2 (k3 + k3 + K2)/ (2my, 1) = B2 K3 (2m,,, ),
where m, and m, are the averaged heavy and light hole masses [8]:
my[my =1](v1~2Y),
my[mg = 1/(y; + 27),

where
Y=0Cvs+272)/S.
Density-of-states mass for parabolic and spherical valence band is
my= (3> + mjl2y,

Another set of parameters is sometimes used instead of vy, s, ¥s:

A= ~ Y1

15
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:_2Y2’
lC|=2V3 V-4

If £ (k) is proportional to | k |? the dispersion law is called parabolic. The de-
viation from parabolicity is characterized by nonparabolicity parameter o:

E(l+aE)=hk2m.

Splitting of the spin degeneracy. The energies of Ge and Si are at least doubly spin
degenerate at any point of the Brillouin zone.

The lack of inversion symmetry in GaAs and InP results in lifting of the spin
degeneracy except for k along [100] directions and for I' and L points. For the
bands originating from the points 1I'g and [';, and for the light hole band Iy the
double degencracy is preserved also in [111] directions [9]. In GaAs, for example,
the spin splitting of the lowest conduction band in [110] directions is the largest in
the middle of ¥-line, Fig. 1, and reaches 0.075 eV [10]. The valence band spin split-
ting is smailer by an order of magnitude, thercfore, it is often neglected.

Band structure in a magnetic field. The orbital motion of carriers is quantized in
the presence of a magnetic field B. The orbital motion is characterized by the cyc-
lotron frequency which can be expressed by the same sct of parameters as the quasi-
particle motion in the absence of the magnetic field, i. e. by the longitudinal and
transverse effective masses m,, n1, in case of the conduction band, or the Luttinger
parameters vy, va, 775 it case of the valence band.

The band states which are degenerate with respect to spin will suffer additional
quantization. For isotropic parabolic conduction band the additional band split-
g s

AE= p.Bf.{B,

where 11, is the Bohr magneton and g is the effective g-factor. For ellipsoidal sur-
face the g-factor is characterized by longitudinal and transverse parts: g, &
For valence bands degencrate at k=0 the g-factor depends on the polar angles
o, 0 with reference to the crystallographic axes

8y= 2k + Qf(ﬁoae);

where k, ¢ describe isotropic and anisotropic parts, respectively [11, 12]. For Ge
and Si the factor g is very small and is neglected most often.

The bands for GaAs and InP, except the points of high symmetry, are not spin
degenerate, therefore, the g-factor is meaningful in the very vicinity of the points
s, I,

Deformation potentials. Application of an external stress changes the band struc-
ture of the semiconductor. The hydrostatic (isotropic) stress shifts the energies
of the extrema relative to one another. A rate of change of energy separation AE;;
between the energy extrema i and j is described by the parameter dAE;;/dp, where
p is the hydrostatic pressure. For example, in case of forbidden energy gap:
dAE;[dp=dE;/dp.

Uniaxial stress, in addition, gives rise to splitting of degenerate bands. The
strength of the splitting is described by uniaxial deformation potentials: E, in case
of ellipsoidal energy surfaces, and D,, Dj, or b, d in case of degenerate valence band.
The last ones are connected by the relations

Du=—5 b, D=~ J/z—3-

16
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For isotropic materials D,= D;. For details of the conduction band splitting at X
and L points and of the valence band splitting under uniaxial stress see Figs 1.13,
2.12 and Table 1.8.

3. Optical properties

Parameters which characterize eptical properties of semiconductors:
complex diclectric permittivity
g(w)=g; () —Tgy(0),
complex refractive index
f(o)y=n(0)—ik (o),
where n(w) is the real part of the refractive index and k (o) is the extinction
coefficient; i=1 —1.
The ratio of the electric (magnetic) field veflected from a semi-infinite sample
to the normally incident electric (magnetic) field, in general, is a complex quantity

; n—ik—1
Fa=lrlel? = ——i—
' n—ik+1
The reflection coefficient (reflectance) from a semi-infinite sample for the nor-
mal incidence is
Tine (= 1)ke

e hme e U v
]e [refl ‘r“ (i1+1)2+k2 ’

where I, and I ace the imvensitics of the incident and reflected light.
Reflectance phase shift:

—2k
O —tan 1 [ — 25
) =tan ( Pyt )

Absorption  coefficient:
a=4mk/\,
where % is the wavelength in free space. « is relaied to the light intensity I in the se-
mi-infinite sample at the points x; and x, in the following way:

1 I (xs)
Xg— Xy In T(x) "

o= —

Relation between absorption coefficient « [em™1], concentration of absorbers
N[em™3] and absorption cross section ¢ [em?]:

a=Nogc.

“1 :n2~k27
& =2nk .

n=27NR (e P
k=272 (4 et -

Various relations:

(8]

(¢

17
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i-R 1—-R

n= — i ,
a-VRy+4VR sin’% 1+R—2V/R cos 0

_ 21/R sin 6 21/Rsin 6
(1= VR)*+4VR sin® g 1+R—21/R cos 8

Luminescence. The main radiative recombination channels are shown in Table 4
and Fig. 3.

TABLE 4 Main radiative recombination channels

Recombination channel Reaction

Donor—-acceptor pair recombination

(D-A transition) [De A% -> [D+ A~]+hy
Free eclectron and hole recombination e+h—hv
(e-h transition) e+ h—> hv+phonon
Free electron and neutral acceptor re-
combination (e-4 transition) e+ A’ — A" +hv
Free hole and neutral donor recombi-
nation (#-D transition) h+ D> D* 4+ hy
Free exciton decay X —>hv
X on— hv+phonon
Excitonic complex decay [D°X]->D°+hv
[D° X1, D°+ hv+phonon
[A°X]—> A%+ hv
[4° X],n — A%+ Av+ phonon
Muitiexcitonic complex decay [D°X, 1> [D° X, 1] +hv

[D° X, lon — [D® X, .11+ Av+phonon

Subscript ph indicates that phonons participate in the decay.

Symbols of particles and complexes participating in various generation and recom-
bination processes:

e — conduction band electron;

h — valence band hole;

hv — photon;
D® D* — neutral, positively charged donor, for example, As?, As*, Sb?, Sb*;
A®, 4= — neutral, negatively charged acceptor, for example, Ga® Ga~, B% B~;

D° (n), A°(n) — n-th excited state of neutral donor, neutral acceptor, for
example, Sb° (2p,), Ga® (8+1);

Dy, Ay — donor, acceptor which replaces lattice atom of type 7, for example,
when gallium atom in GaAs lattice is replaced by silicon, then Dy is Siga;

V — vacancy;

ViGa, Vas — gallium, arsenic vacancies;

X — free eXciton;

X (n) — free exciton in the excited n-th state;

X, — free excitonic molecule (biexciton);

18
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EC
e-h |e-A |h-D |e-h,
Fig. 3. Radiative recombination channels phonon
fot electrons (full circles) and holes (open 0-4 assisted
circles)., E, and E, are the conduction and + |
valence band edges. For details see Table 4. o) o) o) E,

[D°X] ~ excitonic complex, i. e. exciton bound to neutral donor, for example,
[AsX];

[D°X1(n) — n-th excited state of the excitonic complex, for example,
[As® X1(2);

[D* X] — charged excitonic complex, i. e. exciton bound to a charged donor,
for example, [As* X];

[D°X,] — multiexcitonic complex, i. ¢. n excitons bound to a single donor
DY n=1, 2, 3,..;

[D3X] — single exciton bound to n neutral donors, n=1, 2, 3, ...;

[D°A%] — donor—acceptor complex, for example, [In°Sb%];

[Cuga Vas] — complex consisting of copper atom and vacancy, which replace
Ga and As atoms in GaAs lattice;

[Geas X1 — complex which consists of the exciton bound to germanium, the
latter replaces lattice As atom;

LA,LO, TA,TO — longitudina! acoustic, longitudinal optical, transverse acous-
tic, transverse optical phonons or phonon branches.

Piezooptic and elastooptic coefficients. By elastooptic and piezooptic effects are
meant the phenomena of change in the refractive index of the crystal under linear
mechanical stress. Dimensionless fourth-rank elastooptic tensor components p, ki
are defined as the first terms in the tensorial series

Ay, :Z Pijki €x1s

ki

where A, is the change in the optical impermeability tensor Aw;;=A (g4/e);;=
A(l/n®). e and n is the diclectric constant and refractive index, respectively,
and g, is the strain tensor. Here, it is assumed that the extinction coefficient is ne-
gligible. Ay,; can also be expressed through the stress tensor oy, :

Ay = Z TCijk1 Okt
K
The components =, make up a fourth-rank piezooptic tensor.

For cubic semiconductors the nonvanishing components of p; grp and w5, Te-
duce to three coefficients, traditionally denoted as py;, Pio, Pag AN 74y, 0, a4 (560
Section 7 for notation).

Elastooptic and piezooptic tensors are related by compliance s,;,, and elastic
Dijx tensors

Pijrs = Z Tkl Crirss
kil

Tkl = Z pijrssrskl .

rs
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In case of cubic semiconductors the uniaxial stresses Xpygo; and Xpy517 in [100]
and [111] directions, piezooptic coefficients and dielectric permittivities are related
by the formulas

e, —¢
I L F3
Yoo = T — Ty
Xi1001 ( )
g, —¢
1
——t = —pt Tad>
X

where n is the refractive index in the absence of stress and €y, €, are the real parts
of the relative dielectric permittivity for radiation polarized parallel and perpendi-
cular to the applied stress.

Relative change of the refractive index under hydrostatic pressure p:

dn 1
) 1® (71 + 2719) -
Electrgeptic coefficients. By electrooptic effect is meant the phenomenon of chan-
ge in the refractive index of the crystal under electric field E. Electrooptic tensor
is defined through tensorial series
01y (E) =0, (0)= Ay, = Z Fig £y + Z SmbEc+ ..,
k Kl

where v;; are the impermeability tensor components (for isotropic media ¥ =
g /2), ryy, are the linear clecirooptic tensor components (Pockels coefficients),
and s;;, are the quadratic electrooptic tensor components (Kerr coefficients).

For centrosymmetric crystals, Ge and Si, r,;, =0, 1. ¢. all Pockels coefficients
are equal zero. For GaAs and InP nonvanishing components of r;j; reduce to a
single component traditionally denoted by ry,.

For Ge, Si, GaAs and InP nonvanishing components of s;;,, reduce to two
Kerr coefficients $y,= 8411, end $;0 = 55100
Monlinear opties. The polarization mduced by the electric ficld in the nonlinecar
media is

- pu 2 3 —
Pi‘“ Di ).4{..})1‘()_}_1')1,( )+ L=
2 (Z Lk 20 din By B+ 2 el By Eit )
J ik jkl

where P; and £, are /~th components of momentary polarization and electric field
in the media, respectively.

Linear polarization:
) __ - - o
PO ey gL
J

In this case the linear susceptibility y,; for Ge, Si, GaAs and InP reduces to a scalar,
Zi;=7%, which can be cxpressed through dielectric permittivity

e=go(l4y).
Second-order nonlinear polarization:

PP =c, Z dinE Eg.
ik

Now the third-rank tensor components d;;, [m/V] describe the second-order non-
linear susceptibility. For Ge and 5i, which are centrosymmetric crystals, all com-
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ponents are equal to zero, d;;,=0. For GaAs and InP the nonvanishing components
of dy;, reduce to a single component traditionally denoted by d,4. Then, the equation
for P® with reference to the cubic crystallegraphic axes x, y, z assumes the fol-
lowing form:

PP =2d,e0ELE,,
PS?‘) = 2d14 € Ez Ex:
PP =2d,, s ELE,.
Third-order nonlinear polarization:
PP=zy D e By B
Jkl
Here the fourth-rank fensor components ¢, [m?/V? describe the third-order
nonlinear susceptibility. For Ge, Si, GaAs and InP nonvanishing components of
ciyxr Teduce to two coefficients, ¢,3 = ¢yy15 and ¢y = Cy500. Then the equation for P
with reference to the cubic crystallographic axes x, y, z assumes the following form:
PO = cyy11 20 B2+ 3¢11a o By (Ep + ED),
PP = cy11180 B + 3cuuan o By (B2 4 E3),
PP =cy 160 E2 4+ 30110050 E. (EZ+ E3).
The anisotropy of the susceptibility is characterized by
6 =(1+3cy50e/c1ap)/2.

For isotropic materials: ¢yqay [ €33 =1/3, and c=1.

4. Electrical properties

Carrier concentrations. If # is the electron concentration in the conduction band
and p is the hole concentration in the valence band the semiconductor is said to be

intrinsic if n=p=n,,

n-type if n>»p,

p-type if p>n. ,
For doped and undoped nondegenerate semiconductors the mass-of-action law,
np=n3, holds.

Drift velocity, drift mobility, curreat density and conductivity. The drift velocity
of the carrier in the electric ficld E is defined threugh the distance d and the transit
time #, which is needed for the carrier to cross this distance:

o =dft;.
The drift mobility is defined by
pa=v/E.
The current density (due to electrons) is
J=env=enpyg E=cE=FE]p,

where e is the elementary charge, n is the electron concentration, ¢ is the conducti-
vity and p is the resistivity.
In cubic semiconductors, in a weak electric field limit v is parallel and proportio-
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nal to E, as a result uq, o, p are scalars. At high electric fields » is not parallel to E
except when E is parallel to the high symmetry directions, such as <100> or
<
Hall coefficient, Hall mobility and Hall factor. The Hall coefficient Ry is the pro-
portionality coefficient between the current density J along a long sample and the
transverse electric field Ey (Hall field) which arises in the sample placed in a mag-
netic field with induction B:
EH=RH(J X B).

Ry is inversely proportional to the carrier concentration n in the sample if the
carrier free-flight duration between collisions can be introduced

Ry =ruf(en).
The constant ry is called the Hall factor. It depends on the scattering mechanism:
for acoustic scattering ry =(3/8)m=1.18; for ionized impurity scattering ry =
(315/312)w=1.93; for degenerate semiconductors rg=1; in the limit of high mag-
netic field (ugB>1) rg=1.

If one defines the carrier concentration by the relation

= ll(eRH)’

then Hall velocity and mobility are
vu=RuJ, pn=on/E,

where E is the applied electric field. The Hall factor can be expressed through
the ratio of Hall to drift mobilities or velocities

ru =g/ =ovulv.

Diffusion coefficient. The gradient of carrier concentration in a sample causes
the diffusion current of density

Jp=eD grad, n,

where D is the diffusion coefficient. D also describes the range (called diffusion
length) the carrier can diffuse during the time interval At

=VD-Ar.

At weak electric fields D and drift mobility u, are related by the Einstein formula

kT
D _'—— Has

where T is the temperature in K, k is the Boltzmann constant and e is the elementary
charge. In the presence of high electric fields, wheén hot carrier effects come into
play, the diffusion current densities along and perpendicular to the electric field
are different, and are characterized by D and D, the longitudinal and transver-
se diffusion coefficients. In a weak field limit Dy =D; =D.

Band-band impact ionization rates. Experimentally measured impact ioniza-
tion rates per unit length for electrons «’ (x) and for holes B’ (x) at the point with

the coordinate x are defined by equations

dJ,

= T = () () +E ()T, (%),
G ol ()0, () + 8 (D, (),

where J, and J, are the electron and hole current densities.
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Theoretically calculated impact ionization rates are
o1 I
R N
where 7, and 7, are the characteristic times for creation of one electron-hole
pair by an electron and a hole, respectively, and v, and v, are the electron and hole
drift velocities.
The following relations exist between o', 8’ and o, B {131:
o g L G dE
- v, dE dx°’

r.ga t dv, dE
B=B+o- a¥ ax

If the electric field is homogeneous (dE/dx=0) or velocity saturates (do,, ,/dE=0),
then a'=c and B'=(.

Energy relaxation time t, characterizes the rate of energy dissipation to the lattice
by charge carriers. 7, appears in the power balance equation

defdt=evE—~(c5— <o)/

where the first term on the right hand side describes the power gained by the elec-
trons (holes) from the electric field F and the second one describes the power lost
to the lattice. Here e and ¢, are the carrier energies averaged over the distribution
function in the presence and absence of the field, and v is their drift velocity.
The charge carriers are called warm if ez 2 <,
The charge carriers are called hot if gz>¢,.

Intervalley relaxation time t; characterizes the rate of change of carrier concentra-
tion in the i-th energy valley

dn/dt =G, —(n;— /7.

Here n; and n;, are the nonequilibrium and equilibrium carrier concentrations, and
G, is the carrier number generation rate in the considered 7-th valley.

5. Piezoelectric, thermoelectric and magnetic properties

Piezoresistance. The most general linear change of resistance tensor g;; on stress
tensor oy, is expressed through (isothermal) piezoresistance tensor =y,

(pis—pro)/po=Apilpe = Z skt Okls
Kl

where p, is the resistance at zero stress, which for cubic semiconductors is sca-
lar. For cubic semiconductors all =;;, components can be expressed through
three independent coefficients traditionally denoted by myy, 7, ™44 (see Section 7).
Apyy/ee can also be expressed through the strain tensor g,

Apylpe= Z My ki Exs
Kl

where m;;,, are the elastoresistance tensor coefficients which, similarly to the
piezoresistance tensor, can be reduced to three independent coefficients my,y, mys,
My,
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TABLE 5 Orientations of the uniaxial stress X and current I with respects
to the crystallographic axes, which yield experimentally measured combinations
of piezoresistance tensors in cubic semiconductors. The piezoresistance is posi-
tive if tensile stress reduces the resistance [14, 15]

|
Direction of { Direction of | Ap

stress X current [ f - e

o X |x -0

Longitudinal configuration

[100] [100] Ty
[110] [110] (Teyy + Toyp + T2
[111] r11] (7eyg + 275 + 2740) /3

Transverse configuration

[100] [010] s
[110] [110] (7031 + Ty — Te)/2
Hydrostatic pressure p
A
- —Po_i’_ =Ty + 275

Conversion formulas from r; to m,; for cubic semiconductors [14]:
Mg ==Tqq Cqqs
(myy = my5)[2 = (733 — Tp0) (€11 — €12)/2,
(1133 + 2myp)[3 = (103 + 2735) (11 + 2640)/3,

where ¢;; are the elastic tensor components described in Section 1 of this Chap-
ter.

Theory shows that under some conditions the piezoresistance coefficients
satisfy:

7y — T =T, =0 if the band edge is isotropic and situated at the wave vector
k=0,

71 — T 70, 4, =0 if the energy ellipsoids are situated on the A-axes;

7y — Ty =0, 7y, #0 if the ellipsoids are situated on the A-axes.

Table 5 shows the relations between piezoresistance tensor combinations and
orientation of stress and current.

Piezoelectric tensor relates the components of electric field F; or polarization
P, of the crystal and the components of strain g, or stress oy, tensor

Pl:Z dyy 61y Pr= "‘Z €1k ks
Jk

ij
E = —Z 8110 Ei= —Z My
Jk ij
diijs €ns Sijxe iy are the piezoelectric tensor components.
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For Si aad Ge, centrosymmeiric crystals, all piczoelectric components are equal
ZeTo.

For GaAs and InP all nonvanishing components of d,;;, ey, &1 11y veduce
to a single constant usually denoted by dyy, €14, &34, iy, TESPectively (see Section 7).

Seebeck coefficient S (also called thermoclectric power) is a measure of thermoclec-
tric voltage A V' which develops between the specimen ends when the temperature
difference AT is maintained between them

S=AV/AT.

Magnetoresistance, In general, the magnetoresistance is a fourth-rank tensor. The
magnetoresistance is sensitive to the sample gcometry and the diveciion of the mag-
netic induction B and the current ¥ with reforence to the crystallographic axes.
[n practice two components are frequently defined for the specimens whose dimen-
sions in the current direction are much larger than in the other dircctions: the lon-
gitudinal magnetoresistance when !B, and the transversec magnctoresisiance when
I | B. Experimentally one measures the change of specimen resistivity in the
direction of the current flow under the action of parallel or perpendicular
magnetic field

Ap/pg== [e (B) ~ pol/pos

where py = p (B=0). The quantity Ap/(p,B?) is called the magnetoresistance coeffi-
cient.

Magnetic susceptibility v,,, magnetic permeability of vacuum p, and relative mag-
netic permeability p, are related to magnetic induction B, magnetic field H and
magnetization M by cqualitics

B =y, Hepg (14 2) H=po(H+M).

6. Impurity properties

Positively (negatively) charged states of an impurity are defined as donor (accep-
tor) states. Neutral states bear no other distinctive name. Impurity which can
have only one or more donor (acceptor) states is referred to as a donor (accep-
tor). The above mentioned siates are denoted by symbols D+, D*+ etc (4™, A%~
etc). The corresponding neutral state of the donor (acceptor) is denoted by symbol
D%cr D (A4° or 4). Impurity which can have both the donor and the acceptor states
is referred to as an amphoteric impurity.

Elemeatary carrier capture and emission processes arc shown in Fig. 4. Elcctron
or hole capture time t,, , and capture rate ¢,, , due to centers of concentration N
are

1 1

—

T, = s Tp= s
# N 6,V F Nop v

Cp= 0y Uty Cp=0pUsp,
where 6, and o, are the clectron and hole capture cross sections by the center and
v, 18 the thermal electron or hole velocity ,

Ve = /36T _ 695,105 |/ TIKL [_CE‘_]
Ty myg/n, s

Here my, is the density-of-states mass.
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Electron Electron
capture  emission

E
& L £,
C, 8,
E, P »
- -4- - .
Cn en
E E . ‘ ) )
P P Fig. 4. Elementary capture and emis-
(‘P sion processes. L, and E, are the acti-
I ¥ £, vation energies for electrons and holes.
Hole Hole E, and E, are the conduction and va-
capture emission lence band edges.

Small deviations from electron and hole equilibrium concentrations can be des-
¢ribed by an cxponential law

Ry (t) =Hr (0) exp ('—' t/Ten)’
pr(t)=pr(0) exp(—1t/7.,).

Here ¢ is time, ny (0) and py (0) are the excess electron and hole concentrations
at t=0. Assuming the detailed balance, the thermal emission rates for electrons
and holes are (see Fig. 4)

Te_nl =¢,=8n0nVmn Nc eXp ( —En/kT);
Te;;I =¢€p =gpcpvtlle cXp ( _Eﬂ/kT)’

where g,, g, are the respective degeneracy factors, which arc frequently assumed to
be equal to unity. E, and E, are the activation energies for electrons and holes.
N, and N, are densities of states in the conduction and valence bands

N, ,=2M [z—m%i‘kT*]m=4.83. lov M (%)MTW [em =2].
¢

Here M is the number of equivalent valleys.

Impurity impact ionization coefficient 4; characterizes the rate of increase of free

carrier concentration # due to impact ionization of impurities of concentration N:
dn/dt=A,Nn.

Principles of the measurement of semiconductor properties discussed in the Intro-
duction can be found, for example, in [16 —26].

7. Restrictions on the tensor components
in the cubic semiconductors

By symmetry considerations the following restrictions are imposed on the second-,
third- and fourth-rank tensors for diamond and zinc blende lattices.

Second-rank tensors (electrical conductivity and resistivity, heat conductivity and
resistivity):

Toy=Ty=T,,#0, Tyu=0ifi#k.
Third-rank tensors (piezoelectricity, nonlinear susceptibility for second harmonic

generation, Pockels effect, parametric generation). For Ge and Si, which possess
the center of symmetry, all components are equal zero.
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For GaAs and InP:
Txyz = szy = Tyxz = Tyzx = szy = szxs

which are traditionally written as a single coefficient T;,. All other components
are equal zero.

Fourth-rank tensors (magnetoresistance, piezoresistance, elastic constants, Kerr
effect). To simplify notation the following abbreviation is introduced: xx=1, yy=2,
zz=3, yz=zy=4, xz=zx=35, xy=yx=6. Then the fourth-rank tensor components
reduce to the following nonvanishing terms:

Ty=Tyu=Ts, Ty=Ts;5=Te,

T12:T21=T13=T31: To3=Ts;.
All other components are equal zero.

The tensor component having the simplified notation will be called a constant
or a coefficient.

8. Physical constants

TABLE 6 Relations between photon wavelength 2, energy E and wave num-
ber k [27, 28]

_1.239.502

A [pm] = ~Fie in air with refractive index #,=1.0002749,
1239842 vacuum.
EleV]
k[cm~1]=8065.54 E[eV] in vacuum,
I ev  =8065.54 cm™!in vacuum,

I meV =8.065 54 cm™!in vacuum.

1 ecm™! =0.123 98 meV in vacuum,.

1 eV =2.417988:10"* Hz,
1.602177-10-1 J,
1.602177-10712 erg.

1 K =8.617385-10"5 eV.

1 eV =1.160445-10* K.
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TABLE 7 Physical constants [28]

Quantity SI

1.602177-1071° C
9,109 389103 kg
2.997924.10° m/s
8.854 187-107" F/m

4. 10" "H/m =
12.566 370-10""H/m

6.626075°1077 J-5
1.054 572-1073 J.5
1.380 65810~ J/K
9.274015- 102 J/T
2.002319

Electronic charge ¢
Electron mass m,
Light velocity ¢
Electric constant =g

Magnetic constant

Planck constant /i
h=h/2=n

Boltzmann constant k
Bohr magneton yg

Electron g-factor

Nonsystemic:

h=4.135669-10"15 ¢V .5,
h=6.582122.10746 ¢V.s,
k=8.617 385-107% eV/K,
pp=5.788 382-1075 ¢V/T.

|
CGS

4.803 2061071 esu
9.109389-10" ¥ ¢
2.997924 - 16" cm/s
1

1

6.626075-10 ¥erg-s
1.054572. 10" ¥ ¢erg-s
1.380658 - 10 %erg/K
9.274 015-10 " erg/Gs

2.002319
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TABLE 8 Translation of electrical quantities from CGS to SI units [29]

Quantity SI

Relative dielectric permittivity e* - e

Relative magnetic permeability u* - U

Electric field intensity E* ->  E.(4dney)t/2
Electric induction D* ~>  D-(4m[e)'?
Maguaetic field intensity H* ->  H-(dmp )2
Magnetic induction B* —  B-(4nlp)H?
Electron charge e* —  ef(4me)t?
Charge Q* - Qf(4me V2
Current density J* = J[(4rey)?
Current I* —  I[(Amey)l2
Voltage u* — U+ (4mey)?
Vector potential A* - A-(4fug/?
Polarization vector p* = Pl{dme )2
Magnetization vector M > M(Ar[pHU*
Resistance R* > R-(drzy)
Conductivity o* - o/(4rz,)
Capacity C* = Cf{4rsy)
Inductance L* > L-(4n/ig)
Mobility @ = ul/(dre )’
Dielectric susceptibility yx => oel(47)
Magnetic susceptibility i =l (470)
Bohr magneton i > pgl(dmfny)

Light velocity in vacuum

Fxample: cyclotron frequency

er i

#__ €0
We = e

e
3 () T e
SeT (Amey) e

¢ =1/(zq po)*?

- e (Cop)Vt  ewH  eB
H (4mpy) P =

m m’
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B. Physical data

1. Physical data for germanium

1.1. Ge lattice properties

1. Ge consists of the following isotopes (as a result the translational symmetry

of the lattice is not exact)
W Ge ..o 20.5 9,
2Ge el 27.4 9%,
BGe i 7.8 9%
"Ge . 36.5 9,
6Ge 7.8 9,

2. Average atomic weight: 72.59

3. Ge has a diamond-type lattice. Space group is Fd3m (0]). Lattice sym-
metry formula is 3L44L6L29PC, which means that there are 3 symmetry
axes of the fourth-order, 4 symmetry axes of the third-order, 6 symmetry
axes of the second-order, 9 symmetry planes and inversion center

4. Lattice constant: ¢=0.565 79 nm at 298.15 K

5. Density: 5.326 74 gfem?® at 298 +0.01 K

6. Nomber of atoms in 1 cm? is 4.4 - 1022

7. Melting temperature: 1210 K

8. Transition to metallic phase occurs at the pressure 10.5 GPa

9. Ge cleaves most readily on {111} family planes

[1.1]

{1.2]

[1.3]
[1.4]

[1.5]
[1.6]
[1.7)
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TABLE 1.1 Elastic parameters of Ge at the lattice temperature 77 K,
300 K [1.8] and 973 K [1.9]
‘7 Value
Parameter . 77 K 300 K 973 K
Elastic constants:
¢, GPa 131.1 128.5 112.1
¢12» GPa 49.2 48.3 37.3
Cay, GPa 68.2 66.8 62.1
Sound velocity in the direction
[100]:
longitudinal v,, cm/fs 4.96.105 4.91.105 4.59.108
transverse  or, cm/s 3.58-10° 3.54.105 3.42-10°
Sound velocity in the direction
[111]:
longitudinal =z, cm/s 5.61-10° 5.55.108 5.22.10°
transverse vy, cm/s 3.07- 108 3.03-10° 2.93.10°
Elastic anisotropy factor a 0.6 0.6 0.6
Poisson ratio v 0.273 0.273 0.249
Young’s modulus E, GPa:
direction [100]} 104.2 102.1 93.4
direction [110] 139.8 136.9 1244
direction [111] 157.7 154.5 139.8
Bulk modulus By, GPa 76.5 75.0 62.2
By=dB,/dp 4.35%
* ~[1.10].




Ge lattice p.

TABLE 1.2 Ge phonon energies for high symmetry points I, X, L in the
Brillouin zone at 300 K [1.11]

Phonon energy, meV

Phonon
branch T X | L

% |
LO 37.3+0.08 29.5 +0.08 30 +0.08
T0 37.3+0.08 33.8 +0.12 35.4 +0.12
LA 0 29.5 +0.08 274 +0.16

T4 0 9.84 +0.08 7.73 +0.08

Temperature variation of phonon energies. In Ge the phonoen energies of all modes
at 700 K are uniformly lower than those at 100 K by 3—5 9/ [1.12, 1.13].

Optical phonon lifetime. At the symmetry point I" the half-widths of the firsor-
der Raman line are 3 cm ™! at 77 K and 4.1 ecm~1 at 300 K. These half-widths yield
phonon lifetimes 1.7 ps and 1.3 ps, respectively [1.14].

Raman activity., Germanium has only one first-order Raman-active phonon of
symmetry Doy locuted at the Brillouin zone center and having energy 37.3 meV.

TABLE 1.3 Griineisen parameters for different phonon branches in Ge at
X, I' (77=298 K) {3] and L (T'=1.22 K) {1.15] critical poinis

Phonon |/ | |
branch | ¥ " i ;
Lo 1.12 12
ro 1.12 0.9
L 1.301* [¢00] 0.5
L4 1.294* [¢40]
L 1.292* [g44]
T4 1.53 0.612* [400] s
i 0.367* [gqq]
o 0.612* [440]
T 0.161* [g40]

* — Calculated from elastic parameters [1.16]. The direction of wave vector is
given in parentheses; ¢<2mn/a, where a is the lattice constant.

Lattice dielectric permittivity.
Relative static [1.17]:
elep=15.94 at 300 K.

Dependence on hydrostatic pressure p in GPa [1.17]:
¢/eg=15.94—-0.36p +0.014p2.

Dependence on temperature [1.18]:
1/9)(de/dT)=1.9-10"4 K1,
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Fig. 1.1. Phonon dispersion curves

ol L I N/ | for Ge in the main crystallographic

0 070 06 ©8 10 08 06 04 02 0 02 04 directions at 80 K _[1.19]. .The dashed

[q00] [09q) (999 lines show the slopes for sound
REDUCED WAVE VECTOR velocity in various directions.
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Fig. 1.2. Ulirasound attenuation. a ~ Frequency dependence of ultrasound attenuation coeffi-
cient for longitudinal, L, and transverse, T, ultrasound waves propagating in Ge lattice in {100]
direction at room temperature. » — Dependence of attenuation of ultrasound waves propagating
along [100] direction on the lattice temperature of Ge at fixed frequencies: L-wave at 508 MHz
(circles), L-wave at 340 MHz (triangles), T-wave at 333 MHz (crosses) [1.20].
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TEMPERATURE, K
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Fig. 1.3. Heat capacity C, of pure Ge as a function  Fig. 1.4. Ge Debye temnperature vs.
of temperature [1.211. lattice temperature [1.21].
Selected values:
C,=4-107% Jj{(g - K)at4.2K
0.147 J)(g - K) at 774 K
0.322 J/(g - K) at 295 K.
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2 \ 3 Fig. 1.5. Thermal conductivity 3 of Ge.
£ 4 MP indicates the melting point [1.22].
T e Selected values:
0 Loania ORI i y=15 W/(cm - K) at 20 K,
2 10 00 1000 3.25 W/(ecm - K) at 77.4 K,
TEMPERATURE, K 0.60 W/(cm - K) at 300 K.

35



Ge lattice p.

2107 ; s R

220107

4107

-6-10°¢

THERMAL EXPANSIVITY

-8-10*

L 1 ! 1 1 L 1

i
! |

0 40 80 120 160

TEMPERATURE, K

Ge [1.23]. lyy3. is a length at T=273.2 K.

200 240 280

320

Fig. 1.6. Thermal expansivity, (lr—luss.2)/brsas as a function of the lattice temperature for

0 3 T T T T

TEMPERATURE, K

a — [1.23, 1.23a},
Selected values:
a=35-10"10K~1at4 K [1.24],
1.3 -10-¢K-1at77.4 K [1.25],
5.9 - 10-8K-1 at 300 K [1.26].

b — [1.24].

!
= 610 Ge -
z-
w < g
= AT 0 5 b
sl
2= / a
22 2wt .
i i
o & f
e 0 R
3
=
-2 10'6 | SN SRS S | L 1 1 I _
0 40 80 120 160 200 240 280 320 360
TEMPERATURE, K
2-1078 H T g IR 7
L Ge i
PLY e
0 ~mcbﬂfpé b}\
2
= ..
L+
CP
=2
==
=2
W a8
o w1070
a
-6'10-6 L i L
0 10

Fig. 1.7. Differential thermal expansivity, ot= (1 /le5;.2) (d1/dT), as a function of temperature for Ge.

36




Ge lattice p.

_{
[0
[FE) -
ui
w -
=
<L .
o
< -
a.
- ]
R
100 150 200 250 300

TEMPERATURE, K

Fig. 1.8. Averaged Griineisen parameter for Ge as a function of the lattice temperature. So-
lid line: from third-order elastic comstants. Dashed line: from thermal expansion [1.27].
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1.2, Ge band properties

(11 [100] (110}
7

i

ENERGY, eV

L A 4 X UK s r WAVE VECTOR
WAVE VECTOR

Fig. 1.9. Band structure for Ge with spin-orbit interaction included. @ — General view [1.28].
The bands are at least doubly spin degenerate at any point of the Brillouin zone. Indirect gap bet-
ween points I'st and L is shown by an arrow. b — Enlarged portion with main interband optical
transitions indicated by vertical arrows [1.29].

TABLE 1.4 Critical points associated with band-band transitions in Ge
which are important in optical measurements (see also Fig. 1.9,5)

Corresponding band-band l
transition with

Critical spin-orbit interaction | k-space location

point (units of 2xn/a)
included neglected

Eo R s

E 2+ A 'y, Ty I's — 1'% ©, 0, 9

Ej g —TIg Large volume centered

Ej+ A} Ty, -~ T % —I%s on (0.33, 0.24, 0.14)

E; Ay Ap) = Ay, Wide region centered

E,+A, Ago = Age Ag—> AS on (0.25, 0.25, 0.25)

Ej Ly, Ls),—~ (L, LS). Near L-face, centered
and Lg, — Lg; LY — L§ on L

E, Xeo — Xse Small region near

L+ A, X~ X5, X7 — X§ (0.77, 0.29, 0.16)
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TABLE 1.5 Energetic distances between important critical points in the
energy band of Ge at room temperature and respective hydrostatic pressure
coefficients. For transition and critical point nomenclature see Fig. 1.9,h
and Table 1.4

Energy separation and

)
pressure cocfficient i Value | Comment ! Reference
E,=E(LH-E[S), eV 0.665 Indirect forbidden energy [1.30]
gap
Er=EW7)~ELL), eV 0.14 Epp=Ey—E, [1.31]
Epx=E(0g)—E(LL), eV 0.186 [1.32)
Ay=Eg)-EM3), eV 0.289 Spin-orbit splitting of the [1.33]
valence band at k=0
Ey=E(I';7)—E{Ty), eV 0.798 [1.34]
E,, eV 2.11 [1.35]
E,, eV 4.37 [1.35]
Ay, €V 0.187 [1.35]
dE;/dp, eV/GPa 0.05 The plus sign indicates that [1.36,
the gap increases with hy- 1.37]
drostatic pressure
dE,/dp, &V/GPa 0.121 [1.33]
dE;/dp, eV/GPa 0.07 dE.p/dp=dE)/dp—dE,/dp
dEy/dp, eV]/GPa —0.013 X valley relative to valence [!.37]
band edge
dE x/dp, eV/GPa —0.062 {1.37]
dE,/dp, ¢eV/GPa 0.075 [1.38]
dE,/dp, ¢€V/GPa 0.056 [1.38]
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TABLE 1.6 Ge conduction band principal valley parameters

!
Parameter 1 L valley* l I’ valley } X valley | Reference
Valley location in LZ, on the Iz, in the Ay, in
the Briliouin zone  boundaryofthe center of the  {100)
zone in (111> zone direction
direction
Number of valleys 4 1 6
Valley separation re-
iative to L valley, eV ¢ 0.14 0.186 [1.31, 1.32]
Electron masses:
scalar m,fm, 0.038 [1.39]
longitudinal m,;/m, 1.57 1.35 [1.40, 1.41]
transverse  m,fr,  0.0807 0.29 [1.40, 1.41)
conductivity m.[m, 0.118 0.038 0.39
density-of-states
mylm, 0217 0.038 0.48
Uniaxial  deforma-
tion potential £, eV 16.4 10.4 [1.42, 1.43]
g.-Tactor —3.0+0.2 [1.391 .

* — It is the most important valley in the transport property analysis.
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TABLE 1.7 Ge valence band parameters

Parameter Value Reference

Light and heavy mass bands at I'j,

Luttinger parameters:

Y1 13.38 +0.02 [1.44]
Yz 4.24 +£0.03 [1.44]
Y3 5.69 +0.02 [1.44]

Spherical part of g,-factor 2k 7.2 +0.08 L1

Valence band nonsphericity 3 0.108

Average heavy hole mass for

“spherical* bands iy /my 0.316

Average light hole mass for

“spherical** bands m,[m, 0.0424

Density-of-states mass my/mg 0.326

Light hole band nonparabolici-

ty o, eV ! 7 [1.45]

Uniaxial deformation potenti-

als, eV
D, 3.32+0.20 [1.44]
D, 3.81£0.25 [1.44]

Spin-orbit split-off valence band at [/

Ag=ET§)~E('7), eV 0.289 [1.33]
Mass m,[m, 0.095 [1.39]
g.,-factor —10£3 [1.39]
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N

{100} plane

(110} plane

Ge
[001) {001]
/
AU
h h
Y Y .
5701 \J o) Fig. 1.10. Ge valence band warping.

The contours are the constant ener-
gy surfaces of heavy () and light
(/) mass bands in (100) and (110)
planes. The nonparabolicity is not
included (cf. Fig. 2).

ENERGY, eV

1

zone radius [1.46].

5

5 10 20x107

SQUARED WAVE VECTOR, atomic units

Fig. 1.11. Ge valence band nonparabolicity. Energies of holes in heavy (), light (/) and split-off
(:9) valence bands are plotted as functions of squared wave vector. The dashed lines show parabo-
lic bands. The wave vector range covered here is equivalent to about one tenth of the Brillouin

Fig. 1.12. Location of the lowest energics in
the conduction band indicated by dots and
constant energy surfaces (sphercids) in Ge.
The dots are on the Brillouin zone boundarics
at points LF, therefore, iwo halves of the sphe-
roids situated on the opposite ends of the dia-
gonals, for example 1 and 1’, make up a single
constant energy ellipsoid.
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ENERGY

X 11001}

X4

X0

Fig, 1.13, L valley splitting under uniaxial compressive stress X (cf. Fig. 1.12). The stress removes
fourfold degeneracy and, as a result, the energy difference AE appears between different groups
of valleys in the L§ point of the Brillouin zone. £, is the uniaxial deformation potential. E,=16.4eV

for, n-Ge [1.42].

TABLE 1.8 Valence band splitting under uniaxial stress X. The stress
removes valence band decgeneracy at the point I'g), as a result the
energy gap AE appears in the vicinity of the wave vector k=0 [1.44]

Direction of the
uniaxial stress

Splitting AE

[001]

[111]

[110]

4] D, X |
Al =7 | g ley |
2 DLX

1
AEygy=-5 (A Efpoy +3A Efyy '

The valence band uniaxial deformation potential and elastic constant values
can be found in Tables 1.1 and 1.7.
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0.66 - i 138
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TEMPERATURE, K TEMPERATURE, K

Fi=, 1.14. Temperature dependence of @ — forbidden energy gap £, [1.30] and b — interband
critical-point energies E,, E,, E§ [1.351 in Ge (see Fig. 1.9,h for the corresponding transitions).
The solid lines are the best fits with the empirical formulas and parameter values listed in Table
1.9.

TABLE 1.9 Values of the parameters «. b and ¢ in equation

E(T)y=a-—b[1+2/(c®7 -~ 1)] obtained by fiding the eritical point energies
vs. absolute temperaturc T by solid lines in Fig. 1.14. E} is average of
Ey and Ej+ A

Critical | .
point | a, eV | b, eV i ®, K
E, 2.33 0.12 360
E; 3.23 0.08 434
E, 4.63 0.17 499

Dependence of the indirect energy gap on the absolute temperature can be
fitted with the equation [1.47]:

Ee[eV]=0.744 —4.7- 107 T2/(235 + T).
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ENERGY, eV

107 10" 107 10%
MPURITY CONCENTRATION, cm™3
Fig. 1.15. Forbidden energy gap E,, Fermi energy relative to the valence band cdge Ey and
critical transition encrgy £, as functions of impurity concentration (cf. Table 1.5).
Arrows on the energy scale indicate £, and £, of pure Ge at T=0 and T=300 K. Lines are
theoretical caleulations. Lattice temperature: T5=5 K for p-Ge (full squares, triangles and
circles) [1.48] and 1=:295 K for n-Ge (open triangles and circles)y {1.49, 1.50).
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1.3. Ge optical properties
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Fig. 1.16. Dependence of absorption () and reflection (b) coefficients of Ge on photon energy,
T=300 K [1.51].
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Fig. 1.17. Optical absorption coefficient of Ge at nitrogen and room temperatures. Open
and full circles ~ [1.52], crosses —~ [1.53].
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Fig. 1.21. Free electron absorption cross Fig. 1.22. Absorption cross section for free

section vs. photon energy in n-Ge. Electron holes in p-Ge vs. photon energy at the lattice

concentration: crosses — n=1.59-108 cm~3, temperature 295 K (circles) and 96 X (triang-

circles — =47 - 10"* ¢m=3% 7T=293 K les). The arrow indicates the onset of transitions

[1.57]. to split-off valence band. The lattice absorption
at long wavelengths (energies less than 0.1 eV)
has been substracted from the experimental
absorption data [1.58].

TABLE 1.10 Properties of free excitons and excitons bound to impuritics
in Ge as observed in luminescence experiments (see also Fig. 1.23)

? p 11 Lumines- !
Particl | Dissociation l.?ﬁ.“ Y| cence Comments,
ariicic | channel tfeli- | anergy, | reference
me, 45 ) mev ‘
|
Free exciton, X
X4 hv+ LA 712.73 5.1 K, intense line [1.59]
+0.04
X 1o hy+TO 70475 43K, N,~N, 10" cm™?[1.60]
Exciton bound to doner, [DX]
[As X] As+hy 739.08 5K, Nag=4-10" ¢m~3 [1.61)
+0.03
[As X] As+hv ~ 30 2K, Npg=2-101% cm™8,

decay is nonexponential  [1.62]
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TABLE 1.10 (Contmued)

. . Particle Lun}ines—
Particle Dissociation lifeti- Cbmb Comments, reference
channel . energy,
[ me, US| mev i
[AsX];s As+hv+TA 731.25 4.2 K [1.63]
[AsX;4 As+hv+LA 711.3 42 K [1.63]
[As X4 As+hv+LA 12 4.2 K, Ngg=2-10' ecm~2 [1.62]
[AsX]ro As+hv+TO 703.1 4.2 K, Npg== [1.64]
(5-8)- 105 ¢m~3
[PX] P+hy 739.22 5 K, Np=10% ¢m~3 [l.e1]
+0.02
PXlry P+hv+TA 731.4 42 K [1.63]
[PX_,LA P+hv+ILA4 711.6 42 K [1.63]
[PXlro P+Av+TO 703.2 42 K, Np=8-101% ¢cm~3 [1.64]
[SbXx] Sb+hv 739.5 Unobserved [1.64]
[SbXl,, Sb+hv+LA 711.9 42 K, Ngp="7-10" ¢cm 3 [1.64]
[SbX],4 Sb+hv+LA 28 4.2 K, Ng,=8-10% cm™3 [1.62]
[SbXl;o Sb+hv+TO 703.5 4.2 K, Ngpy=7-10" cm~3 [1.64]
[BiX] Bi+/Av 739.2 Unobserved [1.63]
(BiX];y Bi+hv+TA 731.5 42 K [1.63]
[BiX],, Bi+hv+lA4 711.6 42 K [1.63]
[LiX] Li+hy 739.45 42 K [[.63]
[LiX};, Li+hv+TA 731.65 42 K [1.63]
[LiX],, Li+hv+LA 711.75 42 K [1.63]
Exciton bound to acceptor, [4X]
[Ga X] Ga+hv 739.4 Unobserved {1.64]
[GaX),y Ga+hv+ILA 711.8 4.2 K, Nga=5-10% ¢m~3 [1.64]
[GaX]l,s Ga+hv+L4d 20;59 4.2 K, Nga=4-10% cm~3, [1.62]
decay is two-cxponential

[GaXlyw Gatrhy+T0 703.4 4.2 K, Nga=5-10'% cm™?® {1.64]
[InX] In+7nrv 739.3 Unobserved [1.64]
InXl,s In+hv+LA 711.7 42 K, Ngp=3-101 cm~® [1.64]
InXlye In+hv+70 703.3 4.2 K, Nip=3-101% cm~3 [1.64]

L4, T4 and TO is longitudinal acoustic, transverse acoustic and transverse optic
phonon energy, respectively.

Excitonic energy gap: ey =740.46 +0.03 meV at T<<5 K [1.59].

Exciton binding enerpy: Fy=4.2 meV [1.59a].
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\ { Xia ,
fin X1,
d
lin Xy Fig. 1.23. Luminescence spectra of pure
M \(Xu (@), Sb-doped (b}, As-doped (¢), In-doped (d)
) Ge crystals showing free and bound exciton
L recombination lines [1.64]. Impurity con-

200 210 7'20 ' 7,30 74‘0 centration: (@) N+ Np<10? cm~3, (b)
Nei=(5—-8)-10"% cm=3, () N,\=0~-
P - Sb ’ As
HOTON ENERCY, meY 8) T cm—s, (d) ‘N‘in=3 . 104 cm=8.

Relative change of the refractive index with the hydrostatic pressure p [1.65]:

n=4.006 at 10.6 pm and 300 K,
(1/n)(dn/dp)= —0.0148 1/GPa
n=4.037 at 3.39 pm and 300 K.

Temperaiure dependence of the refractive index in the wavelength range from
2 to 20 pm at room temperature [1.18]:

(i/m{dn/dT)=9.5-10"% KL
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TABLE 1.11 Elastooptic and piezooptic coefficients of Ge at lattice temperatu-

re T=300 K and at two laser wavelengths [1.65]

Coefficient E 3.39 pm 10.6 pm
Elastooptic, dimensionless
P ~0.151 ~0.154
J2n —0.128 —~0.126
Pus ~0.072 -0.073
Piezooptic, 1/GPa
Ty —~7.9-107 ~8.4.1074
Tia —5.1-104 —4.,8.-107¢
Tas ~1.07.10-3 -1.09-10"3
0.3F
® ®
\ed
2. I~ .
(3]
= Ge
sz 02) 300 K 1
;f F{' [11] STRESS
a
04 ‘ I ! L L L L
b
Fig. 1.24. Piezooptic effect. Measu- o b |
red values of (s“—e_L)/X[lm=~n4 Ge
7y and (g —2 )/ X =—n*(Fn— § | 300 K 4
Tye) for Ge as a function of photon = {100] STRESS
energy, where ¢, and ¢, are relative .
dielectric permittivities for light po- ‘?'_ L(S 01 7
larized parallel and perpendicular «
to the uniaxial stress X applied in F Eg B
{111] and [100] directions. n is the
refractive index and m;; are the pie- -0.2 . ; . . . :
zooptic coefficients, 7'=300 K. Cros- 0 6.2 0.4 0.6 c.8
ses — [1.65], circles — [1.66], Solid PHOTON ENERGY. eV
lines are theoretical calculations. "
Electrooptic coefficients. All linear electrooptic coefficients (Pockels coeffici-

ents) of Ge are equal to zero: ry;=0.
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Fig. 1.26. Absoluie values of third-order

sured by frequency tripling of 0.5 mm radiation, vs. free-hole concentration, for p-Ge at room
temperature [1.65].

Ge optical p.

Nonlinear susceptibility. Ge is centrosymmetric, and the second-order nonline-
ar susceptibilities are equal to zero: dy;,=0.

Valence electron contribution to the third-order nonlinear susceptibility
Cijxi (03 =204, 0y, 04, —w,) of Ge measured by mixing 2,=10.6 pm and 2,=
=9.5 um radiation [1.67]:

ey = 141071 m?/v2 50 %, accuracy,

Cll?‘.}/(',}li]. == 061 i 002

10-12

1043 -

2,2
Cyyyy o M/V

10-14 L

107 . . )
1% 1% 10 10" 10*
ELECTRON CONCENTRATION, cm™

Fig. 1.25. Absolute values of third-order nonlinear susceptibility ¢y, (3w, ©, ©, ) measured
by frequency tripling of 0.5 mm radiation, vs. free electron concentration, for n-Ge at room
temperature. The anisotropy of susceptibility is 6= (14-3¢ys/ciin)/2=1.16+0.05. The curves

are theoretical predictions for the nonparabolicity (solid line) and relaxation (dashed line)
contributions, respectively [1.68].
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Fig. 1.27. Resistivity of a sei of n-Ge samples
(arsenic doped) as a function of inverse
intrinsic behaviour
indicated by a dashed line. For parameter
values see Table 1.12 [1.69].

temperature. The

TABLE 1.12 Excess donor concentration N,— N, for sampies in Figs. 1.27,

is

TEMPERATURE, K
300 78 20.4 10
{08 it :

n-Ge<As>

HALL COEFFICIENT cm3/C

R

58 1

o A

Lot !

"0 002 004 006 008 04
1/ TEMPERATURE, K

Fig. 1.28. Hall ccefficient of a set of #-Ge samp-
les (arsenic doped) as a function of inverse
temperature. For parameter values see Table
1.12 [1.69].

1.28 and 1.29
[l
Sample Np,—N, cm™3 }[ Sample Np—N,, cm™3
i !
55 1.0- 1018 64 1.7-10%5
53 9.4.10% 56 5.1-10%5
51 1.4.104 54 7.5-10%
63 4.6-1014 61 5.5-1016
49 4,8-104
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For parameter values see Table 1.12 [1.69].
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Fig. 1.29. Hall mobility cf a set of #-Ge samples (arsenic doped) as a function of temperature.
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TABLE 1.13 Excess hole concentration ¥
at 77 K for samples in Fig. 1.31 r
! . .
! SOV +
Sample Eola «ﬁucentradon
’ in ¢m”’ 10% -
2 4.9.10m i ]
LRI -
4 2.1-10 ) 5 12 !
109 3.2-1035 50 100
113 8.7-1015 TEMPERATURE, K
106 2.7- 1018 .
06 - (_),p Fig. 1.31. The dependence of hole Hall mobi-
110 3.2-10% lity in p-Ge on temperature in the hole con-
111 6.4.1018 centration range p=4.9-10%-6.4-10"% cm—32

1.711. For parameter values see Table 1.13.

TABLE 1.14 Excess hole concentration at 300 K for samples in Fig. 1.32

Hole concentration

|
Hole concentration E

3 le : ‘

Sampl i tn cm~3 H Sampie in cma™3
172 1.2.10v 100 1.2.10%
128 28007 38 2.7 1018
127 6.8 107 87 2.8 109
120 [.1-10% 77 1.10%
123 2.2.710 71 2.10%
24 4.9- 101 7 4.2. 102
95 6.9.108
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1/TEMPERATURE, X!

Fig. 1.33. Conductivity of Ge vs. inverse
temperature in the intrinsic region [1.72].
At T=300 K 5,=0.021 1/(Q : cm).
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Fig. 1.32. The dependence of hole Hall
mobility in p-Ge on temperature in the
hole concentration range p=1.2-107—
4.2-10%° cm~—2{1.71]. For parameter va-
lues see Table 1.14.
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Fig. 1.34. Square root of the product of
electron and hole concentration (intrinsic
concentration) vs. inverse temperature for
Ge in the intrinsic region [1.72].

The best fit to the curve is given by the em-
pirical expression my= ]/np= 1.76 - 10*8 1.5
exp (—4555/T), n; is in cm=? and Tis in K.
At 300 K n;=2.3 -10'® cm~8,
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Fig. 1.35. Resistivity vs. shallow impurity concentration ffor Ge at the lattice temperature

300 K [1.73].

Fig. 1.36. Electron Hall mobility in n-Ge at 300 K as a function of electron concentration
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: lity in p-Ge at 300 K. as a
I % 7 19 2
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Fig. 1.40. Electron drift velocity in pure Ge as a function of electric field parallel to <100> and
{111> crystallographic directions at (a) 8 K and 77 K, and (5} 240 K and 300 K. Points
refer to the experimental data and solid and dashed lines
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tions [1.77].

ELECTRIC FIELD, V/cm

Fig. 1.44. Longitudinal diffusion coeffi-
cient as a function of electric field for
holes in pure Ge at different lattice tem-
peratures. Lines are theoretical calcula-

Fig. 1.42. Hole drift velocity in pure Ge in the
main crystallographic directions as a function
of electric field at the lattice temperature 77 K.
Points refer to the experimental data and lines
to the theoretical calculations [1.76].
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Fig, 1.45. Band-band ionization rates for elec-
trons « and holes 8 in Ge as functions of recip-
rocal electric field ai room temperature with
electric field parallel to 111> and 100> crys-

tallographic directions {1.78].
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crosses — 30 Q - ¢cm for n-Ge; open circ-
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Fig. 1.49. Intervalley scattering rate as a func-
tion of temperature in n-Ge for samples having

different room temperature resistivities.
circles are experimental points;

The
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line represents scattering due to phonons; the
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TABLE 1.15 Parameters for high field transport calculation in n-Ge [1.41]

' Value
Parameter J » R ——
I Lattice I‘ valley | L valley “ X valley
Density, gfcm?® 5.32
Dielectric permittivity g/g, 16
Intravalley properties
Number of valleys 1 4 6
Effective masses: m,/m, 0.04
myfmy 1.59 1.35
m,[m, 0.08 0.29
Nonparabolicity parameter, eV =1 0.3
Valley separation with respect
to L valley. eV 0.14 0 0.18
Acoustic scattering parameters
Sound velocity, crn/s 5.4-10°
Deformation potential, eV 5 1 9
Optical scatterinig parameters
Coupling constant, eV/cm 5.5.10%
Phonen energy, meV 37
Iatervalley properties
Transition Coupling Phonon Type
constant energy “
'—L 2.0-10% eV/em 27.6 meV LA
'—Xx 10.0-108% eV/cm 27.6 meV LA
L-L 3.0-10% eV/em 27.6 meV LA, LO
L-1L 0.2-10% eV/em 10.3 meV TA
L—X 4.1-10% eV/em 27.6 meV LA
X—X 0.8-10% eV/em 8.6 meV LA g-type
X—-X 9.5-10% eV/cm 37.0 meV LO g-type
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1.5. Ge piezoelectric, thermoelectric and magnetic properties
Piezoelectric tensor. For germanium, which possesses the center of symmetry, all
piezoelectric tensor components are equal to zero.

TABLE 1.16 Piezoresistance coefficiens of Ge in 1/GPa. For physical
Experimental } i
conditions ! T | T12 T4
n-type
0=5.7 Q-cm, 300 K -0.027 —0.039 —1.368
p=16.6 Q.cm, 300 K -0.052 —0.055 —1.387
n=(0.78—16.5)- 10 ecm~3, 78 K
n=4.5-107ecm=3, 78 K
300 K
n==8.101% cm~?, 78 K
300 K
ne=6-10% e % 78 K —-6.4
300 K —~1.62
=510 em~8, 78 K —5.5
300 K —L.56
n=6.8-10"% cm2% 78 K ~2.4
300 K - 1.28
p-type
p=1.1Q-cm, 300 K -0.037 0.032 0.967
e=15Q.cm, 300 K —0.106 0.05 0.986
p=(2.3—150)-10" em~2, 78 K
p=55-10¥% cm™3, 78 K —0.25
p=6238-10% cm™3 78 K 0.3
=03 Q.cm, 78 K
300 K
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interpretation refer Table 5
_ i
Eiﬂ;-@‘ | @i@_—m o427 Reference
—-0.717 0.62 —0.088 [14]
~-0.747 0.679 —0.179 [14]
—-2.7 [1.85]
--2.6
~0.78 [1.86]
- 1.37
—~0.71 [1.86]
11.87]
[1.87]
[1.87]
0.481 0.052 [14]
0.465 0.019 [14]
1.3 [1.85]
[1.85]
[1.85]
1.02
0.45 11.86]
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Fig. 1.52. Normalized conductivity, 6/oy,
vs. hydrostatic pressure for n-Ge at 295
K. Triangles correspond to <1005 and
cireles to <111 current direction [1.32]
Solid curve [1.36].

Fig. 1.53. Longitudinal resistivity vs. uni-
axial pressure p in the direction of the lar-
gest resistivity increase (p {11l [111]) for
n-Gie sample with electron concentration
1.59 - 10'3 cm~3 [1.42]. The dashed line
corresponds to linear piezoresistance (wy;+

2yt 2w /3= — 425, T=71 K.




Ge piezo., therm., magn. p.

0.36 T T T T T T T

0321

0.281

0.241

Fig. 1.54. Seebeck coefficient S
times temperature 7 vs. tempe-
rature for n-Ge having various  0.0¢ T
excess donor concentrations:
1—89-10* ¢cm~—3, 2-78"
- 104 ¢m—3, 3 — 6.4 - 10* cm~3,
4 — 1,08 107 em-3%, 5 — 2.3 - 0 80 160 240 320
<10 cm—3 [1.88]. TEMPERATURE, K
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Fig. 1.55. Seebeck coefficient S times temperature T vs. temperature for p-Ge having various excess
acceptor concentrations: / — 1.9 - 1014 ¢cm—3, 2 — 1.6 - 10** cm~3, 3 — 1.5 - 10" cm™3, 4 —
1.5-10%cm=%, 5 — 2.1 - 10%cm~3,6 — 8 - 10%%cm~3,7 — 6 - 10 ecm~2, 8 — 7.1 - 10* cm~*
[1.88].
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Fig. 1.56. Seebeck coefficient S times temperature T vs. temperature for Ge in high temperature
region where transition to intrinsic conductivity occurs. Excess donor concentration for n-type
samples: In — 8 - 10'? ecm~3, 2n — 8.9 - 10'® cm~—3; excess acceptor concentration for p-type
samples: Ip — 8 - 10'®* ¢m~3, 2p — 1.6 - 10** cm~? [1.88].

Magnetic susceptibility., Ge lattice contribution to the magunetic susceptibility 7,
at room temperature and respective temperature coefficient [1.89]:

Y =(—7.23 £0.25)- 1078,
dy,/dT =(1.66 +0.05)-107° K-,

The free carrier contribution to the susceptibility does not exceed 5 %, of the
lattice susceptibility at free carrier concentration smaller than 10 cm~2 {1.90].
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Fig. 1.58. Hole Hall factor vs. acceptor concentration at room (@) and liquid nitrogen (0) tempera-
tures in p-Ge, Circles: B0, triangles: B=0.52 T, crosses: B=2.86 T [1,92]. Solid lines are avera-
ge values drawn through experimental points.
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Fig. 1.59. Magnetoresistance [o(B)—p,l/e, of #-Ge vs. magnetic induction at roem and liquid
nitrogen temperatures for two directions of the current I flowing through a long sample, a — I ||
[100] and b — I [110]; and various directions of the magnetic fieid. o, (300 K)=11.5 Q - cm,
Ry=4.4-10* cm®/C [1.93].
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1.6. Ge impurity properties
TABLE 1.17 Optical ionization energics and absorption cross sections for tran-
sitions from the impurity ground state into the conduction or valence bands
of Ge. The energies are referred relative to the conduction £, or valence F,
band edges. For shallow impurities the cross section at the corresponding pho-
ton energy Av has been deduced from o = apa/N, where o,y is the maximum
absorption coefficient and N is the impurity concentration
Impurity Jonization Absprption Cross Photon i Reference
energy, mev | section, cm? energy, meVv l
Donors
As E.~14.18% 1.1.1074 14 [1.95]
Bi E,—12.75% 1.4.10714 12.6 [1.95]
Li E,—10* 2.5-10714 10 [1.96]
P E . —12.87* 1.4-10714 12.8 [1.95]
S E,—280 f1.97
S+ E.—590 [1.97
Sb E.—10.32% 1.5-10-14 10.3 [1.95]
Se E, —268 [1.97
Set E,—512 [1.97
Te E.—93 [1.97
Te* E.—332 [1.97]
Acceptors
Al E,+11.15%* ~2.10714 il [1.98]
B E,+10.82%% 10-14 1 [1.98, 1.99]
Be E,+24.87 ~25-10"11 25 1.100]
Be~ E,+58.02 [1.100]
Cu E,+43.25 ~ 1071 43 [1.101]
Cd E,+54.96 [1.100]
Cd- E,+160 [1.102]
Ga E,+11.32%% 10-14 It [1.98]
Hg E,+912 4-10718 150 [1.103, 1.104]
Hg~ E,+230 [1.105]
In E,+ 11.96%* 10— 12 [1.98]
Mg E,+35.83 [1.100]
Tt E, 4 13.43%% ~ Q718 13.5 [1.98, 1.99]
Zn E,+32.98 [1.100]
Zn~ E,+86.514 [1.100]
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TABLE 1.17 (Continued)

Impurity Tonization Absorption cross| Photon Reference

energy, mev section, cm? energy, meV
Amphoteric impurities

Au

acceptor state E,-+ 150 2-1071¢ 690 [1.106]
E, 200 [1.107]
E.—41 [1.107]

donor state E,+41 {1.107]

* — Deduced assuming that the binding energy of the 3p. state is 1.03 mcV.
** _Deduaced assuming that the binding cnergy of the (8-—1) state is 2.88 meV.

TABLE 1.18 Binding cnergies of the energy levels of shallew doners (phos-
phorus, arsenic, antimony, bismuth and lithium) in Ge found by optical me-
thods. The cnergies in meV are measured relative to the conduction band ed-
ge [1.110]

o Effeciive mass
r P . o
p ‘ As | Sb | Bi ‘ Li | theory

! !

! Level encrgy, meV

Level

15 (4y) = E; (ioni-
zation energy) 12.88 14,18  10.45 1275 8.1 9.81

Is(Ty) 10.06 9.94 9.99 9290 10 9.81
2p, 4.72 4,74 4.74 4.75 4.74
2 3.52
3P 2.54 2.57 2.57 2.55 2.56
3s 2.01
2p.4 1.72 1.74 1.7} 1.67 1.72 1.73
4p, 1.67
4s 1.17
3ps 1.03 1.03 1.03 1.03 1.03 1.03
5Py 0.84
4p. 0.75 0.75 0.74 0.73
Ss 0.72
41, 0.62 0.59 0.61
S5p« 0.47 0.46 0.53
5f+ 0.39 0.39 0.41
6p. 0.32 0.32 0.38
6/ 0.30 0.32
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Conduction Valence
band Ge band
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Fig. 1.62. Energy level scheme € 4 E 4 r
of shallow donors and acceptors > L 2 el et (8-0/G
in Ge, The ground levels with ioni- & § ° &5
zation energy FE; are different 3 &
for different chemical species and g % £
are shown only approximately !
[1.108]. 0 T 15(7,) 10 -
For donois the most intense
optical absorption line corres-
ponds to 1s(Ay)—2p.+ electron L 8.y
transition. For acceptors the most N *
intense optical absorption lines ——l— 15{A})
correspond to (8+0)—~(8—1) and
(8+4+0)-+(8—2), (7—0) hole tran- o
sitions [1.109]. DONORS ACCEPTORS

TABLE 1.19 Binding energies of the energy levels of shallow acceptors (bo-
ron, aluminivm, gallium, indium and thallium) in Ge found by optical me-
thods, The energies in meV are measured relative to the valence band edge
[1.110]

[.evel encrgy, meV

| Effective mass
B Al { Ga |In | T | theory

I | i

(8 +0)= E; (iloni-
zation energy) 10.82  11.15 11.32 1196 1343

(8- 0) 461 456 458 457 452 458 (II)

(S+1) 3.27 330 354 3.57

(8—-1) 2.88 288 288 2588 288 288 (2I%)

(7-0) 214 2.3 213 210  2.13 213 (1Y)

(8-2) 2.11 3T%)

(8+2) 1.76 176 1.78

(7-1) 1.49 148 148 148  1.50 1.48 (4I%)
1.22 (5T%)

(8 ~3) .16 113 115 115 114 114 Iy)
1.14 (2T5)
1.13 (6T%)

(6~0) 1.03 100 1ol  1.00 1.0l
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Fig. 1.63.
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E; is the ionization energy of arsenic [1.96].
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Optical absorption coefficient vs. photon energy for arsenic doped Ge with Npgx 1
3 at T=12 K. Initial and final states of the transitions are marked in the spectrum.
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of gallium [1.98].
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Fig. 1.64. Optical absorption coefficient due to hole transitions from (8- 0) ground level to exci-
ted levels of gallium in Ge vs. photon energy at T=9 K. Ng,=2 - 10" cm™?2. E] isionization encrgy
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Fig. 1.65. Dependence of shallow donor
(arsenic) ionization energy Ep on electrically
active donor concentration Ng in n-Ge. Full
circles — optical measurements [1.49], open
circles — thermal measurements [1.69]. So-

DONGR IONIZATION ENERGY, meV

lid line is an empirical formula E;=14.2~ 0 Ll sl v it o Ny
2,12 - 1075 NAYE, Eyis in meV and N is in 1™ 10 10 10" 10"
cim— 3, DONOR CONCENTRATION, cm™

TABLE 1.20 Energies of the energy levels of double acceptors (magnesium,
cadmium, mercury, beryllium and zinc) in Ge found by optical methods. The
energies in meV are measured relative to the valence band edge [1.100]

Level energy, meV | Theory for
Level , P T 5 1 neutral
‘Mg led g B ’ Be~ |Zn | Zn" | acceptor
[onization

energy, £, 35.83 5496 91.88 24.87  58.02 32.98 R86.514
(44T (3 + 1)

9118 24.77

) @
G 4.62 456 4.68  4.90 4.66 18.72  4.58 (II7)
D 288 2.88 2.8% 288 1152 2.88 11.52 2.88(2I%)
C 202 213 208 210 824 212 832  2.13(1IY)
8.188 2.13 (1Iy)
772 2.11 3T%)
B 149 155 158 147 584 1.50 5.816 1.48(4l%)
A 1.15 1.11 1.15 432 1.22(5T%)
A’ 0.95 1.08  0.91 432 098 3.724 1.14(2Ty)
1.14 (IT%)
A 0.69 0.61 0.8 1.13 (6TF)
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Fig. 1.66. Electron capiure cross section on the positively single-charged (Z=1) centers in Ge. So-
lid and dashed lines are theoretical calculations [1.111].
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Fig. 1.67. Hole capture cross section on the negatively single-charged (Z=1), double-charged (Z7=2)
and triple-charged (Z=3) centers in Ge. Solid and dashed lines are theoretical calculations [1.111].
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Fig. 1.68. Inverse emission rate multiplied by T2 for electron (@) and hole (b) emission from deep
impurities indicated on curves as obtained with DLTS (deep level transient spectroscopy) on
Ge. T is the lattice temperature. For details see Table 1.21.
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TABLE 1.21 Thermal ionization energy measured relative to the conduction
E, or valence E, band edges and capture cross sections associated with deep
impurities in Ge as determined by Deep Level Transient Spectroscopy (DLTS)

| Depth from con-

| [

I 2 duction or va-; Temperature, Cap.ture CTosS Referc
MPUTIY | jence band edge,| K section, cm? clerence
meV |

Donors

S E,—296 135-165 ¢,=(1.86—1.56)- 10-1% [1.97]

St E, 4149 73-85

Se E,—284 135—165 o,=(1.82-—1.67). 1018

Set E,+ 245 120150

Te E.—~92 35—-42

Tet E,—332 135—165 6,=(1.67—1.02)-10"1¢
Acceptors

Cu E,+320 125~ 150 G, =(2.5--1.4). 1071* {1.112]

Cu F.—260 115--130 &, = (1.6-~1.8)- 10~ 1°

Ag 1.,,+ 130 55~-70 op=(1.5—0.68)-10 1%

Ag E,—280 120- 140 o,=(4.6--5.2)- 10717

At £+ 150 77-95 6,=6.2.10"14

Au k=200 77—90 o, = 1.5-1071¢

Ni E,+230 95— 110 op=8.8. 10718

Ni E,.—300 105 ~125 o, 1.8- 10714
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Fig. 1.69. Experimental dependence (dashed line, circles and squares) of the impact ioniza-
tion coefficient for antimony impurity in Ge on the electric field strength [1.113, 1.114]. Theore-
tical points (crosses) were calculated with the impact ionization cross section s,=8.6 - 10~13
c¢m?®, Solid line: empirical formula 4,=2-10~% exp (-—20.7/E), A4; is in cm?/s and £ is in
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Fig. 1.70. Experimental dependence (solid and dashed lines) of the impact ionization coeffi-
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. Siconsists of the following isotopes (as a result the trans)ational symmetry

. Average atomic weight: 28.08 [t.2]

. Si has a diamond-type lattice. Space group is Fd3m (0}). Lattice symmet-

. Lattice constant in vacuum: a=0.543 101 96 nm at 295.6 K (28]

. Density: 2.329 02 g/em® at 298 +0.01 K [1.4]
. Number of atoms in 1 cm?® is 5 - 1022

. Melting temperature: 1685 K [2.2]
. Transition to metallic phase occurs at the pressure 12.5+ 0.5 GPaat 300 K. [2.3]

. Si cleaves most readily on {111} family planes [L.7]

2. Physical data for silicon

2.1, Si lattice properties

of Si lattice is not exact) (1.1]

ry formula is 37.34136129PC, which means that there are 3 symmelry
axes ol the fourth-order, 4 symmetry axes of the third-order, 6 symmetry

axes of thesecond-order, 9 symmetry planes and inversion center.

Temperature dependence of the lattice parameter in high purity maiervial
in the range 293-1073 K can be approximated by formula
a=5.4304+1.8138- 10-5(T—273.15)+1.542 - 10~* (T'-273.15)%, T'is in K. [2.1]
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TABLE 2.1 Elastic parameters of Si at the lattice temperature 77 K and
298 K [2.4]

Value
Parameter
77 K 298 K
Elastic constants:
¢, GPa 167.7 165.8
¢y, GPa 64.98 63.9
ey, GPa 80.35 79.6
Sound velocity in the direction [1007:
longitudinal »,, cm/s 8.48- 105 8.43.10°
transverse oy, cmfs 5.87- 10% 5.84-10°
Sound velocity in the direction [111]:
longitudinal o,, cm/s 9.4-10° 9.35.10°
transverse oy, Cnys 5101108 5.09- 10%
Elastic anisotropy factor « 0.639 0.640
Poisson ratio v 0.279 0.278
Young's modulus £, GPa:
direction [10G0] 131.4 130.2
direction [[10] 170.8 169.2
direction [111] 189.8 187.8
Bulk modulus B,, GPa 99.2 98
By=dB/dp 4.16*

*_{1.10].
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TABLE 2.2 Si phonon energies for high symmetry points I, X and L in the
Brillouin zone at 300 K [2.5, 1.11, 2.6]

Phonon energy, meV

Phonon

branch T X L

LO 64.35+£0.12 51.44 +0.12 52.1 +£1.3
T0 64.354+£0.12 57.03+0.25 60.75 £ 0.25
LA 0 51.44 £ 0.12 469 +1.2
TA 0 18.65 4 0.08 14.10 £ 0.08

TABLE 2.3 Types and energies of intervalley g- and f-phonons for electron-
phonon intervalley interaction in n-Si [2.7]

Phonon type Energy, Frequency,
me

vV THz

g* 1.0 63.2 15.3
g TO 62 15

¢ LA i8.8 4.53
g T4 11.4 2.76
f* TO 59.1 (4.3
7 Lo 48.8 11.8
7% LA 46.3 11.2
f TA 25.4 6.15
f T4 18.4 4.45

* .- Allowed by group-theoretical analysis of eclectron-phonon interaction [2.8],
thercfore, in n-Si the electron-phonon interaction mediated by these phonons
is the strongest.
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Temperatare variation of phonon energies. In Si the optical phonon energy at I'
point is 65.1 meV at 0 K, 64.5 meV at 300 K and 63.1 meV at 800 K [2.9].

Optical phonon lifetime. At the symmetry point I' the half-width of the first-order
Raman line is 1.45 £ 0.05 cm~* at 17 K and 3.5+ 0.05 cm~? at 305 K. These half-
widths yield phonon lifetime 3.6 ps and 1.5 ps, respectively [2.5].

Raman activity, Silicon possesses the diamond structure O} (Fd3m), therefore,
it has only one first-order Raman-active phonon of symmetry I',; located at the
Brillouin zone center with energy 64.35 meV at T'=305 K {2.5].

TABLE 2.4 Griineisen parameters for different phonon branches in Si at X,
K, I' and L critical points. =300 K [3, 2.10]

Griineisen parameter

Phonon i

branch iX lK JF I

Lo 0.9 0.9 0.98 + 0.06 0.9

70 1.5+0.1 1.5 0.98 +0.06 1.3+£0.2
LA 0.9 0.9 [.11% [q00] 0.9

LA 1.11* [gq0]

LA 1.08* [qqq]

74 ~1.4+0.3 0.324* [g00] ~13+03
TA 0.113* [gqq]

TA, -0.3 0.324* [¢40]

TA, -1.0 —0.05* [gq0]

* —Calculated from lattice elastic parameters [4]. The direction of wave vector
is given in parentheses; g<¢2w/a, where a is the lattice constant.

Lattice dielectric permittivity.
Relative static [2.11]:

efeg=11.9 at 300 K,

12.1 at 4.2 K.
Dependence on hydrostatic pressure [2.12]:
(1/e)(de/dp)= —2.8-1073 1/GPa.
Dependence on temperature [1.18]:
(1/e)(de/dT)=9.4-10"5 K-1,
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Fig. 2.1. Phonon dispersion curves for Si in the main crystallographic directions at 296 K [2.6].
TA, branch is replotted from [1.11]. The dashed lines show the siopes for sound velocity in various
directions. Intervalley g-phonons lie in <100> while f~phionons lie in <110) directions and correspond
to wave vectors: qg=[0.29, 0, 012x/a, q,=[0.855, 0.855, 0]2rx/a. The path from X to R is equi-
valent to the path from U to K on the Brillouin zone boundary.
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Fig. 2.2. Frequency dependence of ultrasound attenuation coefficient by Si lattice in [111]
direction at room temperature [2.13].
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Fig. 2.4. Si Debye temperature
vs. lattice temperature [1.21].
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Fig. 2.6. Thermal expansivity (Ip—/ls.)/his, a5 a function of temperature for Si [2.14]. lya.

is a length at 273.2 K.
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Fig. 2.7. Differential thermal expansivity o= (1/l;5.0) (d//dT) as a function of temperature for
Si: a — full circles [2.14], open circles [2.15], solid line in the range 7=120—1500 K is an
empirical curve «=[3.725 {1 —exp [—5.88 - 10-3(T—124)]}+5.548 - 10°* T]1- 10"°% o is in
K-, 7"is in Kelvins; b — [1.24].
Selected values:
a=5.6-10-" K-t al 4 K [2.16],
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2.57 - 1078 K~ at 295 K [2.14].
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2.2, Si band properties
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Fig. 2.9. Band structure of Si with spin-orbit interaction neglected. @ — General view. Indirect
gap between points [pr and A; is shown by an arrow [1.28]. b — Enlarged portion with main
interband optical transitions indicated by vertical arrows [2.171,

TABLE 2.5 Critical points associated with band-band transitions in Si which
are important in optical measurements. Spin-orbit interaction neglected (see
also Fig. 2.9)

| Corresponding
Critical point! band-band k-space location (units of 27/a)
' transition ;
E, Pgs 1%, Weak fransition in the center of Brillouin
zone
Ej 'Y — I'§s Dominated by small region around (0,0,0)
E; t— A§ Transition to the first conduction band
along A line
E; Ag— A§ Transition to the second band near L point.
This transition is nearly degenerate with Fj
E, 25— X4 Attributed to transitions in a large region
AY > AS near the X point centered at (0.9, 0.1, 0.1).

Because of large phase space and matrix
element this transition dominates
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TABLE 2.6 Energetic distances between important critical points in the energy
band of Si at room temperature and respective hydrostatic pressure coeffici-
ents. For transition and critical point nomenclature see Fig. 2.9 and Table 2.5

Energy separation and Value Comment Refe-

pressure coefficient rence

E;=EA)—-E[%), eV 1.124 Indirect forbidden ener- [2.18]
gy gap

Ex,=E(L)—E(A]), eV 0.74 [1.41]

Exp =E[[§s) — E(A), eV 2.2 Exp=Ejy— Eq [2.17]

A, meV 42.6 Spin-orbit splitting in the [2.19]
valence band at k==0

Ay, meV 29 Spin-orbit splitting along [2.20]
A line (apparent value)

Ej, eV 3.32 [2.17]

E,, eV 3.4 [2.17]

E,, ev 4.27 [2.17]

dE/dp, eV]GPa —~0.014] Minus sign indicates that |22
the gap decrcases with )
hydrostatic pressure

d £/dp, eV]GPa 0.01 4 0.01 , [2.22

dEJdp, eV/GPa 0.062 [2.22]

d EyJdp, ¢V]GPa 0.029 [1.38]
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TABLE 2.7 Si conduction band principal valley parameters

Parameter

i X valley* ] L valley l I valley l Reference

Valley location in
the Brillouin zone

Number of valleys

Valley separation
relative to the lo-
west X valley, eV

Electron masses:
scalar m,[my
longitudinal m,jm,
transverse i, [,
conductivity m_/in,

density-of-states
migfm,

Uniaxial deformation

potential E,, eV

ge-factor

the

[1.41]

(2.23]
[2.24, 2.23]
12.24, 2.23]

[2.25]

Ay, on100) L, on the Iy, in

axis at the boundary of center of the

distance the zone in zone

kolkmax=0.85 (111} direc-

+0.005 tion

6 4 1

0 0.74 2.2
0.156%*

0.916 .42

0.19 0.13

0.259 0.19 0.156

0.321 0.288 0.156

8.77

1.998 75

12.26]

* — It is the most important valley in transport property

*% . Calculated.

analysis.,
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TABLE 2.8 Si valence band parameters

Parameter Value Reference

Light and heavy mass bands at I'g)

Luttinger parameters:

” 422 [2.27]
Y 0.53 [2.27]
Y3 1.38 [2.27]
g.-factor: 2k —0.84 {2.28]
q 0.01 [2.28]

Valence band nonsphericity 3 0.2

Average heavy hole mass for

“spherical®* bands my [y 0.467
Average light hole mass for

“spherical* bands my g 0.159
Density-ot-states mass  wm,/my 0.527

Uniaxial deformation potentials, eV
D, 2.88 {2.29]
D, 4.19 [2.29]

Spin-orbit split-off valence band at 1,

Ay=E) — E(5), meV 42.6 [2.19]
Average mass for ‘“spherical®
bands mi,,/m, 0.29 [2 30]
Si
{001] 1001

L

\ (010 0l Fig. 2.10. Si valence band warping.
N The contours are the constant energy
surfaces of heavy (%) agd light ()

mass bands in (100) and (110) planes.

. The band nonparabolicity is not
(100} plane (110} plane included (cf. Fig. 2).
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Fig. 2.11. Location of the lowest energies X
in the conduction band indicated by dots

and constant energy surfaces (spheroids) in f /{

the Brillouin zone of Si. The crosses on

the axes show the edges of the Brillouin *///3
zone where wave vector is Amax. Arrows in-

dicate the intervalley scattering: g-type (on

the same axis) and f~type (between perpen- {100]
dicular axes). k;=0.85 kpax.

X1 \/~~\/——\'-/——\~J/ \Z--v—— By =0
X1 (o) :\_/—_:§_‘_/—_:&Z[___‘_\]{__&7_/_:\SZ{~_JF By L :;"'i—

Fig. 2.12. X valley splitting under uniaxial compressive stress X (cf. Fig. 2.11 for valley numbering).
The stress removes sixfold deg,me:acy and, as a result, the energy difference AE appears between

different groups of valleys. E, is uniaxial dcfomntxon potential.

Si valence band splitting under uniaxial compressive stress is similar to that of Ge
(see Table 1.8). For Si the valence band uniaxial deformation potential and elastic

constant values can be lound in Tables 2.1 and 2.8.

=2,=8.77 eV for n-Si [2.25].
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Fig, 2.13. Temperature dependence of a - indirect forbidden energy gap Fy [2.18} and b — in-
terband critical-point energies F£{, F,, £, and Ej in Si (see Fig. 29,6 for corresponding op-
tical transitions). The solid lines are the best fits with empirical formulas and parameter va-
lues listed in Table 2.9 [2.17].

TABLE 2.9 Values of the parameters ¢, b and ¢ in equation
E(T)=a-b[1+2/(c®/"—1)], which have been obtained by fitting the critical
point energies vs. temperature 7' in Fig. 2.13

i |
g(‘)‘i;’;‘“' a4, oV b, &V { O, K
——— e P — — ‘,. - - —
B 3.38 0.025 267
£, at T<350 K 3.49 0.039 245
£ at T>350 X E,[eV]=3.486—4.07- 10T [K]
E2(X) 435 0.027 199
Ea(E 4.63 0.098 624
E| 5.72 0.336 703

Indirect energy gap, Fig. 2.13, a, can be fitted by equations {2.18]:
E,(T)=1.17+1.059-10737 — 6.05-10777% 0<T<190 K,
Eg(T)=1.1785-9.025-107°T — 3.05-10777%, 150 <T <300 K.

Eg is in eV and T is in K.
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ENERGY eV

Fig. 2.14. Forbidden energy gapE , and Fermi energy Er relative to the valence band edge
for n-Si or conduction band edge for p-Si as a function of impurity concentration: 5~10 K
[2.31]; 300 K, squares — [2.32], triangles — [2.33], circles — [2.34]. Arrows on the energy
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2.3. Si optical properties
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Fig. 2.15. Dependence of absorption (a) and reflection () coefficients of Si on photon energy
[2.35].
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Refractive index of Siin the range 2=2.4 —25 um can be approximated by the dis-
persion formula [2.36]:
n=A+BLA+CL2+D N+ EN,

where A=3.419 83, B==0.159 906, L=1/(3*-0.028), C=-0.123109, D=
1.268 78-107¢, E=--1.951 04 - 10~%, A is in micrometers.

WAVELENGTH, pm
12 10 0.8 0.6 0.4

! 1
B e S B s e s g 4
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ACTIVE INDEX
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T

: b A SN S Y U S G T 141_L__J]
1 15 2 25 3
PHOTON ENERGY, eV

Fig. 2.16. Refractive index of Si at room
temperature. Different symbols and a
line correspond to different sources
[2.37].
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Absorpticn coefficient of Si in the photon energy range i =1.05—2.7 eV at tem-
perature 298 K can be approximated by the empirical dispersion formula [2.38]:

2 1
a=(io)t [3 3 {eylflio—e+jde)lt}+ e [2f (o )| +enm],

i=1 j=—1
where j=0 is not used in the second sum and
fE)=(x+[xD/2.

The values of parameters are given below

Parameter l Value ” Parameter t Value

g, €V 1.099 69 Ca, 15 €V/cm 1634.30

dzy, eV 0.058314 8 g5, €V 1.409 85

1, +1» €V¥/cm 483.916 ¢3, €V/em 1046.08

¢y, -1 €V/em 5030.02 dN, evV~! 1.230 84
de,, €V 0.0220161 N 0.394 122
€2, +1, €V/em 79.4079

The units of parameters give o in cm™L
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10k i =
E g £.0
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= 10° E ~ 2.0
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e 7 < 40
il 7 L _ ~
B0 E // E £
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& / ] 2730
a0 f E z
& Z{/ 3 20
[a0}
= ]
12 E 10
f ]
10'1 PRI N WO TR S BN N S T 00 0 2 RO T (N
10 15 20 25 30 1.00 104 108 112 116 1.20 124 128
PHOTON ENERGY, eV PHOTON ENERGY, eV

Fig. 2.17. Optical absorption coefficient  Fig. 2.18. Optical low-intensity absorptior} spectrum
of Si at lattice temperature 7'=298, of high-purity Si (square root of absorption coeffi-
363, 415 and 473 K [2.39]. cient multiplied by photon energy vs. photon ener-

gy) near band gap energy at various temperatures

{2.40].
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Fig. 2.19. Lattice optical absorption of Si at different temperatures: a — in the single-pho-
non region [1.55], b — in the multiphonon region [2.41]. For phonon assignement see Table
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Fig. 2.22. Free electron absorption cross section vs. photon wavelength at three lattice tem-
peratures for n-Si. Full circles — 5 K, open circles — 80 K, crosses — 297 K. The measu-
rements have been performed for a sample with electron concentration 1.7 - 107 ecm~3? [2.43].
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Si optical p.

TABLE 2.10 Properties of free excitons and excitons bound to impurities in

Si as observed in luminescence experiments (see also Fig. 2.23)

Particle] Lumines-

Particle Dissociation lifetime,] cence ener-] Comments, reference
channel us gy, meV
Free exciton, X

Xra hv+TA 1135.8 1.8—4.2K, p(300K)= [2.44]
4.100Q.cm

X, hv+X+TA 1134.6 1.8-42K, p(300K)= [2.44)
4+104 Q-cm, biexciton

Xio hv+LO 1098.2 45~10K [2.45]

Xro hv+TO 1096.3 45-10K [2.45)

X 1—-100 2— 10K, free exci- [2.46,
ton lifetime increases 2.47
with temperature

Exciton(s) bound to donor, [DX,]

PX) P+hv 0.245 1150.1 42K, Np=1.5-10"%cm™3, [2.48]
intense line

[P X,] PXl+hv 0.134 11464 42K, Np=1.5-10"cm~2® [2.48]

[P X] [PX,]+hv 0.095 1143.7 42K, Np=1.5-104cm™3 [2.48]

[PXlry P+Av+TA 1131.04 45K, Np=1.4-10"%cm™3 [2.45]

[PXl,o P+hv+LO 1094.03 45K, Np=1.4-10%cm~3 [2.45]

[PXlyo P+Av+TO 1091.83 42K, Np=1.5.10%cm ™8, [2.48]
intense line

[PX,lr0o [PX]+hv+T0 1088.2 42K, Np=1.5-10%cm™3 [2.48]

[LiX] Li+hav 1151.2 Unobserved [2.45]

[LiX]yq Lit+hv+TA4 1132.62 6K, Ny;=8-10%cm~3 [2.45]

[LiX]o Li+hAv+LO 1095.07 6K, N;=8.10"%cm™3 [2.45]

[LiX]ro Li+hv+TO 1.1 1093.21 6K, N;;=8.10%cm™3, [2.45]
intense line

[SbX] Sb+hv 1150.1 42K, Ngp=1.7-10%cm~3 [2.49]

[SbX]o Sb+hv+LO 1094.1 42K, Ngp=1.7-10%cm™3 [2.49]

[SbX1lro Sb+hAv4TO 1092.1 42K, Ngp=1.7-10%cm=? [2.48]

[AsX] As+hy 1149.2 42K, Npg=4-10%cm~3  [2.50]

[AsXl7a As+hv+ T4 1130.5 20K, Nays=4-10%cm=3  [2.50]

[AsXlro As+hv+TO 1090.7 15K, Nag=2-10"cm~%  [2.51]

[As X] 0.183* 42K [2.52]

[Bi X] Bi+hv 1146.9 15K, Npi=3-10%cm~2  [2.51]

[BiXlyo Bit+hv+TO 1088.8 15K, Np;j=3.10%cm=%  [2.51]
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Si optical p.

TABLE 2.10 (Continued)
. o Particle| Lumines-
Particle | Dissociation lifetime,| cence ener-j Comments, reference
channel t us | gy, meV !
Exciton(s) bound to acceptor, [4X,]

[BX] B+hy 1150.7 Boron complex spectra [2.53]

[BX];4 B+hv+TAd 1131.6 were obtained with [2.53]

[BX,]ra [BX]1+hv+TA4 1129.2 iag{pllgislie;“*;f}g] OgBCTn‘(} [[%gg%

(BXlro B+hv+LO 1094.3 in the température range
10-15K

IBX];0o B+av+To 1092.5 Intense line 2.53]

[BXslro [BX]+hv+TO 1090.3 [2.53]

[BX] 1.055% 4.2K, p(300K)=1002-cm [2.52]

[AlX] Al+hy 0.104 11495 4.2 K, Noy= [2.54,
5.104 cm™? 2.55]

[AlX]r. Al+hv+TA 1131 9K, Noy=2.2-108cm=3  [2.53]

[A1X]yo Al+hv+T0 1092 9K, Npay=2.2-10%cm~3 [2.53]

[ALX] 0.076* 42K [2.52]

[GaX] Ga+hv 1149 42K, Nga=2-10"¥%cm™% [2.55]

[GaX]r, Ga+hv+T4 1131 9.5K, Nga=107cm™3 [2.53]

[GaX]ro Ga+hyv+TO 1091 95K, Nga=107cm~%  [2.53]

[GaX] 0.077*% 42K [2.53]

(InX] In+hy 1140.8 7K, Nip=3.2-10%cm™3  [2.55]

nX]ys In+thv+TA 1121.6 11.3K, No=1.3-10"7 cm~3 [2.53]

nXlyo In+hv+TO 1082.6 11.3K, Npp=1.3:10% cm ™2 [2.53]

[InX] 0.0027* 42K [2.52]

[TIX] Ti+ Ay 1110.5 111K, Ny=3-10¥cm~3 [2.53]

[BeX] Be+hv 4.6 1078.27 15—-40 K, intense line [2.56]

[BeX] Be+hv 180 1076.34 12-15K [2.56]

[BeX] Be+hv" 480 1075.74 12K [2.56]

LO, TO, TA are longitudinal optical, transverse optical and transverse acous-

tical phonon energies. kv is photon energy.

Excitonic energy gap Epy=1154.59 + 0.1 meV [2.57].

Exciton binding energy Ey=14.2 meV [2.57a].

; — The time dependence is similar for all phonon replicas and nonphonon

ines.
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Fig. 2.23. Typical photoluminescence spectrum due to radiative decay of free excitons and excito-
nic complexes in Si doped with 1.4 - 10'* ¢cm~—2 phosphorus atoms and compensated by 1.6 - 1012
cmi— 2 boron atoms [2.45]. Dissociation channels and peak energies are given in Table 2.10.

Relative change of the refractive index with the hydrostatic pressure p [2.12]:
(1/ny(dn/dp)=—1.4-10"3 1/GPa at 1—2 pum and 294 K.
n=3355-345 at 1 -2 pm [2.37, 1.54].

Toapeea une tpondernes of the refracive index in the wavelength range from
P2 i2 41 a room temperaure [118]:
(Unm)(in)iT)=47-10"3K"L

TABLE 2.11 Elastooptic and piezooptic coefficients of Si at lattice tempe-
rature T=300K and different laser waveiengths [2.58, 2.59, 2.60]

Coefficient 0.4579 pm 0.6471 um | 3.39 pm
Elastooptic, dimensionless
Pu —0.145 —0.152 —0.094
27 —0.092 -0.05 0.017
Pu —0.057 —0.058 ~0.051
Piezooptic, 1/GPa
Tt11~TE12 5‘9'10 4 9.3‘ 104
Tas 1.05-10°% 6.9-10"¢
%‘(7‘11—7512'*‘7'544) 8.8-107¢
Refractive index
n 4.51 3.83 3.43
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Fig. 2.24. Piezooptic effect. Measured values (points) and fitted curves of (¢ —¢ )/ Xun=
—nim, and (s“—aJ_)/XmO;= —nt(my—~my,) for Si as a function of photon energy, where
g, and ¢ | are the relative dielectric permittivities for light polarized parallel and perpendi-
cular to the uniaxial stress X applied in [111} and [100] directions. n is the refractive index

0.8 1.0
PHOTON ENERGY, eV

and 7;; are the piezooptic constants. 7=300 K [1.66].

Electrooptic coefficients. All linear electrooptic coefficients (Pockels coefficient:)

of Si are equal to zero: r;=0.
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Nonlinear susceptibility. Second-order nonlinear susceptibility of Si is equal to
zero because silicon is centrosymmetric.
Valence electron contribution to the third-order nonlinear susceptibility

Cigrr (09— 20, 0y, 01, —,) of Si measured by mixing ;= 10.6 pm and 2,=9.5um
radiation [1.67}:

lejnng | =8.4-10720m2/V23 109, accuracy,

Cr122/ €111 =0.48 £ 0.03.

10-13

10-1&

2,2
g, 7V

10"

107 |-

10" 1 ! :
1% 10% 10' 17 1%
ELECTRON CONCENTRATION, cm™

Fig. 2.25. Absolute values of third-order nonlinear susceptibility ¢;15; G, ©, ®, ©) measured
by frequency tripling of 0.5 mm radiation, vs. free electron concentration, for n-Si at room
temperature. The anisotropy of susceptibility is o=(1+4 3¢y122/¢4111)/2=0.86+0.02, The curves

are theoretical predictions for the nonparabolicity (solid line) and relaxation (dashed line)
contributions, respectively [1.68].
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Fig. 2.26. Absolute values of third-order effective nonlinear susceptibility (cym+3cuze)/2 me-
asured by frequency tripling of 0.5 mm radiation, vs. free hole concentration of boron,

gallium and aluminium, for p-Si at room temperature. The anisotropy of susceptibility is
o=(1-+3Cy9n/C1111)/2=1.61+0.06 [1.68].
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Fig. 2.27. Hall coefficient of two sets of phosphorus doped »-Si samples as a function of inverse
temperature. For parameter values of set ¢ and b see Table 2.12 [2.61].
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TABLE 2.12 Concentrations of phosphorus N,
(donor) and of compensating acceptor N, for
sificon samples in Fig. 2.27 and Fig. 2.28

Sample Ny, em™3 N, cm™3
SPGA 2.8-1018 0.75. 10
SP4A 2.35. 101 0.1-10%
SPIA 6.7 1014 3.8.104
SP2A 2.3.10% 0.83.10%
SM2 3.9.10% 3.3.1018
SM3 4.5.1018 3.3.10%

Fig. 2.28. Hall mobility of two sets of phosphorus doped

n-Si samples as a function of temperature. For parameter
values see Table 2.12 [2.61].
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Fig. 2.29. Conductivity of n-Si doped with arsenic
vs. reciprocal temperature. Sample parametess are
given in Table 2.13 [2.62].

0 : 0102( 01.0!" OI.OS‘ 0i08] 010 Fig. 2.30. Hall coefficient of n-Si doped with arsenic

- vs. reciprocal temperature. Sample parameters are given
I/TEMPERATURE, K in Table 2.13 [2.62].
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Fig. 2.31. Electron concentration of n-Si
doped with arsenic as a function of recipro-
Sample parameters are

cal temperature.
given in Table 2.13 [2.62].

TABLE 2.13 Concentrations of arsenic Np (donor) and of compensating

Fig. 2.32, Hall

f2.62].

acceptor N4 for silicon samples in Figs. 2.29—-2.32

doped with arsenic as a function of temperature.
Sample parameters are given in Table 2.13

TEMPERATURE, K|

mobility of electrons in n-Si

Sample | Ny, em™3 N, cm™3
131 1.75. 104 1.0- 104
130 2.1.101 5.25. 104
129 1.75. 1018 1.48-10%°
139 1.3.10%7 2.2 101
126 22108

140 2.7- 10 (degenerate)
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Fig. 2.33. Conductivity of p-8i doped with borun.
as a function of reciprocal temperature. Sample
parameters are given in Table 2.14 [2.62].

Fig. 2.34. Hall coefficient of p-Si doped with boron
as a function of reciprocal temperature. Sample para-
meters are given in Table 2.14 [2.62].
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Fig. 2.35. tole concentration of p-Si doped
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Table 2.14 [2.621

TABLE 2.14 Concentrations of boron N, (acceptor) and of compensating
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I7ig. 2.36. Hall mobility of holes in p-Si doped
with boron as a function of temperature. Sample
parameters are given in Table 2.14 [2.62].

donor Nj for silicon samples in Figs. 2.33--2.36

Sample

159
127
117
119
141
125

TEMPERATURE, K

Ny cm™3

3.1 10"
7.0- 101
2.4.10
2.0-10%7
1.O- 10
[.5- 10

(degenerate)

A oo b

. em™?

I
- 1ot
. 1015
<10

W b ——

o
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CONDUCTIVITY, 1/(cm]

Fig.
temperature in the intrinsic region {2.62}. tron and hole concentration in the intrinsic
The intrinsic conductivity (solid lire) can region of Si as a function of reciprocal tempe-
be approximated by empirical expression: rature [2.62].
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2.37. Conductivity of Si vs. inverse Fig. 2.38. Square root of the product of elec-

RESISTIVITY, Q-cm

logye6,=4.247-2.924 - 10°/T, here, o; is in Empirical expressions for intrinsic concen-
1/(Q2-cm) and T is in K. At T=300 K o,= tration:inthe temperature range 200 K <7'< 500
316 -10°° 1/(Q2-cm) [2.63] K [2.64] my=Vip=571.10' (T[300)256

exp (—6733/T);

in the temperature range 450 K <7'<700 K
[2.62] 7= np=3.87 - 101 T15 "exp (— 7021/ 7.
Here, 7, is in cm~® and T is in K, At =300 K
7;==1,02 - 10'° cm~ 2,
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Fig. 2.39. Relation between resistivity and shallow impurity concentration for Si at 300 K [2.65]
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Fig. 2.40. Electron Hall mobility

ELECTRON MOBILITY, em¥/(V's)

in n-Si at 300 K as a function of 100 [ Loy
electron concentration. Solid line - o~
is the best fit with equation: p.= 50 ' i i i ;
92--1268/[14 (n/1.3.1017)°91] p, is 105 1016 Rh 10 o 1'075
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Fig. 2.41. Hole Hall mobility in p-Si .
at 300 ¥ as a function of hole con- L ]
centration. Solid line is the best fit
with equation: y,=47.7+447.3/[1+ 20 ! 1 L 1
([J/6.3 . 1-0]6')0.7“}’ i is in cm‘“‘/(V . S) 1015 mws 1017 10‘;3 ?0‘,9 10;:0
and p is in em=* [2.66]. HOLE COMCENTRATION, cm”
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o

HOLE MOBILITY, cm®/(V's)

ELECTRON MOBILITY, cm?/{Vs)

Fig. 2.42. Mobility of electrons in Si as a
function of temperature for various donor
concentraiions: circles — Np<10'* cm~3,
iriangles — Np=4 - 10'® cm~3, squares —
Np=13 .10 cm~* The solid line indi-
cates the theoretical results for pure lattice
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TEMPERATURE,

mobility [2.66]. The dot-dashed line gives
pe=1.43-10° 7-2.22 ¢ s in em?/(V -s) and
7 is in K.

Fig. 2.43. Mobility of holes in Si as a function
of temperature at various acceptor concentra-
tions: circles — N,4<<10'2cm~—3, triangles— N =
101 c¢cm~3?, squares — Ny4=2 - 107 cm~3. The
solid line indicates the theoretical results for
pure lattice mobility [2.66]. The dot-dashed
line gives w,=1.35-10% T—%2 u,is in cm?®/(V-s)
and 7 is in XK.
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Fig. 2.44. Electron drift velocity in pure Si as a function of electric field at different lattice temper-

atures for two directions of electric field: a — E i {111}, b — E || <100> [2.67].
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Fig. 2.45. Hole drift velocity in pure 3i as a function of electric field at different temperatures for
two directions of electric field: a — E [ <100, b — E || <111 [2.68].

Electron and hole drift velocities as functions of the electric field applied along
(111> direction can be fitted by equation [2.66]:

’04=v

E|E.

™ T+ (E/E)PIB °

The values and temperature dependences of parameters o, E; and § for I'>
>250 K are given in Table 2.15.

TABLE 2.15 Parameters for drift velocity in {111) direction. T is tempera-

ture in Kelvins

|

l
Parameter Electrons ] Holes
N E 1.53.109 77-0.87 1.62- 108 T-0.52
E, V/cm 1.01.71.% 1.24.71.68
B 2.57-10-2 10.68 0.46.T017
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Fig. 2.46. Drift velocity of a —~
at 300 K [2.69, 2.70].

Fig. 2.47. Parallel Dy {circles) and perpendicularD | (crosses) to electric field diffusion coef-

ficient (diffusivity) of electreons in Si at room temperature as functions of electric field applied
parallel to <111> crystallographic direction. Continuous line shows theoretical computation of

D, [2.66].
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Fig. 2.49. Band-band impact ionization rates
for electrons « and holes B in Si as functions
of reciprocal electric field at room temperature
[2.71].
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Fig. 2.50. Warm electron and hole energy re-
laxation times as functions of the lattice tem-
perature in Si. Room temperature resistivity:
triangles — 70 Q - cm, squares — 190 Q - cm,
circles — 700 Q- ¢em [1.79].
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Fig. 2.51. Warm electron energy relaxa-
tion time in #-Si at 77 K and electric
field parallel to <111} crystallographic
direction [1.81, 2.72}.
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Fig. 2.52. Dependence of warm electron in-
tervalley relaxation time on the electron
concentration in Si at 7=80 X [2.73].

Fig. 2.53. Dependence of warm electron
intervaliey relaxation time on latticc tera-
perature for pure Si, n<2-10% cm—3
[2.731.

Fig. 2.54. Electron energy relaxation time
in pure Si as a function of electric field
applied along <111> crystallographic direc-
tion at 77 K. Points are experimental data
[1.83] and line is theoretical calculation
[1.41].
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TABLE 2,16 Parameters for high electric field fransport calculation in »-Si

[1.41]
l Value
Parameter ‘ -----------
| Lattice I' valley L valley X valley
Denzity, g/em® 2.33
Dielectric  permitti-
vity g/e, 11.7
Intravalley properties
Number of valieys 1 4 6
Effective masses:
nyfmy, 0.91
m,[nig 0.19
Monparabolicity pa-
rameter, eV ! 0.27%
Valley separation te-
lative to X valley, eV 2.95 0.74 0
Acoustic scattering parameters
Sound velocity, em/s  9-10°
Deformation poten-
tial, eV 9
Optical intravalley scattering is negligible
Intervalley properties
- Coupling Phonon
Transition constant energy Type™™
X-X 0.5-108 eV/em 12.1 meV TA g-type
0.8.10% eV/em 18.5 meV LA g-type
11.10% eV/em 62.0 meV LO g-type
0.3-10% eV/em 19.0 meV TA ftype
2.0-108 €V/em 47.4 meV LA f-type
2.0-10% eV/em 59.0 meV TO f-type
I'—L
F“‘,{Y ..
LT Negligibie
L-X
* — [2.74].

#¥ _ g and ftype intervalley phonon energies given in Table 2.16 differ

slightly from those in Table 2.3.
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2.5. Si piezoelectric, thermoelectric and magnetic properties

Piezoelectric tensor. For silicon, which possesses the center of symmetry, all piezo-
electric tensor components are equal to zero.

TABLE 2.17 Piezoresistance coefficients of Si in 1/GPa. For physical

|

Experimental
conditions T 1 T1a
n-type

n=(1.3—9.9)-10% ¢cm~3, 78 K -3
n=(7.8—130)-10* cm~3, 77 K —3.5

300 K —1.05
n=4-10"%cm~%, 300 K —-0.773 0.401
n=94.10%¥cm-3, 77 K —~2.8

300 K —-0.98
n=1.10" cm~3, 300 K —0.715 0.373
n=94-10" cm~3, 77 K -22

300 K - 0.83
n=2-10% cm~3, 300 K —0.619 0.31
n=9.101¥% cm~3, 77 K —-14

300K —-0.7
o=11.7 Q-cm, 300 K —1.022

p-type

p=7.8 Q.cm, 300 K 0.066 —-0.011
p=3-10¥ ¢cm~3 78 K
p=13.10% cm~3, 78 K —0.25 0.1

* — Calculated values for my= —0.125 1/GPa.

g

is constant up to
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interpretation refer Table 5

tt T T a4 270+ 270y ‘ Refe-
2 21~ 44 ’ T 7;1 Tag Tru.*_zﬂ;m i fence
| I
[1.85]
—~0.076% 0.021 [2.75]
—~0.26 [2.76]
—{0.08% 0.01 [2.75]
—(.2185 [2.76]
—~0.079% 0.012 [2.75]
~0.198 2.76}
—0.077*% 0.619 [2.75]
—0.312 (.057 [14]
0.718 0.06 [14]
1.25 {1.85]
1.5 1.9 [2.77

5.10" cm~® impurity concentration at room temperature [2.75].
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Fig. 2.55. Resistivity of #-Si vs. hydro-
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Fig. 2.57. Seebeck coefficient vs. temperature
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for #-Si at various donor concentrations: I — 3.67 -

101 em~2, 2 — 2,71 - 10 cm~3, 3 — 4.8 - 10% cm~%, 4 — 1.04 - 10" cm~%, 5 ~ 3.47 - 10V
em™3, 6 — 7.8 - 10 ¢cm=3, 7 — 4.46 - 10" em~3, § — 2.71 - 10*® em~3, 9 — 5.67 - 10" ¢cm~?
[2.79].
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Fig. 2.58. Sesbeck coefficient § times 03+ A/‘ B
temperature T vs. temperature for p-Si
having various acceptor and compensa-
ting domor concentrations: I — N4= 021
1-106¢% cm—3, Np=1.9-10"* cm—3;
2= N4=92-10"% cm~3, /p=2.2 - 01
10 cm S 3 = Ny=206" 10“’ cm™®, ’
Np=2.3 0" cm—3; 4 — Ny=2 -
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Flg 2.55. Seebeck coefficient S times temperature 7 vs. temperature for Si in high temperature
region where transition to intrinsic conductivity occurs. Excess donor and acceptor concentration:
n-type — Np=3.7 - 10 cm—%, N,=9 -10'® cm~3 and p-type — Ny=1-101% cm~3, Np=

1.9 - 101 cm~—* [2.80].
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HALL FACTOR

HALL FACTOR

Magnetic susceptibility. Si lattice contribution to the magnetic susceptibility y,,
at room temperature and respective temperature coefficient [1.89]:

Ym=(—3.3340.1)- 1078,
dy,/d T=(0.78 £0.03).10~¢ K-1,
Free carrier contribution to the susceptibility does not exceed 5%, of the lattice

o
o

=3
=4

0.951

TR T/ L T LT L L 11
IMPURITY CONCENTRATION, cm™

TEMPERATURE, K

susceptibility at free carrier concentration smaller than 10 ¢m=3 [2.81].

Fig. 2.60. Hall factor vs. impurity concen-
tration in »#-Si. Experimental data: crosses
and triangles — 77 K, open circles — 300 K.
Theory: curves I and 2 — calculated wit-
hout taking into account of scattering by
neutral impurities at 300 K and 77 K; cur-
ve 3 — calculated by taking into account
the scattering by neutral impurities of con-
centraticn 610 c¢cm—? at 77 K [2.82].

Fig. 2.61. Experimental (points) and cal-
culated (lines) Hall factor vs. temperatu-
re for pure p-Si. The acceptor concen-
tration is in the range N,~101—-101°
cm~—? [2.83].
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Fig. 2.62. Magnetic field dependence of transverse magnetoresistance [p (B)— pol/po in n-8i for
current flowing in [110] and magnetic field pointing in [001] direction. @ — 77 K, b — 300 K.
Sample parameters at 300 K: squares — p=27 Q-cm, Np~1.3-101% cm-8, circles — p=19
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Fig. 2.63. Magnetoresistance coefficient M=
[p (B) — pal/(eo B?) vs. magnetic induction
B at 77 K for p-Si with =85 Q - cm at room
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2.6. Si impurity properties

TABLE 2.18. Optical ionization energies and absorption cross sections for tran-
sitions from the impurity ground state into the conduction or valence bands of Si.
The energies are measured relative to the conduction E, or valence £, band
edges. For shallow impurities the cross section at the corresponding photon
energy has been deduced from 6=cipax/N, Where tmax is the maximum ab-
sorption coefficient and N is the impurity concentration

' !

Tmpurit | Tonization ' Absrcv)rptl?c.n Photon Ref
y | energy, meV | gfgzss section, energy, meV eference
Doners

As E.—53.76 1.6-1071 56 [2.86, 2.87,
2.88]

Bi E.—70.6 7-10718 71 [2.89]

Fe E,—1795.7 1000--12060  [2.90]

Li E,—31.24 ~3.10"15 33 [2.86]

Mg F.—107.5 1.7-10718 [2.91]

Mg+ E.—256.47 [2.91]

P E.—45.59 2.5.10°18 46 [2.86, 2.87,
2.88, 2.92]

S E,—318 2~7)-1071¢ ~ 500 [2.93, 2.94,
2.95, 2.96}

S+ E.—612 1-10715 ~ 800* [2.93, 2.96]

S+ E,—612 1.10-16 ~ 1000%* [2.93, 2.96]

Sb E, —42.74 8.1.10-1% 42 [2.86, 2.87,
2.88]

Se E,.—307 2.1071 400 [2.96, 2.97]

Se* E,—3593 1.10-18 700% [2.96, 2.97)

Se* L, —593 4.10°1® ~ 1000** [2.96, 2.97]

Te E,—199 200 [2.93]

Te* E,—411 5.-10~16 600* {2.93]

Te* FE.—411 3.10°18 ~ 1100** [2.93]
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TABLE 2.8 (Continued)

I
o ! fonization l Absorptlon I Photon
Linpurity 5 energy, meV l cr(lw:,\ section, ! energy, meV I Reference
i B 3
Acceptors
Al E, 4+ 67 8.5-10"1 82 [2.98, 2.99]
Ag 21078 620 [2.100]
B E, 446 1.4-10-15 50 [2.98, 2.99]
Be E,+191 5-10-18 200 [2.101]
Cu 5.10-1 330 [2.102]
In E,+156.9 3.3.107v 300 [2.103, 2.104]
Ga E,+71 5.10-16 110 [2.98, 2.99]
T1 E,+246 2.6+10717 446 f2.105]
Zn E,+320 1.5.10-18 500 [2.106]
Zn~ E,+620 4.8.10°17 900 {2.106]
Amphoteric impurities
Aul—Au-
acceptor state  E,—3530 8.10-18 750% [2.107, 2.108]
E.—530 §.10-% 900** [2.107, 2.108]
Au®—Aut
donor state E,+350 1.8.10~1¢ 480 — 750**  [2.108]
Mn~ —Mn® E.—130 [2.109]
Mno—Mn+ E.—450 [2.109]
Pto—>Ppt~
acceptor state E,—230 (0.6 —3.5)-10~Y7 300 -600*  [2.110, 2.111]
E.—230 (0.25-1.3). 1000 {2.110, 2.111]
-10718 1200%*
Pto—Pt*
donor state E, +320 (1.8—4)-1078  900-1000* [2.110, 2.111]
E,+320 (0.1-3).107%  420—-1000** [2.110, 2111]

— For electron emission.
— For hole emission.
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TABLE 2.19 Binding energies of the energy levels of shallow domnors
(phosphorus, arsenic, antimony, bismuth and lithium) in Si found by optical
methods. The energies in meV are measured relative to the conduction band
edge [1.110]

I Level energy, meV Effective
Level mass

’ P |as |sv B |Li | theory
1s(4;)=E,; (ionization
energy) 45.59 5376 42.74 7098 31.24 31.27
1s(E) 32.58 31.26 30.47
1s(Ty) 33.89  32.67 32.89 32.89 31.27

3291 31.89
15(E+Ts) 33.02 31.27
2P, 11.48 11,50 11.51 11.44 11.51 11.51
2s 9.11 8.78 8.83
2p: 6.40 6.40 6.38 6.37 6.40 6.40
3p, 5.47 5.49 5.50 5.48 549 548
3s 4.7 4.75
34, 3.83 3.8 3.8 3.75
3.73

4p, 3.31 3.31 3.33 3.30 332 333
3ps 3.12 3.12 3.12 3.12 3.12 3.2
4s 2.89 2.85
4f, 2.33 2.36 2.33
4ps, 5p, 2.19 219 220 218 220 2.19; 2.23
4f s 1.90 1.90 1.94 1.91 1.90  1.89
5/ 1.65 1.71 1.67 1.64 1.62
5ps 1.46 1.46 1.48 1.46 1.47 144
5f. 1.26 125 1.27
6p+ 1.09 1.07 1.10 1.08 1.07 1.04
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TABLE 2.20 Binding energies of the energy levels of shallow acceptors
(boron, aluminium, gallium, indium) in Si found by optical methods. The
energies in meV are measured relative to the valence band edge [1.110]

Level energy, meV Effective
Level mass
B ' Al t Ga l In theory
(8+0)=E, (ioni-
zation energy) 45.71 70.18 74.05 156.90 ,
(8—0) 15.33 15.30 15.82 14.91 15.5(1T%)
8-1) 11.18 11.69 11.11 11.4 (2T%)
8-) 7.36 6.93 7.16 7.3(3l%)
(7-0) 6.1 6.1 6.1 6.1 6.1(1'7)
3-) 5.79 5.22 5.80 5.82 5.8(1T%)
3-) 6.03 5.02 5.62 5.8(4l's)
5 4.19 3.9 4.20 4.1 4.1(5T%)
6 3.52 3.43 3.56 3.63 3.6; 3.5
(2T's, 6I')

7 2.92 3.08 3.25

8 2.44 2.79 2.94 2.93

9 1.85 2.28

10 1.39 1.78
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Fig. 2.65. 15 (A4)~2pe, 2P+, 3Pgs 4P +, 5P and 5p + lines of the absorption spectrum of phosphorus
atoms in Si. Phosphorus concentration: 7.5 - 1014 ¢m=3. T=12 K. The optical transitions 1s (4~
2s, 3s, ... are forbidden [2.91].
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Fig. 2.66. Absorption coefficient due to hole transitions from (8-+0) ground level of boron atom
in Si vs. photon energy (cf. Table 2.20).

Lines (8—0) — (7—) have been measured for a sample with boron conceatration 1.5 - 10%%
cm—®, Lines 5--10 and 2p’, 3p’, 4p” have been measured for a sample with boron concentration
2.2 - 101 cm~3. The lines 2p’, 3p’, 4p” correspond to transitions from boron ground state to the va-
lence band continuum [1,110, 2,103].
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Fig. 2.67. Dependence of shallow donor
thermal ionization energy E; on electrically
active donor coacentration NF in n-Si.
Circles — arsenic doped Si {2.62], closed
points — phosphorus doped Si [2.112], tri-
angles — arsenic doped Si [2.113]. Solid
line is an empirical formula: E;=54—3.5 -
10-% NZV3, E; isin meV, N is in cm—3,

Fig. 2.68. Dependence of shallow accep-
tor (boron) thermal ionization energy £; on
electrically active acceptor concentration N%
in p-Si. Circles — [2.62]. Triangles — [2.113].
Solid line is an empirical formula: E;=
45—3.10-3 NiY® E, is in meV and N¥
is in cm—3.
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TABLE 2.21 Binding energies of the energy levels of double donors in Si.
The energies in meV are measured relative to the conduction band edge.
Sulphur, selenium and tellurium [2.93] are substitutional donors,

while magnesium [2.91] is interstitial

Level energy, meV

PHOTON ENERGY, eV

Level
ls ISe]TelMg | 5% | ser | Te+ | Mgt
1s(4,)= E; (ionization
energy) 318 307 199 107.5 612 589 411 256.47
1s(Ty) 35 35 39 184 161 177
2P0 11 12 12 11.7 45 45 47 47.84
2p. 6 7 7 6.38 26 25 26 26.25
1071 1 l , l ]
'....—-—0-o~. oo
4
Toel M |
g !
(&)
. I Si<Te>
2§ o 115 K
= § e 77K
& . o Fig. 2.69. Optical absorption cross
U SR section for transition Te++hv—
S § Te?++e vs. photon energy for Si
a l at two temperatures. The onset of
< ; photoionization of electrons from the
10" 'IQ(’,%’ ground state into the conduction band
¥ & is marked with an arrow. The sharp
”é ‘ ‘ . peak at atgout 0.23 eV in the 115 K
02 04 06 08 0 2 spectrum is caused by the internal

transition 1s (4,)—1s (T2) of Te* (see
Table 2.21) [2.93].
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Fig. 2.70. Electron capture cross section on the positively single-charged (Z=1) centers in Si. Solid
and dashed lines are theoretical calculations [1.111].
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Fig. 2.71. Hole capture cross section on the negatively single-charged (Z=1) and double-charged
(Z=2) centers in Si. Solid and dashed lines are theoretical calculations [1.111].
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Fig. 2.72. Inverse emission rate multiplied by T for electron (@) and hole (b) emission from deep
impurities indicated on curves as obtained with DLTS (deep level transient spectroscopy). 7' is a
lattice temperature. For details see Table 2.22.
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TABLE 2.22 Thermal ionization energy measured relative to the conduction

E, or valence E, band edges and capture cross sections associated with deep

impurities in Si as determined by Deep Level Transient Spectroscopy (DLTS)
1 Donor | Depth from

Impu-| or ac- | conduction or | Tempera- | Capture cross

rity | ceptor | valence band | ture, K | section, cm? | Reference

level | edge, meV * 1

Au D E, —800 158 Gy=1.1-1071 [2.114]

Au £, +350 70—-190 o6,=3.5-10718

Au A E.—550 80—-200 o,=85-107V

Au E,+580 300 G6,=9-10"18

Cr D, E,—200 88 c,=4.1.10"15 [2.118

Cr D, E,+250 94 6,=9-10"

Cr A E.—430 175 G,=2-10"16

Cu D, E,+93 45 o,> 1071 [2.116]

Cu D, E,+233 76—-108 6,21.4.-107%

Cu Ay E.— 161 80—106 o,=(1.8—3.3)-107Y7

Cu A? E.—402 130—190 o¢,=3-10"15

Cu Ay E,+425 183-227 6,274-10"15

Mn ? E,+170 [2.117]

Mn ? E,+220 140 G,7=3.9. 10 1%

Mn ? E,+330 185 6,=1.7-10718

Mn ? E,+440 220 6p,=3.5-10"1

Mn ? E,+510 276 Gp,=3.7-10718

Mn E,—200 125 G,=7-10717 [2.118]

Mn E . —420 190 o,=8-10715

Mn E.—540 240 c,=2-1071*

Mo ? E,+ 300 177.5 c,=43.10"1° [2.119]

Ni D E,+(160—190) [2.120]

Ni A E. —{430—-460)

Pt ? E.—231 1060—-130 6,=7-10"% [2.121,

Pt ? E,+321 135-240 o6,=(7.8—10)-10"16 2,122]

S D, E.—320 100 o,=2+10715 [2.123]

S D, E.—590 250 e, 2101

Sc D, E.—520 250 g, > 1071 [2.124]}

Se D, E,.~300 100 G,=3-10710

Ti Dy E.—-260 300 c,=3-10"13 [2.125]

Ti D, E, 4290 300 6,=1.7-10"17

T A £+ 240 77110 6,=24-10"1 [2.126]

w D Fo—220 [2.127]

W D E,+ 410
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Fig. 2.73. The dependence of the impact ionization coefficient of phosphorus impurity in Si
on the electric field strength. The lines are measurements at the lattice temperature 7
dotted line — T=27.1 K [2.128], solid line — T=20 K [2.129]. The squares are Monte Carlo
calculations with the impact ionization cross section op=1 - 10~*3¢m?. The arrow indicates the
sudden increase of ionization coefficient due to impurity tunnel ionization. )
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. GaAs consists of the following isotopes (as a result the translational sym-

metry of GaAs lattice is not exact) [1.1]
¥ Ga.....n. 60.1 %,
" Ga.......... 39.9 9
B AS. 100 %
. Average molecular weight: 144,63 {3.1]

. GaAs has cubic sphalerite (zincblende) lattice. Space group is Fa3m (T3).

. Lattice constant: ¢=0.565 368 nm at 298 K [3.2]
. Density: 5.316 5+0.0003 g/cm® at 298 K [3.2]
. Number of Ga or As atoms in 1 ¢cm?® is 2.2 - 102*

. Melting temperature for stoichiometric GaAs: 1511 K [3.3]
. Transition to metallic phase occurs at the pressure 17.2 £ 0.7 GPa {3.4]
. GaAs cleaves most readily on {110} family planes [1.7]

3. Physical data for gallinm arsenide

3.1. GaAs lattice properties

Lattice symmetry formula is 3L24L36P, which means that there are 3
symmetry axes of the second-order, 4 symmetry axes of the third-order and

6 symmetry planes. The inversion symmetry is absent, and by this reason

the directions [111] and [ﬁT] are not equivalent
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TABLE 3.1 Elastic parameters of GaAs at the lattice temperature close to
absolute zero, 78 K and 298 K [3.5]

] Value
Parameter
| ~0K 78 K 298 K
Elastic constants:
¢y, GPa 121.07 120.85 118.41
¢, GPa 54.77 54.69 53.72
¢y, GPa 60.36 60.29 59.12
Sound velocity in the direction
[100]:
longitudinal v;, cm/s 4,770- 105 4.766- 105 4719105
transverse o7, cm/s 3.368-10% 3.366 108 3.334.10%
Sound velocity in the direction
{111}:
longitudinal »;, cm/s 5.446-10° 5.442.10° 5.384 - 10°
transverse ©vg, cm/s 2.821.10°% 2.819-108 2.786.10°
Elastic anisotropy factor 4 0.549 0.548 0.547
Poisson ratio v 0.311 0.311 0.312
Young’s modulus E, GPa:
direction [100] 87 86.7 84.9
direction [110] 123.4 123.2 120.7
direction [111] 143.5 143.3 140.5
Bulk modulus B, GPa 76.9 76.7 75.3
By=dB,/dp 4.67*
*—[3.6].

TABLE 3.2 GaAs phonon energies for high symmetry points I', X
and L in the Brillouin zone at 296 K [3.7]

Phonon I

Phonon energy, meV

branch ’ N X L

LO 35.4+0.8 29.9 +0.6 29.6 +0.3
T0 33.2+0.3 31.3 +£0.3 324 +0.5
LA 0 28.1 +0.25 259 +0.4
TA 0 9.76 + 0.06 7.69 + 0.08
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Optical phonon lifetime. The lifetime of nonthermal LO phonon in GaAsis 7+ 1 ps
at 77 K {3.8].

Raman activity. GaAs has two first-order Raman-active phonons, LO (I") and
T0 (I'), which are located at the Brillouin zone center and have energies [3.9]:

LOT) E=36.19 meV at 300 K,
36.75 meV at 4 K,

TOT) E=33.30 meV at 300 K,
33.86 meV at 4 K.

TABLE 3.3 Griineisen parameters for different phonon branches in GaAs
at X, K, I' and L critical points. 7=300 K [3]

Griineisen parameter

Phonon

branch | ¥ JK “x ’L
LO 1.23

TO 1.73 1.39 1.5
LA 1.3* [400]

LA 1.29% [g40]

LA 1.29* [qqq]

TA —-1.62 0.53%* [400] -1.7
T4 0.23% [gq4]

TA, -0.4 0.53* [qq0]

TA, —1.62 —0.05* [¢q0]

* — Caleulated from lattice elastic parameters [3.10]. The direction of wave
vector is given in parentheses; ¢ <€ 2=/a, where a is the lattice constant.

Lattice dielectric permittivicy.
Relative static [3.11]:
c/ey,=12.8 at 300 K,
12,5 at 77 K.
Relative high frequency [I.17]:
&, [5o=10.92 at 300 K.
Relative change of the static [3.12] and high frequency [1.17] dielectric per-
mittivities with hydrostatic pressure p in GPa at 7=300 K:
(1/e)(de/dp)= —1.73.10"2 1/GPa,
€w/t = 10.92 —0.088p.
Dependence of the static [3.12] and high frequency [1.18, 3.12] dielectric permitti-
vities on temperature:
(1/e)(de/dT)=2.04.10"4K"! at 300 K,
9.4-1075K"1 at 75.6 K,
(1/ex)(de/dT)=1.2-10"*K~1 at 300 K.

145



GaAs lattice p.
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RECUCED WAVE VECTOR

Fig. 3.1. Phonon dispersion curves for GaAs at 296 K [3.7]. The dashed lines show the slopes for
sound velocity in various directions. For 4,, 4,, O, and O, branches the polarization is elliptical.
Other modes are either strictly longitudinal (L) or transverse (7).

For [0qq] direction the data extend beyond the Brillouin zone boundary shown by vertical
dashed line. The path from X'to R is equivalent to the path from U to X on the Brillouin zone boun-
dary (see Fig. 1).
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Fig. 3.2. Ultrasound attenuation. a — Frequency dependence of ultrasound attenuation coeffi-
cient for longitudinal (L) and transverse (T) waves propagating in GaAs lattice in the direction
[111] and [110], respectively. 7=300 K [3.13]. » — Temperature dependence of the attenuation of
longitudinal ultrasonic waves propagating in the [111] direction of GaAs at ultrasonic frequencies
40 and 320 MHz (3.14].
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Fig. 3.3. Heat capacity C, (T) of pure GaAs as
a function of temperature [3.15].
Selected values:

10'5 L 1 I

L !

L ! !

Cp,=5-10"% J)(g-K) at 4.2 K [3.16],

0.147 J/(g-K) at 77.4 K [3.1], 25 12 50 A
0327 J/(g-K) at 300 K [3.17]. TEMPERATURE, K
400 - .
Ga As
2 o R
5350 W‘%@% %%}u |
§ % Jij o°
- . &
-«
o .
300 .
= L]
w
[l .
j§5) *
b=
mp-
w750 |
200 . . ‘ ‘
0 100 200 300
TEMPERATURE, K
Fig. 3.4. GaAs Debye temperature vs. lattice temperature {3.1, 3.16].
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o L | . L L Selected values: K
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Fig. 3.7. Differential thermal expansivity «=(1/l5..) (d//dT) as a function of temperature T for
GaAs.a — T>30K [3.19], b — T<30 K [1.24]. Note, that below 8 K the values are multiplied

by the factor 10.

Empirical formula valid in the range 200<7<1000 X [3.15]:
o=(4.24+5.82-10-3 7—2.82-107%72) - 10~% « is in K~! and 7T is in K.

Selected values:

o=4.4 - 10-1° K~ at 4.2 X [1.24],

1.0 - 10~ K-t at 78 K [3.19],

5.6 -10-%* K-t at 298 K [3.20].

Fig. 3.8. Avcraged Griineisen parameter
for GaAs as a function of the lattice tem-
perature. Solid curve: theoretical calcula-
tions. Points: obtained from experimental
linear expansion coefficient and heat capa-
city [3.10].
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3.2. GaAs band properties
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Fig. 3.9. Band structure of GaAs with spin-orbit interaction included. @ — General view [1.28].
b - Enlarged portion with main interband optical transitions near T point (E,, Ey+ A, EY), along
A direction (Ey, E;+ A,) and near X point (£,) shown by vertical lines. The forbidden energy gap
E, is equal to Ey [3.21].

GaAs does not possess inversion symmetry, as a result the bands in the general point of the
Brillouin zone are not degenerate. The exceptions are [100] axes, L and I" points.
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TABLE 3.4 Critical points associated with band-band transitions in GaAs
which are important in optical measurements (see also Fig. 3.9)

Critical

Corresponding band-band
transition with spin-orbit

point ' interaction k-space location (units of 2r/a)
included neglected
E,=E, Tg—>T. Arises from transitions at fundamen-
Ey+ 4, I'—T. 01 tal absorbtion edge, dominated by
small region around (0,0,0); the tran-
sition is weak
E} g1y, Arises from transitions to the second
Ej+ A} Ay, —>Ag, I';s—I{s  conduction band near (0, 0, 0) and
Te,—>Tse along A direction near (0.1, 0, 0)
E, Ay Ag)i—>Age A3—AS Originates from transitions to the first
E +A,  Ap—Ag conduction band along A direction
near L
E, Xop—>Xec Arises from a well defined interband
Xeo—>Xge plateau region near the point (0.75,
Ey+Ay, Xgp—>Xe 2> X§ 0.25, 0.25); the transitions in this re-
Xop—>Xo, gion dominate the spectra because of

the large phase space and strong ma-
trix elements

Additional energies
spin-orbit interaction.

Ay, Ag etc. are associated with splitting caused by
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TABLE 3.5 Energetic distances between experimentally important critical
points in the energy band of GaAs at room temperature and respective hyd-
rostatic pressure coefficients. For transition and critical point nomenclature
sec Fig. 3.9 and Table 3.4

Energy separation and

pressure coefficient ‘ Value , Comment } Reference

Eg=Ey=E{s)— E[y), eV 1.429  Direct forbidden energy [3.21]

gap
Ery=E(As) ~E(ls), eV 0.46 [3.22]
Erp=E (L)~ E ), eV 0.3 [3.22]
Ey.=E(As) — E(Lg), €V 0.17 [3.23]
Ay=E([s,)—E[Ty,), €V 0.34 Spin-orbit splitting in [3.24]
the valence band
E, eV 2.91 [3.21]
E,, eV 4.96 [3.21]
A,, eV 0.22 [3.21]
dE,/dp, eV/GPa 0.108  Gap increases with pres- [3.25,
sure 3.26]
dEy/dp, eV/GPa —0.0135 X valley relative to the [3.25,
) valence band edge 3.27]
dEry/dp, eV/GPa —-0.12 Due to I" and X valley [3.25,
crossover GaAs becomes 3.27]
an indirect gap semicon-
ductor at hydrostatic
pressure r=424+03
GPa (cf. Fig. 3.46) {3.25]
dE, /dp, eV/GPa 0.062 L valley relative to the [3.28]
valence band edge
dEr /dp, eV/GPa —0.045 [3.28]
dE,/dp, eV/GPa 0.072 [3.29]
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TABLE 3.6 GaAs conduction band principal valley parameters

Parameter T valley t L valley } X valley Reference
Valley location in the T, the lo- Lg, in {111} A, in<100)>
Brillouin zone west valley in direction on direction ab-
the center of the zone bo- out10%, away
the zone undary from the zone
boundary
Number of valleys 1 4 6 [3.15]
Valley separation rela-
tive to I' valley, eV 0 0.3 0.46 [3.22]
Electron masses*:
scalar m,/my
at 290 K 0.0636 {3.30]
at 146 K 0.0665 [3.31]
longitudinal m,/m, 1.9 1.9%* [3.15]
transverse  m,[my 0.075 0.19%* [3.15]
density-of-states
myfntg 0.0636 0.22 0.41
Nonparabolicity para-
meter «, eV~! 0.69 {3.32]
Uniaxial deformation
potential Z,, eV 14.5 6.5 [3.28]
g.-factor —0.44 [3.33]

* — In A3SB? semiconductors the polaronic corrections to conduction and
valence band effective masses are small and often are neglected [3.30, 3.34].
** _ Deduced from the transport measurements assuming 3-valley model.
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TABLE 3.7 GaAs valence band parameters

Parameter Value Reference

Light and heavy mass band at T'y,

Luttinger parameters:

Y1 6.85 [3.35]
Ya 2.1 [3.35]
a 2.9 [3.35]
g.,-factor: 2k 2.4 [3.35]
q 0.04 [3.35]
Valence band nonsphericity 3 0.12

Average heavy hole mass for “spherical®

bands my/m, 0.59
Average light hole mass for “spherical®

bands m,[/m, 0.083
Density-of-states mass m,/m, 0.61

Uniaxial deformation potentials at I'g,, eV

D, 2.55 [3.36
D, 3.94 [3.36]
Spin-orbit split-off valence band at I',,
Ay=E[Dg)— ET;,), meV 0.341 [3.24, 3.37]
Mass my,/m, 0.154 {3.38]
gs,-Tactor ~4.9 [3.38]
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Fig. 3.10. Valence band warping
in GaAs. The contours are constant
energy surfaces of heavy (%) and light
(I) mass bands in (100) and (110)
planes. The band nonparabolicity is
not included (cf. Fig. 2).

Fig. 3.11. Energies of eleciron in the conduc-
tion band (c¢) and of hole in heavy (%), light
(5) and split-off (s) valence bands of GaAs
in [100] and [111] crystallographic direc-
tions as functions of squared wave vector.
The dashed lines show the parabolic bands

{3.15}.
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The wave vector range covered here is
equivalent to about one tenth of the Brillouin

zone radins

GaAs valence band splitting under umiaxial compressive stress is similar to
that of Ge (see Table 1.8). For GaAs the valence band uniaxial deformation poten-

~— {111}
SQUARED WAVE VECTOR, cm?

tial and elastic constant values can be found in Tables 3.1 and 3.7.
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Fig. 3.12. Temperature dependence of the energy gap E,=E; and interband critical point ener-
gies of GaAs. The corresponding vertical transitions are shown in Fig. 3.9, b. The solid lines
represent the best fits with empirical formulas and parameter values listed in Table 3.8 [3.21].
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TABLE 3.8 Values of the parameters «,

E(T)=a—-b[1+2/(e®'T—1)], which have been obtained by fitting the critical

b and O in equation

point energies vs. temperature 7' by solid lines in Fig. 3.12

g;iigfal ’ a, eV ; b, eV 0, K
E,=E; (energy gap) 1.57 0.057 240
E,+A, 1.91 0.058 240
E, 3.12 0.091 274
E, 4.56 0.059 323
E, 5.16 0.038 114

156




GaAs band p.

Fig. 3.13. The energy band gap E, and Fermi energy Ey relative to: (#) — the valence band edge
in case of n-GaAs, and (p) — conduction band edge in case of p-GaAs, as a function of impurity
concentraticn at various lattice temperatures. Arrows on the energy scale indicate E, of pure gal-
lium arsenide at 0 and 300 K. The lines serve as a guide to the eye. Triangles — T=4 K [3.39].
Rhombs — T=2K [3.40]. Circles — T=30X [3.41]. Squares — T=1.8 K [3.42]. Crossed circles —

ENERGY, eV
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T=297 K [3.43]. Crosses — T=80 K [3.44].
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3.3. GaAs optical properties
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Fig. 3.14. Dependence of absorption (a) and reflection (b) coefficients of GaAs on photon energy
at 300 K [1.53]. In (b) the influence of sample surface quality (rough, oxidized) is shown; d is the
interface thickness.
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Fig. 3.15. Optical absorpiion near the band gap edge of GaAs. a — Optical low-intensity
absorption. Dashed line: corrected for impurity absorption. » — The enlarged portion of
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the edge at the excitonic peak [3.45].
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Fig. 3.20. Lattice absorption coefficient of high resistivity GaAs at different temperatures. a —
In the reststrahlen region. Solid line is theoretical calculation, while dashed curve and points are
results of transmission measurements [3.15). 4, ¢, d — In the multiphonon region [3.49]. Note wi-
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Fig. 3.22. Absorption cross section of
n-GaAs defined as «/n, where « is the
absorption coefficient and n is the electron
concentration, vs. photon energy at 7=
300 K. Dots are experimental results,
while lines are theoretical calculations due
to free electron absorption when acoustic
phonon, optical phonon and impurity
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Fig. 3.23. Free hole absorption cross section
in p-GaAs defined as «/p, where « is the ab-
sorption coefficient and p is the hole con-
centration, vs. photen energy. The arrow
indicates the onset of transitions to split-off
valence band. Dotted and dashed lines:
experiments with p<10*® cm~*® and p=6.8 *
10V cm=—? [3.52, 3.53]. Solid line: theory
[3.54].
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TABLE 3.9 Luminescence and related properties of some quasiparticles in
GaAs
Property Value Comment i{e(:lfce‘;
Free exciton, X
Luminescence ener-
gy:
ground state 1515.3 meV [3.55]
1st excited state 1518.5 meV 1.2-2.1 K [3.55]
Binding energy 42 +0.3meV [3.55]
Lifetime 3.3—-10 ns 1.7—- 10K, 2-10% cm~3 [3.56]
Exciton bound to shallow donor, [DX]
Average luminescen-
ce energy 1514.1 meV 2 K [3.57]
Dissociation energy:
[DX]->D +e+h 53 meV 1.8 K [3.58]
[DX]—>[D*X]+e 5.1 meV [3.58]
[DX]-D+X 1.2 meV [3.58]
Lifetime 1.07—0.7 ns 1.6 K {3.59]
Exciton bound to acceptor, [4X]
Average luminescen-
ce energy of [ZnX],
[CX], [GeX]:
ground state 1512.25—1512.73 meV [3.57]
2s-excited state
[ZnX](25)  1490.49—1490.67 meV {3.57]
[CX](2s)  1493.85—1494.00 meV [3.57]
Ground state of
[SnX] 1507.4 meV 4.2 X, deep acceptor [3.60]
Dissociation energy:
[AX)-»A4+e+hn T meV {3.58]
[AX]->{4*X]+e 7 meV [3.58]
[AX] > A+X 2.9 meV [3.58]
Lifetime 1.2-—1.6 ns 1.6 K [3.59]
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TABLE 3.9 (Continued)

WAVELENGTH, nm

Property Value Comment Refe-
rence
Free electron-acceptor tramsitions, e-A4
Luminescence energy:
e-Sn 1349.0 meV 5K [3.61]
e-Mn 1405 meV 2K [3.62]
e-Ge 1479.0 meV 5K [3.61]
e-Cd 1484.8 meV 5K [3.61]
e-Si 1485.0 meV 5K [3.61]
e-Zn 1488.8 meV 5K [3.61]
e-Mg 1491.1 meV 5K [3.61]
e-Be 1491.5 meV 5K [3.61]
e-C 1493.5 meV 5K [3.61]
Doner-acceptor transitions, D-A
Luminescence energy:
D-Ge 1472.2 meV <4 K, ~10¥ ecm~3  [3.63]
D-Si 1479.5 meV <4 K, ~10% cm™%  [3.63]
D-Si 1489 meV <4 K, 1.2-10Y cm~3 [3.63]
D-Znu 1484.0 meV €4 K, ~10% cm~3  [3.63]
D-C 1487.5 meV <4 K, ~10¥ ¢cm~3 [3.63]
D-C 1497 meV <4 K, 1.2-10Y cm™3® [3.63]
D-Sn 1349  meV deep acceptor [3.60]
qu’:", meV
. 0 1P . 20 1{0 l.‘0
!é n-GaAs <Si>
] - {SiX -2 K
= 151i2eV
w cXl Si-C Fig. 3.24. Typical photoluminescen-~
2 15126 eV 1.4908 eV ce spectra of GaAs measured at 2K,
bl i | i n (300 K)=1.2-10% cm~3, The follo-
a1 £ i | wing luminescence lines in order of
£ 15157ev Hd X1 i increasing energies are shown:
2 } f12eV X — free exciton, [SiX] — exciton
pd \\,\ 15052 Ry bound to neutral dono silicon,
= A e [CX} — exciton bound to neutral
a- : L - acceptor carbon, [dX] — exciton bo-
815 820 823 870 835 840 und to defect, Si—C — silicon-car-

bon pair recombination [3.64].
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Relative change of the refractive index with the hydrostatic pressure p at 300 K
[1.17:

(I/n)({dn/dp)=—5-10"2 1/GPa  at hAv=0.7 eV, n=3.36;

(1/my(dn/dp)= —5.7-10"% 1/GPa at hv=1 eV, n=3.42;

(1/n)(dn/dp)=—8.3-10"3 1/GPa at hv=1.3 eV, n=3.54,

Temperature dependence of the refractive index in the wavelength range from
1 to 12 pm at room temperature [1.18]:

(1/n)(dn/dT)=6-10"5% K~

TABLE 3.10 Elastooptic coefficients (dimensionless) p,; and refractive index
n of GaAs at wavelength A=1.15 pm [3.65]

Parameter Value

i
Pn —0.165
P12 —0.140
Pu —-0.072
n 3.37

TABLE 3.11 Electrooptic (Pockels) coefficient r;, and refractive index of GaAs
at some electromaguetic radiation wavelengths [3.66, 3.67]

Radiation wa- ; A Refractive
velength, pm | m/v index

0.9 1.10-10-12 3.6

1.15 1.43-10712 343

3.39 1.24-10712 3.3

10.6 1.51-10~12 33
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for light polarized parallel and
i perpendicular to the uniaxial
0 || stress X applied in [111] and {100]
e . : eeteeieid directions. r is the refractive in-
¢ 04 03 1.2 dex and m,, are the piezooptic

ENERGY eV coefficients. 7=300 K [1.66]

Nonlinear susceptibilities of GaAs. Second-order nonlinear susceptibility:

dy =(1.34+£0.4)- 1071 m/V at 10.6 um [3.68],

dyy=5-10"1 m/V at 500-175 um [3.69].

Valence electron contribution to the third-order nomlinear susceptibility
¢(wy—20, 0y, 0, —0,) of GaAs measured by mixing A;=10.6 yum and 2,=9.5 pm
radiation [1.67]:

Cpyp = 1.7-1071° m?/V2 109 accuracy,

Cy122/C1111=0.25 £ C.01.

For free electron contribution see Fig. 3.26.
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Fig. 3.26. Free electron contribution to third-order nonlinear susceptibilities. @ — Absolute val-
ues of third-order noalinear susceptibility ¢,4,; (3w, ©, ©, o) measured by frequency tripling of
0.5 mm radiation, vs. free electron concentration, for n-GaAs at room temperature. The anisotro-
py of susceptibility is o=(1+3¢yeafc1111)/2=1.11+0.02. The solid curve is theoretical prediction
for the nonparabolicity contribution [1.68]. b — Variation of nonlinear third-order susceptibi-

1
lity ¢ (w3—20,, ©,, ©, —ﬁ)g)="§- | 14 6¢y10gfC1a31 | * | cann | with carrier concentration in

n-GaAs at room temperature obtained by measuring the difference frequency wg =20, —,, where
4, 0, and o, correspond to wavelengths 10.6, 9.5 and 11.8 pm, respectively. The straight line is the
fit which minimizes the fractional mean deviation from each point [1.67].
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3.4. GaAs electrical properties
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Fig. 3.27. Reciprocal of the Hall coeffi-
1 clent times the elementary charge, 1/eRy,
measured at 0.5 T for n-GaAs samples
whose parameters are given, in Table
3.12. At low temperatures 1/eRy decre-
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TABLE 3.12 Donor concentration Np, acceptor concentration N, and apparent
impurity activation energy E; at B=0.5 T of samples in Figs. 3.27 and 3.28

Sample | Np, cm™3 N, cm™3 Ep, meV
|
a 4.8-101 2.1-1018 5.52
b 2.0- 101 4.1-101 5.09
¢ 1.1.10 3.3-10% 3.88
d 2.1-1015 6.0- 1014 3.29
e 4.7.1015 1.6-10% 1.89
LA Y S AR B EE R
n-Ga As ed
1 B=035 T °q LT LR o e s e e S S A
000200000000, R o i~
10’7:— °o, . o A 3 Ga As electrons
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Fig. 3.29, High temperature reciprocal of
the Hall coefficient times the elementary
charge, 1/eRy, as a function of temperature
for n-GaAs. Sample parameters are shown
in Table 3.13 [3.71].

Fig. 3.30. High temperature electron Hall mo-
bility in n-GaAs vs. temperature. Sample para-
meters are shown in Table 3.13 [3.71].

TABLE 3.13 Flectron s, total donor N, and acceptor N, concentrations of
samples in Figs. 3.29 and 3.30

Sample n(300 K), cm™3 Np+ N, cm™3 N,/N,
i

1 1.2+ 107 2.0-10% 0.25

2 9.7-10% 1.6+ 1016 0.23

3 1.9-1018 4.2.1018 0.38
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Fig. 3.37. The concentration depen-
dence of the hole Hall mobility in
p-GaAs at 300 K [3.77].
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Fig. 3.38. Electron drift velocity in <100) and {111} directions vs. electric field in GaAs at 300
K [3.78]. The lines are meant as a quide for the eye.

Empirical formula for the electron drift velocity vs. electrical field in GaAs is v=pFE if
E < Ey, 'v=p.E/V 1+ (E—E,)?E? if E> E,. E is the electric field, p is the low field mobility, £,
and E, are critical fields. For high-purity GaAs typical parameters: ¢==7500 cm?/(V -s),
E,=1.07 kV/cm and FE,=2.8 kV/cm [3.79].
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Fig. 3.39. Electron drift velocity vs. electric field in GaAs at different lattice temperatures in the
region of negative differential mobility [3.80].

175



GaAs electrical p.

108 T T T 7T T
. % ]
Ga As holes // //
. f»// BHES // S s
v
07 =
© - -
50 .
&
)
c L |
LZ,‘\OS [~ ]
& L ]
e
10 ! ol ) : I o]
G.1 10 10 100
ELECTRIC FIELD, kV/cem
ELECTRIC FIELD, V/cm
s 6 5 4 3 25 2x10°
10 % T T T T
&"*«% Gahis <100> ]
i ‘v?:%w’;éi 300 K ]
3 10 |- =
e F 3
© C I
W 4
e
o B 4
(o3
2
'y E
=4 t- o-electrons “
- f3-hotes -
AN ! ! 1 : ! 1 L
055 2 25 3 35 4 15 S0t

1/ELECTRIC FIELD, em/V

Fig. 3.40. Hole drift velocity vs.
electric field in GaAs at different
lattice temperatures in <111> direc-
tion. The dashed line describes
Ohm’s law [3.81].

Fig. 3.41. Band-band impact
ionization rates for electrons o
and holes B in GaAs as a func-
tion of inverse electric field at 300
K [3.82].
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Fig. 3.43. Warm electron energy relaxa-
tion time in »-GaAs vs. lattice tempera- 01 L ; ‘ |
ture. Free electron concentration: tri- 50 100 150 200 250 300
angles — n==5 - 10'* cm~3, crosses — TEMPERATURE. K
n==1.9 - 10'® cm—3%, Curve: theory [3.83]. R RS,
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Fig. 3.44. Hot electron energy re-
laxation time in pure GaAs as a
function of normalized electric field 0 ! L : L
at 300 K, E.x3.5 kV/em. Dots: 0 02 2 0.6 6.8 10 12
experiment. Curve:  theory [3.84]. NORMALIZED ELECTRIC FIELD £/E,
Intervalley scattering times. Hot eleciron scattering times from T valley to L and X
valleys in GaAs are [3.85]:
1 =0.54 £ 0.12 ps for 0.48 ¢V and 7y =0.18 + 0.04 ps for 0.58 eV clectrons.

177



GaAs electrical p.

TABLE 3.14 Parameters for high electric field transport calculation in n-GaAs

[3.32]
Value
Parameter ;
Laitice I' valley | L valley | X valley
! |
Density, g/cm? 5.32
Intravalley properties
Number of valleys 1 4 3
Effective mass m,/m, 0.063 0.23 0.43
WNonparabelicity parameter, eV ~1 0.69 0.65 0.36
Valley separation, eV 0 0.33 0.52
Acoustic scattering parameters
Sound velocity, cni/s 35.24. 143
Deformation potential, eV 8
Optical scattering parameters
Static dielectric permittivity efe, 12.8
High frequency dielectric per-
MILLVity e./g 10.9
Polar optical phonen energy, meV 35 34.3 34.3

Intervalley properties

Transition Coupling constant
'—L* 1.6-10° eV/em
r—x 1.0-10% eV/em
LI LO- 0% eViem
I—X 0.9.10Y eV/em
XX (L9 10° ¢V/em

Phonon energy

26 meVY
26 meV
26 meV
26 meVY
26 mcV

* —There is no universal acceptance of the value for I'—L coupling constant.
Different experiments and their interpretations yieid (0.15--1)- 10Y ¢V /cm [3.86].
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3.5. GaAs piezoelectric, thermoelectric and magnstic properties

Piczoelectric coefficients of GaAs at room temperature are [3.87]:
[ €14 1=0.16 C/m? | dy, |=2.7 - 1072 m[V, | gy: |=2.4 - 1072 m?/C,
[ Byy |=1.4510° V/m, accuracy is =+10 9.

TABLE 3.15 Piezoresistance coefficients of GaAs in 1/GPa. For physical in-
terpretation refer Table 5

|

\’ | 1
Experimental ! | WMT‘P+ T4g Ttu+ﬁﬂv+2w4!_ L 25T :R€k~
conditions I T ‘ i 3 ; T+ 270 | rence
|
[ U - S ‘ S e - ! — _ S— ‘ S —
n-type
n=810% c¢m~3
300 K —0.022 —-0.042 —0.008 [3.68]
p-type
<101 cm 3
"95 K 0.03 0.38—~0.45
60 K 0.13 0.6-0.74 [3.89]
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Fig. 3.45. Normalized resistivity, g/p, vs.  Fig. 3.46. Pressure dependence of direct Ep (Tg.—

hydrostatic pressure for -GaAs at room  I'g) and indirect Eyx(X;.—Tg) gap. Full circles:

temperature [3.90]. n-type sample. Open circles: p-type sample. Data
were obtained from the luminescence band ma-
xima at 345 K [3.91]
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Fig. 3.47. Seebeck coefficient vs. tempera-
ture for #n-GaAs having different excess
donor concentrations: I — Np=3.7-10%
cm~3 2 —24-10"% cm~3, 3 — 7.0-10%
cm~3, 4 — 1810 ¢cm~3 5 — 3-10%®
cm~3, 6 — 9.1 10 cm—? [3.92].

Fig. 3.48. Seebeck coefficient vs. tempera-
ture for p-Gahs having various excess accep-
tor concentrations: I — N,=3 - 10 cm~?3

2 —7.5-108% ecm~%, 3 — 2.7 10" cm™?3,
4 —~ 51107 cm~3%, 5 — 8.3-10"® cm™%
6 — 2.1-10° ¢m~®, 7 -- 3.3-10" cm™?,
& — 6.2-10"° ecm—3, 9 — 1.34 - 10*° cm~?
{3.92].

Magnetic susceptibility. GaAs lattice contribution to the magnetic susceptibility
Y at Toom temperature and respective temperature coefficient [1.89]:

o =(—15.4 +0.25)- 1075,
dm/d T=(0.42 +0.02)- 1079 K1,

1
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Fig. 3.49. Hall factor vs.
impurity concentration in
n-GaAs at room (circles,
crosses) and liquid nitrogen
(triangles) temperatures.
Solid lines: theory. Ratio
of donor to acceptor con-
centrations: triangles,
circles —~ Np/N,4=0.5—-0.8
[3.93], crosses — Np/N 4=
0.7 [3.94].

In p-GaAs the Hall factor is in the range 1.
10*® em~—? and the lattice temperature T=78

Fig. 3.50. Hall factor vs. magne-
tic field induction in pure n-GaAs
at 300 K. Triangles: Np=4.8-10!°

cm~3,  Np+ N4=7-10'°

[3.70]. Circles: Np— N4 4=6.1-10%
cm~3, Np+N,4=2.6.10"* cm~3

Solid line: theory [3.95].
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3.6. GaAs impurity properties

TABLE 3.16 Donor and acceptor ionization energies associated with various
impurities in GaAs. Donor ionization energy is referenced relative to the con-
duction band edge £, while acceptor ionization energy is referenced relative
to the valence band edge E,

Tmipy- i Dounor or| Tonization | Refe-
rity I acceptor 1 energy, meV; rence
Au A E,+90 13.96]
Ag Aca E,+238 [3.97]
Ee Aga E, 28 [3.61]
C Dga E.—5.91 [3.98]
C Ay E,+26 13.96]
Cd AGa E. 4347 [2.61]
Co A E, + 160 [3.100]
Cr Aga E,+790 [3.100]
Cu A E, +150 [3.101]
Cu A E,+470 [3.102]
Fe Aga E,+520 [3.100]
Ge DGa E.—5.88 [3.98]
ic Aas E,+40.4 [3.99]
Mg Aca E, +287 [3.103]
Mn Aga E 4+ 113 [3.104,
3.105]
Ni A E,+220 [3.100]
O Dy, E, —1750 [3.106]
S Das E.—5.87 [3.98]
Se Pas E.-579 [3.98]
Si Dga E.—5.84 13.98]
5i Aas E, 4345 13.99]
Sn Dea E.—582 [3.107]
Sn Aag E, +167 [3.60]
Ti D E,— 1000 [3.108]
Ti A E,+ 1250 [3.108]
Zn Aga E,+30.7 [3.99]

Dga, Aga— Ga-site donor or acceptor,
Das, Aas— As-site donor or acceptor.
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Fig. 3.52. Energy level scheme
of shallow donors and acceptors
in GaAs within effective mass
approximation. lonization ener-
gy Ep is different for different
chemical species (see Table 3.17
and 3.18).

TABLE 3.17 Binding energics of the energy leveis of shallow donors (silicon,

ENERGY, meV

DON

[
e
w

ENERGY, meV

germanium, selenium, suiphur) in GaAs [3.109, 3.110]

L)

(8]

Volence band

Jriliil// /1174

B 1'53/20

13722

2,11

P51
253/2

5
LP::/Z

153/2

ACCEPTORS

Level energy, meV

T
I
Level !
|

| Svdrogen
Siga E Gega 1 Sas | Egilgfg@mc
s state ioniza-
tion energy E; 5.76 5.95 5.83 6.1 5.79
28, p 1.4 1.31 1.37 1.45 1.45
s, p, d 0.64
4s, p, d, f 0.36
5, p,d, f, g 0.23

Electron capture cross section by shallow single-charged donors in GaAs at the
lattice temperature T=10 X is cx(2—4) -

107 ¢m? [3.111].
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theory — [3.112]

TABLY 3.18 Binding energies of the energy levels of shallow acceptors (car-
bon, zinc, zilicon, germanium) in GaAs. Experiment — [3.99]. Effective mass

, Level energy, meV
c

ACCEPTOR CONCENTRATION, ¢’

Level ; T ; ;
As ’ ch,a f SIAS 1 GCAS ‘ Tneory
1850, ionization
energy F 26 30.7 345 40.4 26
2Py 10.8 11.5 11.0 14.3 11.3
28,0 7.6 9.0 9.4 12.1 7.6
2P;, (T 6.6 7.6 7.2 10.3 7.2
2P;1, (Ty) 4.7 5.5 4.9 8.8 5.3
35’3/2,I 3.6 4.5 3.7 6.4 3.9
4S3/2(1 2‘4
T T T
=6
Y n-Cahs
>5 - °
(=]
]
Z4r
5
=3 )
]
B2 1 1
ol
24 - 4 Fig. 3.53. Dependence of shallow donor
2 thermal ionization energy E; on electri-
¢ I ERE LS N W BT 1 cally active donor concentration Ny in GaAs
R 1ot 165 1% 167 atB=0.5 T [3.70]. Solid line is an empirical
formula E; =6-—-2.2-10-5 NEVS, E; is in
ANOD PO -3 I . D s I
DONCR CONCENTRATION, cm meV and N is in cm- 5.
i) T3 "T“,“TfT T T T3 T 7T
> 30 i
[Sa]
ac
Ly pu|
=
L
ViR 8
< i
=
;D:?O - Fig. 3.54. Dependeace of shallow
= acceptor thermal ionization energy Ey
8 - on electrically active acceptor (zinc)
o concentration N3 in GaAs. Full cir-
D N cles — [3.72], open circles — [3.113].
10™ 10" 10 167 10" 10®  Solid line is an empirical formula

E;=30.8~2.34-10-5 NfV3 E;is in
meV and NJ is in ecm—3,

184




GaAs

impurity p.

168 -

B/
CEU '///,/EL
)

7

EL

/

/

1

2

Fig. 3.55. Catalogue of inverse electron thermal emission rates multiplied by 72 vs. reciprocal
temperature, 1 /7, for different electron traps in relatively pure vapour-phase epitaxial (VPE), mo-
lecular beam epitaxial (MBE) and bulk-grown {iaAs measured with deep level transient spectio-
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1000/ TEMPERATURE, K

scopy (DLTS). For detaiis see Tzble 3.19 [3.114].

TABLE 3.19 Tonization energy £; and thermal capture cross section o, of

electron traps calculated from Fig. 3.55

Tonization
| energy, meV
|

Tempera-
ture, K

Capture cross

zection, cm?

Trap

level

ELI 780
EL2 825
L3 575
EL4 510
ELS 420
EL6 350
EL7 300
ELSB 275
Ei¢ 225
EL10 170
EL1L 170
EL12 780
EL14 215
EL16 370

320—380
300—370
213—255
193—222
167—193
136—167
142—167
125—150
110—125
93—100
88—97
276—310
110—130
240—285

1.0-10-1
(0.8—1.7). 10~
(0.8—1.7)- 10~
1.0-10-12
(0.5—2.0)- 10-13
1.5.10-18
7.2-10-15
7.7-10-1
6.8-10-15
1.8-10-15
3.0- 1071
4.9.10-12
5.2.10716
4.0-10718

i
!

i Material
|

Cr-doped bulk crystal
VPE

VPE

as-grown MBE
VPE

bulk crystal
as-grown MBE
VPE

VPE

as-grown MBE
VPE

VPE

bulk crystal
VPE
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r2
iy

2 -1

TABLE
hole traps calcuiated from Fig. 3.56. VPE —
quid phase epitaxy; MBE — molecular beam cpitaxy

1000/ TEMPERATURE, K7

- Fig. 3.56. Latdlogm of inverse hole

thermal emission rates multipiicd by
¥ vs, reciprocal temperature for
different hole traps in VPE, MBE,
liquid-phasc epitaxial (LPE) and bulk-
grown GaAs measured with DLTS.
For details scc Table 3.20 [3.115].

3.20 Jonijzation energy /-, and thermal capture cross scetion o, of
2y !

vapour phace epitaxy; Li E ~ li-

[

|

:l‘rap Ionization 5 Tempera- | Capture cross 1 Material S;ierg;:
level ] energy, meV | ture, K ; section, cm? | gin
HL1 540 360417 371074 Cr-doped VPE Cr
HL2 730 2886—417 1.9 U as-grown LPE

HL3 590 240—263 3.¢-1071° . Fediffused VPE Fe
HI4 420 174--275 3.0-107% Cu-diftused VFE Cu
HLS5 410 162—182 9.0.10°1¢ as-grown LPE

HL6 320 150—174 5.6-1071 VPE with p-laver

HL7 350 126—148 6.4.10-%° as-grown MBE

HL8 520 236—283 3.5-1p7 as-grown MEE

HL9 690 256—300 1.1-107% as-grown VPE

HL10 830 300-—349 1.7.10°18 as-grown VFE

HL11 350 155—182 1.4.-107 melt grown

HL12 270 115—134 1.3.107% Zn-contaminated LPE
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Fig. 3.57. Dependence of the impact ionization coefficient 4; of shallow donors in #-GaAs on the
electric field strength E. Dots: experimental data at 10 K. Solid line: empirical formula A4,=1.5 "
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4. Physical data for indium phosphide

4.1. InP lattice properties

. InP consists of the following isotopes (as a result the translational symmet-

ry of InP lattice is not exact) .
W3 In ... 4.3 9,
LS P 95.7 %,
NP 100 9,
. Average atomic weight: 145.8 [3.1]

. InP has cubic sphalerite (zincblende) lattice. Space group is F43m (T3.
Latiice symmetry formula is 3L24L6P, which means that there are 3
symmetry axes of the second-order, 4 symmetry axes of the third-order, and

6 symmetry planes. The inversion symmetry is absent, and by this reason

the direclions {Tﬁ'l and [111] arc not equivalent

. Lattice constant: ¢==0.586 945 nm at 300 K [4.1]
. Density: 4.81 gfcm? [3.1]

. Number of In or P atoms in | ¢m3 is 1.98 - 1022

. Melting temperature for stoichiometric InP at 2.78 MPais 1335 K [4.2]
. Transition to metallic phase occurs at the pressure 10.65 GPa [4.3]
. InP cleaves most readily on {110} family planes [1.7]
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TABLE 4.1 Elastic parameters of InP at the lattice temperature 296 K [4.4]

Parameter Value

Flastic constants:

¢, GPa 101.1
¢y2, GPa 56.1
¢y, GPa 45.6
Sound velocity in the direction [100]:
Jongitudinal o,, cm/s 4.6-10°
fransverse vy, COY/s 3.09-10°

Sound velocity in the direction [111]:

longitudinal o, cm/s 5.25.10°

transverse  vg, Cm/s 251105
Elastic anisotropy factor a 0.493
Poisson ratio v 0.357

Young's modulus F, GPa:

direction [100] 61

direction [110] 93

dirvection [111] 112.7
Bulk modulus By, GPa 7
By=d By/d p 4.59

TABLE 4.2 InP phonon energies in meV for high symmetry points I' [4.5],
X and L [4.6] in the Brillouin zone at 300 K

! Phonon energy, meV
Phonon branch, - R i

‘\ r X L
LO 42.82 41.14+0.4 422112
To 37.6 46.1 £ 0.8 38.31£0.6
LA 0 24 +1.2 _ 20.7+0.4
TA 0 8.5+04 6.8 £ 0.08
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Optical phonon lifetime. At the symmetry point I' the half-widths of Raman lines
for LO aund 70 phonons at 300 K are 1.9 em™! and 3.3 cm~% These half-widths
yield phonon lifetimes 2.8 ps and 1.6 ps, respectively [4.5].

Raman activity. InP has two first-order Raman-active phonons, LO (I') and TO (1),
which are located at the Brillouin zone ceater and have energies [3.971:

LO(@Y E=42.77 meV at 300 K,
43.33 meV at 4 K,

TO{I) E=37.65 meV at 300 K,
38.21 meV at 4K,

TABLE 4.3 Griineisen parameters for different phonen branches in InP at X,
K, I" and L critical points. T=300 K [3, 4.7]

. Griineisen parameter

Phonon x L 3 B o
p i |
branch ! ¥ % ‘ r !

LO 1.
TO 1.42 - |
TA - 2.08 !
TA, -{.3
TA, 2.1

b
[

-

39
I

o

—

4N
L
Sy
<o O
o O

Lattice dielectric permittivity.
Relative static [3.11]:
gfzy=12.5 at 300 K,
122 at 77 K.
Refative high frequency [4.5]:
£,/e=9.52 at 300 K.
Dependence of the high frequency dielectric permittivity on (emperatore [1.18]:
(1e)(de,JdTy=1.1-10"* K- at 300 K.
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Fig. 4.1. Phonon dispersion curves for InP in the main symmetry directions. The solid siraight li-
nes show the slopes for sound velocity in various direetions. For [qq0] dircction the data extend
beyond the Brillouin zone boundary shown by a vertical dashed line. The path from K to R is
equivalent to the path from U o X on the Brillouin zone boundary (see Fig. 1). For 4;, 4y and O

branches the polarization is elliptical. Other modes are either strictly longitudinal (L) or transverse
(1) [4.6].
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Fig. 4.2. Piezoelectric contribution to ultrasound attenuation of <111> longitudinal acoustic
waves in chromium doped z-InP at 30, 90 and 150 MHz as a function of temperatare [4.8].
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Fig. 4.4. InP Debye temperature vs. lattice temperature [3.1].
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of InP crystal with electron con~-
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function of temperature {4.9]. The
dashed line is from [4.1C].
Selected values:
£=19 W/(em-XK) at 30 K,
5.2W/(em - K) at 774 K,
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Fig. 4.6. Thermal expansivity
(7 — L)l as a function
of temperature for InP [4.11]
l,oa.e is a length at I'=273.2 K.
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Fig. 4.8. Averaged Griineisen parameter for InP as a function of lattice temperature [4.11].
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4.2, InP band properties

{111 (1001

(= N -}

ENERGY, eV

L AT 4 X UKk £
WAVE VECTOR

WaVE VECTOR

Fig. 4.9. Band structure of InP with spin-orbit interaction included. @ — General view [1.28].
b — Enlarged portion with main interband optical transitions near I point (Ey, Ey-+A,, E§, E§+ Af),
along A direction (Ey, Ey+ Ay and near X poiut (E,) are shown by vertical lines. The forbidden

energy gap E, is equal to E; [4.12].
1nP does not possess inversion symmetry, as a result the bands in the general point of the Bril-

louin zone are not degenerate. The exceptions are (100> axes, L and I" points.

Critical points associated with band-band transitions in InP which are important
in oprical measurcments coincide with those for GaAs (sce Table 3.4).
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In P band p.

TABLE 4.4 Energetic distances between experimentally important critical
points in the energy band of InP at room femperature and respective hydro-
static pressure coefficients. For transition and critical point nomenclature see
Fig. 4.9, and Table 3.4

!
Energy separation and

|
pressure coefficient i Value i Comment ~ Reference
|
E;=E,=EQ¢)— E(g,), eV 1.344 Direct forbidden [4.13]
energy gap
Ery=E(Xe)—E@e), eV  0.96 [4.14]
Erp=E(Le)—E[Ts), ¢V  0.86 [4.15]
Ay=E[g,)—EX), eV  0.108 Spin-orbit splitting [4.16]
in the valence band
at 5K
E, eV 3.16 [4.12]
E,, eV 5.04 [4.12]
A,, eV ‘ 0.16 [4.12]
dE/dp, ¢V/GPa 0.085 Gap increases with  [4.17]
the pressure
dEy/dp, eV|/GPa -0.017 X valley relative to  [4.3]

the valence band
edge, T=10 K

d Epx/dp, eV]GPa -0.1 InP becomes an in-
direct gap semicon-
ductor at hydrosta-
ticpressure > 12 GPa [4.3]

dE;/dp, eV/GPa 0.025 L valley relative to  [3.90]
the valence band
edge
dFr/dp, eV/GPa —0.07 [3.90]
dEjdp, eV/GPa 0.07 [4.18]
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TABLE 4.5 IaP conduction band principal valley parameters

Parameter

I’ valley ‘ L valley X valley ! Reference

Valley location in I, the lowest L., in (111> A, in (100)
the Brillouin zone valley in the direction on direction clo-

center of the the zone se to X,
zone boundary
Number of valleys 1 4 6
Valley separation
relative to I' valiey,
eV 0 0.5 0.96 [3.90, 4.14]
Electron masses:
scalar m,/m,
at 300 K 0.0781 0.4* 0.56%* [4.19, 3.90]
at 10 K 0.081 [4.20]
density-of-states
myfmyg 0.G781
Nonparabolicity pa-
rameter «, eV™?! 0.83 [3.32]
Uniaxial deforma-
tion potential Z,, eV 9.5 [4.15]
g.-factor 1.31 [4.213

* — Deduced from the dependence of transport coefficients on hydrostatic
pressure and assuming three X valleys.
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TABLE 4.6 InP valence band parameters

Parameter ’ Value 1 Reference
Light and heavy mass band at Iy,
Luttinger parameters:
Y1 5.0 [4.22]
Ya 1.6 [4.22]
Ys 2.1+0.1 [4.22]
gfactor: 2k 1.94 [4.21]
q 0~-0.05 [4.21]
Valence band nousphericity 8 0.1
Average heavy hole mass for ”spherical®
bands m,/m, 0.83
Average light hole mass for “spherical®
bands m,[m, 0.11
Density-or-states mass my/m, 0.86
Uniaxial deformation potentials at 1y, €V
D, 2.7 [4.23]
D;, 4.24 [4.23]
Spin-orbit split-off valence band at I',,
Ag=EIs)— EI'y), meV 0.108 [4.15]
Mass m,/my 0.21 [4.24]
gso-factor —-1.9 [4.24]
inP
(001 1001

)

{

My
h

Fig. 4.10. Valence band warping
in InP. The contours are constant
energy surfaces of heavy (£) and
light (/) mass bands in (100) and
(110) planes. The band nonpara- (100}plane
bolicity is not included (cf. Fig. 2).

-

—
-

(110) ptane
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In P band p.

JoP valence band splitting under uniaxial compressive stress is similar to that of
Ge (zee Table 1.8). For InP the valence band uniaxial deformation potential and
elastic constant values can be found in Tables 4.1 and 4.6.

w2

ENERGY, eV

[

TEMPERATURE, K

Fig. 4.11. Temperature dependence of the energy gap F,=FE, and interband critical point
energies of InP. The corresponding vertical transitions are shown in Fig. 4.9,5. The solid
lines represent the best fits with empirical formulas and parameter values listed in Table 4.7
[4.12]. The dashed lines are the experimental values from [4.25].

TABLE 4.7 Valves of the parameters ¢, & and @ in equation
E(T)=a—b[1+2/(e®T—1)], which have been obtained by fitting the critical
point energies vs. temperature T by solid lines in Fig. 4.11

Critical point a, eV b, eV l@, K
E,=FE, (energy zap) 1.63 0.217 697
Ey+ 3, [.58 0.061 370
E, 3.35 0.068 224
E}, 4.87 0.163 775

Ej+ Ay =5.112—-425-1074T
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Fig. 4.12. Dependence of the energy gap E, and Fermi energy Er relative to the valence
band gap edge on the donor concentration Np for a-InP. Arrows on the energy scale indi-
cate Eg at 2 K and 300 K. The solid line is an empirical formula Eg=1.344--2.25.10-2 Np'3,
Eg is in eV and Np is in cm~? Full circles — [4.26], open circles — [4.13].
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4.3. InP optical properties
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Fig. 4.13. Dependence of absorption () and veflection (b) coefficients of InP on photon
energy. T'=300 K [1.53].
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4)// Fig. 4.15. Refractive index vs. photon
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A ‘ - : . : N experimental data [3.46]. Triangles
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Fig. 4.16. Optical absorption coefficient vs. wavelength of z- aud p-doped InP in the vicini-
ty of the band gap at 296 K. Solid lines: photoluminescence measurements. Points and da-
shed lines drawn through them: ellipsometric measurements. I — #=2.7 - 10'® cm~%, 2 — n=
7.4 -10% ¢m=3, 3 — p=1.1-10"% em~3, 4 — n=1.9 108 cm~3%, 5 — n=7 - 10"® cm~3 [4.28].
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Fig. 4.17. Refiectance of InP lattice in the reststrahlen
region due to LO and 7O phonons at room tempe-
rature. Arrows indicate 7O and LO phonon energies
[4.29].
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Fig. 4.19. Absorption coefficient vs. photon energy
in n-InP at nitrogen temperature and for free eiect-
ron concentration #: I — n =3.5-10% cm=3,2 —~ 1,65 -
10® ¢cm~3, 3 — 5.7 -10"® ¢m—? [4.31]. The dashed
line is extrapolation of free electron absorption.

Lattice absorption of 0.01 cm thickness
InP sample at 300 K [4.30].
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coefficient and 7 is the free eleciron concentration, as a function of photon energy (or wavelength)
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TABLE 4.8 Luminescence and related properties of some quasiparticles in InP

Property Value Comment Reference

Free exciton, X

Ground state lumines-
cence energy 1418.50 £ 0.05 meV [4.32]

1418.67+0.07 meV 1.6 K, (0.28 — 8.6)-
101 cm~3, splitting of
0.17 meV is caused by
exchange interaction

Binding energy 5.1+0.1 meV [4.32]

Exciton bound to shallow donor, [DX]

Luminescence energy:

ground state 1416.93 meV 2K, ~3.10%em™3  [4.33]
st excited state 141718 meV [4.33]
2nd excited state 1417.38 meV [4.33]
Divsociation cnergy:
IDX}->Dyetin 6.7 meV
(DX1-»D4 X 1.6 meV [4.33]
Lifetime 1 ns 2—-4K [4.34]

Exciten bound to ionized donor, [D* X]

fLuminescence energy 1416.13 meV 2K, ~3-10Mem~3  [4.33]
Dissociation energy:
DY X1—>Dr+X 2.37 meV [4.33]

Exciton bound to isoclefronic impurity Bi, [BiX]

Luminescence cuergy  1396.2 meV 1.9 K, (5-500)- [4.35]
10 cm™3
Lifetime 200 ns [4.35]

Exciton bound to acceptor, [AX]

Ground state triplet
luminescence energy of

[AX] 1415.4 meV 1.6 K, unidentified ac- [4.36]
1415.6 meV ceptor of concentra- [4,36]
1415.8 meV tion 3-10%em™ 14 3¢)
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TABLE 4.8 (Continued)

D-Zn

1373.5 meV

[4.44]

Property ! Value Comment Reference

Dissociation energy:
[AX]> A+ X 3.8 meV [4.37]
Mg X] 1415.5 meV 2K [4.38]

1415.2 meV [4.38]
[ZnX] 1414.3 meV [4.39]
Free electron-acceptor transitions, e-4

Luminescence energy:
e-Mg 1383 meV . 2K [4.38]
e-Be 1382.7 meV 11.6—-209 K {4.40]
e-C 1379.7 meV 11.6—-209 K [4.40]
e-Zn 1380 meV 77K [4.41]
e-Cd 1360 meV 77K [4.41]
e-Hg 1330 meV 77K [4.41]

Free hole-donor transition, A-D
Luminescence energy: 1416.27 meV 2K, ~3.104em=2  [4.33]
Donor-acceptor iransitions, D-A

Luminescence energy:
D-4 1378.8 meV 1.7-6.2 K [4.42]
D-Mg 1380.5 meV 42K [4.43]
D-Be 1378.8 meV 1.7-11.6 X [4.40]
D-C 1375.1 meV 1.7-11.6 K [4.40]




InP optical p.

PHOTON ENERGY, meY

1390 1380 1370 1350
T [ T ¥ T H T
T T T T T Lr-A°
n-InP D% n-in®

16 K
_ (4% =
[ 2}
5 2
z l : z
= [ 5!
é 5
Z o
g . 2
z o 3
= il o P 3
N

U TN
! 1 ! 1 |
1415 17 e 830 895 900 905 910 91s
PHOTON ENERGY, meV WAVELENGTH, nm

Fig. 4.22. Typical photoluminescence spectra of InP. a — Spectrum obtained at 1.6 K with a high-
purity epitaxial layer having the residual free electron concentration 3 - 10'3 cm—3 at 77 K [4.36].
The following Tuminescence lines in the order of increasing energies are shown: [4°X] — excitons
bound to neutral acceptors, [D+X] — excitons bound to charged donors, D°—#% — free hole to
neutral donor transition, [D°X] — excitons bound to neutral donors, X — free excitons. [4°X]
and [D%X]consist of triplets. b — Photoluminescence spectra associated with acceptors at two lat-
tice temperatures, 7=1.7 and 20.9 K. e— A° is the free electron to neutral acceptor transition and
D®— A4° corresponds to donor—acceptor transition. n (77 K)=6.3 - 10** cm—? [4.42].

Temperature dependence of the refractive index in the wavelength range from 1 to
9 wm at the room temperature [1.18]:

(m))(dnjd T)=5.5-1075 K1,

TABLE 4.9 Electrooptic (Pockels) coefficient r;, and refractive index of InP
at two electromagnetic radiation wavelengths [4.45]

Radiation wavelength, pm | ryy, m/V Refractive index
1.06 1.45-10-12 3.29

1.35 1.3.10~-1 3.20
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= oK Fig. 4.23. [ flect. M d
. ‘ig. 4.23. Piezooptic effect. easure
~| g “0.05 {100} STRESS values of (g~ = | )/ Xun= —ntr,y and
;= < (g,— sl)/X[ wo= —n* (tp—mye) for InP
R as a function of photon energy, where
g, and ¢, are the relative dielectric per-
o5 - mittivities for light polarized parallel and
T ‘ perpendicular to the uniaxial stress X
0 o8 110 - y applied in [111] and [100] directions. n
: ‘ : ' “*is the refractive index and =;; are the
PHOTON ENERGY, eV piezooptic coefficients. 7=300 K [4.46].

Nonlinear susceptibility of InP. Sccond-order nonlinear susceptibility [4.47}:
dyi=(1.05+0.33)-107°m/V at 10.6 um.
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4.4, InP electrical properties

TEMPERATURE, K
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Fig. 4.24. Reciprocal of the n-InP Hall
coefficient times the elementary charge, v
1/eRy, vs. inverse temperature, 1/7. -
Points are experimental data. Solid cur- T A T

ves are theoretical fittings. Sample pa- 0 0'0, 0108
rameters are listed in Table 4.10. Circles— 1’*‘":«1PERATUH' K;i
[3.74], squares — [4.43]. e YRE

TABLE 4.10 Sample parameters in Figs. 4.24 and 4.25. N, and N, are the
donor and accepior concentrations. py is the electron Hall mobility. Ep is the
activation energy and KX is the compensaticn degree found from theoretical

fittings
R ,M!w e =

Np=N, (77 K), | 1 (77 K), .
Sample -8 4% ) K=N,IN, &%g/(v.s)) Ep. meV
CV 66 3.5-101 2490 degenerate
N 701 1.5-10% 0.15 15 500 3.0
N 258 9.0-10% 0.2 18 000 2.5
N 856 5.5-10 0.13 30000 3.4
A 494 2.0-10% 0.15 45 000 5.3

2.2 0.35

N 843

. 1014

117000

6.3
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Fig. 4.25. Temperature variations
of electron Hall mobility for the
same n-InP samples as in Fig. 4.24.
Solid curves are theoretical fittings.
Sample parameters are listed in

1 10 ¢ Table 4.10. Circles — [3.74], squa-
TEMPERATURE , K res — [4.48].
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Fig. 4.26. Hole Hall coefficient (a) and mobility (b) for a number of Zn-doped p-InP samples as
functions of (inverse) temperature. Hole concentration at 300 K: 1 — p=1.75-108% cm~3, 2 —
1.05 - 10" ¢cm—%, 3 — 3.6 -107 ecm~3, 4 — 1.21 - 10* ¢cm~3%, 5§ — 44 -10*® cm~%, 6 — 7.3 -

101" em~—3? [4.49].
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Fig. 4.27. Intrinsic concentration

[4.50].

Fig. 4.28. Resistivity vs. shallow impurity concentration for InP ai the lattice temperature
300 K. The data were compiled from the following sources: for n-type — [4.33, 4.37, 4.5 —
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4.58], for p-type — {4.49, 4.59—-4.63].

n; vs. reciprocal temperature in InP. Dashed line: m;=
8.4 - 1015 T9%/2 exp (—=7775/T), m;isin cm=3 and 7 is in K. #,=1.2 - 10% cm~? at T=293 K
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Fig. 4.30. Dependence of the hole Hall mobility on hole concentration, p= N4— Np, in p-InP at
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Fig. 4.32. Electron drift velocity vs. electric field in n-InP at different lattice temperatures in the re-
gion of negative differential mobility [4.65]. The dashed line is velocity replotted from Fig. 4.31.
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Fig. 4.33. Calculated hole drift velocity by Monte Carlo simulation as a function of electrical field
strength at room temperature in InP. Experimental data are not presently available, and solid line
is meant as a guide for the eye [4.66].
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ciprocal electric field at room temperature. Points: electric field is parallel to {111 direction. Hat-
ched bands: electric field is parallel to <100> direction [4.67].
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Intervalley scattering time of hot electrons from I' valley to L valley in InP is
p ~0.05 ps for 0.98 eV electrons [4.151.
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TABLE 4.11 Parameters for high electric field transport calculation in n-InP
[3.32]

I Value
Parameter i | -
Lattice ] I' valley | L valley | X valley
| o
Density, g/cm3 4.8
Intravalley properties

Number of valleys 1 4 3
Effective mass m,/m, 0.078 0.26 0.325
Nonparabolicity parameter, eV~1 0.83 0.23 0.338
Valley separation, eV 0 0.54 0.77

Acoustic scattering parameters
Sound velocity, cm/s 5.13-108
Deformation potential, eV 8

Optical scattering parameters

Static diclectric permittivity /gy 12.5

High frequency diclectric
permittivity eo/eg 9.52
Polar optical phonon energy, meV 43 42.3 41.6

intervalley propertics

Transition Coupling constant Phonon energy
I'-L 1.0-10° cV/em 27.8 meV
I'-Xx 1.0 10° eV/em 29.9 meV
L—-L 1.0-10% eV/em 29.0 meV
L-X 0.9 10 cV/em 29.3 meV

X—-X 0.9-10% ¢V/em 29.9 meV
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4.5. InP piezoelectric, thermoelectric and magmetic properties

Pieroelectric coefficient of InP at room temperature [4.691:
|dig]=1.8-10"12 m/V.

TABLE 4.12 Piezoresistance coefTicients of InP in 1/GPa. For physical inter-
pretation refer Table 5

|
Experimental | o st g
. PR MRS ML TTye f .
conditions l Toyg + 2715 Reference
S !
n-type
n=2.5.101% ¢m~3
77 K, 300 K —0.013 —0.082 [4.70]
A S B A
t 1~ nP :
. F 300K ]
= i
el
(%]
[T =
g 0 ]
[N
[l — =
T
L I—‘"“""”"’ﬂ . ‘ ' i : ! Fig. 4.38. Normalized resistivity g/,
8 1 2 3 A 5 [ 7 8 vs, hydrostatic pressuvre for £-InP at room
HYDROSTATIC PRESSURE, GPa temperature [3.90].
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TCMPERATURE, K 3 —3-10"% cm~® [4.62].

Magnetic susceptibility. InP lattice countribution to the magnetic susceptibility
1m at Toom temperature and respactive temperaturce cocfficient [4.71]:

Y= —1.9-1075,
dy,/dT=0.74-10"9 K- 1.
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4.6. InP impurity properties

fmpurity

Be

Bi

C

C

Cd

Co

Cr

Cuy

Cuy

oy (°13)
Fey (°F)
Ge

Hg

Mg
Mn
O

o
P

Se

Si

Sn
Te
Ti
\
Zn

Energy,

E,+41.3
31

£, +41.5
E,+44.6
E,+56
£, +240
£, +940
£, 4260
£, 640

£,--300
E, =650
B = T%

B, 86
E,+40.6
£, +220

E,—780

E 7%
E,—7%
E,—7*
E,--T7%
E,— 630
E,+210
E,+48

meV

TABLE 4.13 Donor (D), acceptor (4) and trap (T') ionization energy associ-
ated with various impurities in InP. Donor (acceptor) energy is referenced
relative to the conduction (valence) band edge

Refe-

rence

[4.75]
[4.79]
[4.73]
14.73]
[4.73]

73]

[4.73]
(3.107]
[4.80]
i

—
.

Dy, Ap, — In-site donor or acceptor,

Dp, Ap — P-site domnor or acceptor.
* — For details see Table 4.14.
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Fig. 4.44. Energy level scheme i P S— 2P; .,
of shallow donors and acceptors 8
in InP within effective mass ap- &
proximation. Ionization energy 4o
Ly is different for different che- '~ 1532
mical species (see Table 4.14 and
), Snecies (e e DONORS ACCEPTORS

TABLE 4.14 Ionization and transition energies from the ground 1ls state to
excited states for shallow doners in InP

|
‘777,

Energy, meV

E; or transition - ] ; Reference
[ Experiment | Hydrogenic model

Is state ionization

energy E; 7.43 7.4 [4.33]

ls—2p 5.6 5.55 [4.81]

ls—>3s, p, d 6.32 6.58 [4.82]

Electron capture cross section by shallow single-charged donors at the lattice tem-
perature T=4.2 K is 6=(1.3~4.7) - 10-1* cm? [4.83].

223



In P impurity p.

TABLE 4.15 Tonization energy Ej of the ground state 1Sy, and the transition
energies between 1S5, and excited states 2Pgp, 2835, 2P5(Is), 2P (I';) for
shallow acceptor impurities (zinc, carbon [4.74], magnesium [4.38]) in InP.
Effective mass theory — [4.84]

Energy, meV

E; or transition }

ACCEPTOR CONCENTRATION, cm™

Zn Mg { Theory
Ionization energy E; 48 41.5 40.6 43.1
1.85/5—>2Py), 30.5 24.0 25.2 23.7
185,285, 32.8 27.5 27.8 30.2
183/->2Pg;5 (T'g) 35.2 29.0 29.6 31.1
18y)3->2P5 5 (I'5) 38.2 32.0 31.0 33.6
> ; : T
£7 L
> . n inP
g6 F
& ® $ .
ws - o
5 L o) \m\
fod o
<L
33 \\)\ Fig. 4.45. Dependence of shallow donor
93 L \> thermal ionization energy E; on electrically
§1 \ active donor concentration N in »-InP.
S Full circles — [3.74], open circles — [4.85].
0 L L : Solid line is an empirical formula E,=7.4—
10" 10% 10" 5 0% 2.3-10-% NEYE, K is in meV and N§ is
DONOR CONCENTRATION, cm in em~%
E T TTTON T
&JSO \\9\ s
& -inP
2wt — o
(53]
=30r 1
=
=
LS ]
g % Fig. 4.46. Dependence of shallow acceptor
a1y O\ ) (zinc) thermal ionization energy Ey on elec-
I T Y IR .,.}“ trically active acceptor concentration NJ in
< 105 10 07 o 0% p-InP. Solid line is an empirical formula

Ey=50-2.5-10-5 NX/3 E, is in meV and
NX is in cm—3 [4.49].
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Fig. 4.47. Catalogue of inverse thermal
emission rates multiplied by 7% vs. re-
ciprocal temperature for different traps
found by DLTS in relatively pure bulk
and vapour phase epitaxial InP. The aba-
cus drawn in dashed lines is composed
of vertical isothermal straight lines and
curved lines of constant emission times.
The parameters of traps are given in Table

4.16 [4.86].

TABLE 4.16 Ionization energies and thermal capture cross sections calculated

from Fig. 4.47

1000/ TEMPERATURE, K™

Level label

Ionization energy,
meV

Temperature, K

Capture cross
section, c¢m?

Pl
P2
P3
P4
P5
P6
P7

210
190
330
500
410
630
330

95209
112—380
145—316
169—292
185—420
240—470
123—228

. 10-16
. 10"‘19
. 10—16
. 10“12
. 10—16
. 10*14
. 10—14

b o N R W
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107 - T TP T T [ T T T ;)
- P ’ICU ....... slectrons -
o | | === holes
E
i /
e
o W5 Fe {
v L !
i F ;/
A
10 F ]
L
10 5
C 1 Fig. 4.48. Inverse thermal emission
| rate multiplied by 7?2 vs. reciprocal
S temperature for deep impurities indi
107 L l. : é : cated at the curves as obtained with
‘ : DLTS on doped InP samples. For
1000/ TEMPERATURE, K details see Table 4.17.

TABLE 4.17 Ionization energy and capture cross sections of deep impurities
in InP as determined by DLTS

! Depth from the l
Donor or | conduction E, | Tempera- | Capture cross

Impurity | yeceptor | or valence E, | ture, K | section, cm? Reference
‘ band edge, meV ‘k t

Co D E,+240 102110 6,=2-10"%  [4.75]

Cu 9 E,+260 89—128 o,=13-10-1% [4.77]

Cu 9 E,+640 227330 ©,=6-10"15  [4.77]

Fe A E.—630 265—320 6,=3.5-10"14 {4.87]

\ D £,+210 100—128 o,=7-10"1  [4.80]
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107

S
L
]

IMPACT IONIZATION COEFFICIENT, cm®/ s

1 i ! L
0 10 20
ELECTRIC FIELD, V/cm

Fig. 4.49. Dependence of the impact ionization coefficient 4; of shallow donors in #-InP on the
electric field strength E. Dots: experimental data at 4.2 K. Solid line: empirical formula
A;=5-10"% exp (—19.5/E), A; is in ecm®/s and E is in V/cm [4.88, 3.116].
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A

A, B, C parameters
Absorption coefficient
at high photon
energies
by free electrons
by free holes
by lattice
near band gap edge
Absorption cross section
acceptor
amphoteric impurity
donor
free electron
free hole

Band structure
Brillouin zone
high symmetry points and lines
diamond lattice
zinc blende lattice
Bulk modulus

Capture
time, rate
cross section
acceptor
donor
trap
Cleavage
Compliance tensor
Compressibility
Concentration vs. temperature
electron
hole
intrinsic

Subject index

Definition Ge Si GaAs InP
15
17
46 98 158 202
102 161, 163 205
102 161 204
49 101 163 205
47, 48 100 159, 161 203, 204
17
73 131
74 131
73 130, 136
50 103 164 206
50 164 206
38 91 150 196
10
13 i3 13
14 14 14
10 32 84 144 190
25
25
78, 80 137, 139 226
78, 80 137, 139 183 223
185,186 225
31 83 143 189
9
10
111 170, 171 211
113
58 114 173 213
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Subject index

Definition Ge Si GaAs InP
Conductivivy vs. temperature
(see also resistivity)
n-type 110
p-type 112
intrinsic 58 114
Conduction band parameters 12 40 93 153 198
Constant energy surface
spherical 14
ellipsoidal 14 42 95
warped 15 42 94 155 199
Critical points
energetic distances 39 92 152 197
nomenclature 38 91 151 196
pressure coefficients 39 92 152 197
vs. temperature 44 96 156 200
D
D-A transition 18 166 208
Debye temperature 12 35 88 147 193
Deformation potential
acoustic scattering 65 123 178 218
optical scattering 65 123 178 218
uniaxial
conduction band 43 40 93 153
valence band 16, 43 41 94 154 199
Density 31 83 143 189
Dielectric permittivity
high frequency 145 191
static 33 86 145 191
Vs. pressure 33 86 145
vs. temperature 33 86 145 191
Diffusion coefficient (see diffusivity)
Diffusion length 22
Diffusivity 22
electron 62 119 177 217
hole 62 120
Dispersion curves
electron 14 38 91 150 196
hole 15 42 91 155 196
phonon 9 34 87 146 192
Dispersion relation
electron 14
hole 15
Drift velocity 21
electron 61 117,119 175 215
hole 62 118, 119 176 216
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Subject index

e-A transition
Effective mass
electron
conductivity
density-of-states
Jongitudinal
scalar
transverse
hole
density-of-states
heavy
light
split-off band
Elastic anisotropy factor
Elastic coefficient (tensor)
Elastic constants
Elastooptic coefficient
Elastoresistance tensor (coefficient)
Electrooptic coefficient (tensor)
Emission rate
electron
hole
Empirical formula
absorption coefficient
conductivity
critical point energy
differential expansivity
drift velocity
energy gap
impact ionization coef-
ficient for donors
intrinsic concentration
ionization energy
acceptor
donor
lattice constant
mobility
refractive index
Energy relaxation time
electron
vs. concentration
vs. electric field
vs. temperature
hole
vs. concentration
vs. electric field
vs. temperature

Definition Ge Si GaAs InP
18 166 208
15 40 93
15 40 93 153 198
14 40 93 153
14 40 93 153 198
14 40 93 153
15 41 94 154 199
15 41 94 154 199
15 41 94 154 199
41 %4 154 199
10 32 84 144 190
9
9 32 84 144 190
19 53 106 167
23
20 53 107 167 209
26 79 138 185 225, 226
26 79 138 186 225, 226
100
114
44 96 156 200
90
118 175
44 96 156 200
81 187 227
58 114 173 213
135 184 224
77 135 184 224
83 :
115, 116
99 160
23
63 121
64 122 177 217
63 121 177 217
63
64
121
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Subject index

Energy levels
acceptor
donor
Exciton
bound to acceptor
bound to donor
free
lifetime
bound
free
luminescence spectra

F

Fermi cnergy
Forbidden energy gap
pressure coefficient

vs. temperature

G

g-factor
conduction band
split-off band
valence band
Yo Y2 Yo parameters
Griineisen parameter
average
phonon branch

H

h-D transition
Hall coefficient
vs. temperature
electron
hole
Hall factor
electron
hole
vs. magnetic induction
Heat capacity
Hot electrons (holes)

I

Impact ionization
band-band
coefficient

vs. impurity concentration

Definition Ge Si GaAs InP

75, 77 133 184 224

74 132, 136 183 223
18

51 105 165 207

50 104 165 207

50 104 165 207

50 104 165 207

104 165

52 106 166 209

45 97 157 241

39 92 152 197

45 97 157 201

44 96 156 200
16 40 93 153 198

41 94 154 199
16 41 154 199
15 41 94 154 199
11 37 90 149 191
11 33 86 145 195
19 208
22

55 109, 110

56 112 172 252
22

70 128 181 221

71 128 181

181 221

12 35 88 147 193
23
22 63 120 176 216
26
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Subject index

acceptor
donor
Impermeability tensor

Intervalley relaxation time
Intervalley coupling constants
Intravalley scattering parameters

Tonization energy
acceptor
vs, concentration
amphoteric impurity
donor
vs, concentration
trap

K

Kerr coefficient

L

Lattice

atomic, molecular weight

cleavage

constant

density

isotopes

melting temperature

number of atoms

phase transition

space group

symmetry formula

tensorial properties
Luttinger parameters

M

Magnetic permeability
Magnetic susceptibility
Magnetoresistance
electron
hole
Melting temperature
Mobility
electron
vs. concentration
vs. temperature
hole
vs. concentration

Definition Ge Si GaAs InP
81
81 140 187 227
19
23 64 122 177 217
65 123 178 218
65 123 178 218
73 131 182 222
135 184 224
74 131
73 130 182 222
77 135 184 224
185, 186 225
20
31 83 143 189
31 83 143 189
31 83 143 189
31 83 143 189
31 83 143 189
31 83 143 189
31 83 143 189
31 83 143 189
31 83 143 189
31 83 143 189
26
15 41 94 154 199
25
25 70 128 180 220
25
71, 72 129 181 221
72 129
31 83 143 189
21
59 115 174 214
56, 60 109, 116 170, 171 212
60 115 174 214
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Subject index

Vs, temperature
lattice limited
Marnaghan equation

N

Nonparabolicity parameter
conduction band
valence band

Nonsphericity parameter

0O
Optical absorption spectra
acceptor
band-band
donor

Optical tfransition nomenclature
band-band
impurity

P

Parameters for high electric field
transport calculation
Phonon

branches

Brillouin zeone

dispersion relation

energy vs. temperature
high symmetry points and Iines
intervalley f-, g-type
lifetime
Raman activity
Physical constants
Piezoelectric tensor (coefficient)
Piezooptic coefficient (tensor)
Piczooptic effect
Piezoresistance tensor (coeificient)
Pockels coefficient
Poisson ratio
Polarization (dielectric)
Pressure coefficient
band gap
critical energy points
dielectric permittivity
refractive index

energies for high symmetry points

Definition Ge Si GaAs InP
56, 60 113, 116 172 212
60 116 170
10
16
65 123 153, 178 198, 218
41
15 41 94 154 199
76 134
46, 4% 98, 100 158, 159 202, 203
76 134
38 91 151 196
74,75 132, 133 183, 184 223, 224
65 123 178 218
9 34 7 146 192
9
9 34 87 146 192
33 85 144 190
33 86
9
95 85
33 86 145 191
33 86 145 191
28
24 66 124 179 219
19 53 106
19 53 107 168 210
23 66 124 179 219
20 53 107 167 209
10 32 84 144 190
20
39 92 152 197
39 92 152 197
33 86 145
52 106 167
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Subject index

R

Raman activity
Recombination channels
Reflection coefficient
at high photon energies
in reststrahlen region
Refractive index
at band edge
Vs, pressure
vs. temperature
Resistivity (see also conductivity}
vs. impurity concentration
vs. magnetic induction
electron
hole
vS. pressure
hydrostatic
uniaxial
vs. temperature

S
Seebeck coefficient
electron
hole
intrinsic

Sound velocity
Space group
Split-off valence band separation
Splitting under uniaxial stress

L valleys

valence band

X valleys
Strain, stress tensor (coefficient)
Susceptibility

anisotropy

vs. electron concentration

vs. hole concentration

2nd, 3d order
Symbols of particles and complexes
Symmetry points and lines

T

Temperature dependence
critical energy points
dielectric permittivity
forbidden energy gap
refractive index

Definition Ge Si GaAs InP
33 86 145 191
18
17
46 98 158 202
161 205
17 52 99, 106 167 209
43 99 160 204
52 106 167
52 106 167 209
59 114 173 213
71, 72 129 181 221
72 129
66 124 179 219
24 68 126 179 219
24 68 126
55, 56
25
69 126 180 220
069 127 180 220
70 127
11 32 84 144 190
31 83 143 189
41 94 154 199
43 43
43 43 95 155 200
95 95
9
20
21 54 108 169
54 108 169
54 108
20 54 108 168, 169 210
18
13 13 14 14
44 96 156 200
33 36 145 191
44 96 156 200
52 106 167 209
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Subject index

Tensors in cubic semiconductors
Thermal conductivity
Thermal expansivity
differential
Thermal velocity
Thermoelectric power (see Seebeck
coefficient)
Translation from CGS to SI units

U

Ultrasound acoustic wave attenuation

v

Valence bund parameters
Valley energy separation
Valleys 1, X, L

W

Warm clectrons (holes)

Y

Young's moduius

Definition Si GaAs InP
26
12 35 89 148 194
36 89 148 194
12 36 90 149 193
25
29
11 34 87 146 192
15 41 94 154 199
39 92 152 197
40 93 153 198
23
10 32 84 144 190

2

54




3. Subject index in Lithuanian

A

A, B, C parametrai
Absorbcijos koeficientas
prie draustinés energijos tarpo
didelés energijos fotony
gardelés
laisvuyjuy elektrony
laisvyju skyliy
Absorbcijos skerspjiivis
akceptoriy
amfoteriniy priemaily
donory
laisvyjuy elektrony
laisvyjy skyliy
Atskilusios valentinés juostos tarpas
AtspindZio koeficientas
didelés energijos fotony
liktiniy spinduliy srityje
Atstumas tarp sléniy

B

Brillouino zona
aukstos simetrijos taskai ir afys
cinko blizgio gardelei
deimanto gardelei

D

D-A Suolis
PDaleliu ir kompleksy simboliai
Debye temperatiira
Deformacijos tenzorius (koeficientas)
Deformacinis potencialas
akustinés sklaidos
optinés sklaidos
vienaa$is
laidumo juostos
valentinés juostos

Rodyklé
Apibrézi- Ge Si GaAs InP
mas :
15
17
47, 48 100 159, 161 203, 204
46 98 158 202
49 101 163 205
102 161, 163 205
102 161 204
17
73 131
7 131
73 130, 136
50 103 164 206
30 164 206
41 94 154 199
46 93 158 202
161 205
39 92 152 197
10
14 14 14
13 13 13
1R 165 208
18
12 35 88 147 193
9
65 123 178 218
65 123 178 218
43 40 93 153
16, 43 41 94 154 199

9



Rodyklé

Dielektriné skvarba
aukstojo daZnio
priklausomybé nuo slégio
temperatiiros
statiné
Difuzijos koeficientas
elektrony
skyliy
Difuzijos nuotolis
Dispersijos kreivés
elektrony
fonony
skyliy
Dispersijos sarysiai
elektrony
skylin
Draustinés cnergijos farpas
priklausomybé nuo
priemai¥y koncentracijos
temperatiiros
slégio koeficientas
Dreifo greitis
elektrony
skyliu

¢-A4 Suolis
Efektiné masé
elektrony
isilginé
laidumo
lygmeny tankio
skaliariné
skersing
skyliy
atskilusios juostos
lengvuju
lygmeny tankio
sunkiyjy
Eksitonas
gyvavimo trukmé
laisvojo
suristojo
laisvasis
suriStasis su akceptoriumi
suriStasis su donoru
Eksitony liuminescencijos spektras
Elastooptinis koeficientas

Apibrézi- Ge Si GaAs InP
mas
145 191
33 86 145
33 86 145 191
33 86 145 191
22
62 119 177 217
62 120
22
14 38 91 150 196
9 34 87 146 192
15 42 91 155 196
14
15
45 97 157 201
44 96 156 200
39 92 152 197
21
61 117, 119 175 215
62 118, 119 176 216
18 166 208
14 40 93 153
15 40 93
15 40 93 153 198
14 40 93 153 198
14 40 93 153
41 94 154 199
15 41 94 154 199
15 41 94 154 199
15 41 94 154 199
18
104 165
50 104 165 207
50 104 165 207
51 105 165 207
50 104 165 207
52 106 166 209
19 53 106 167
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Rodyklé

ElastovarZos tenzorius (koeficientas)
Elektrooptinis koeficientas (tenzorius)
Emisijos sparta
elektrony
skylig
Empyriné formulé
absorbcijos koeficiento
diferencialinio plétrumo
donoru smiiginés jonizacijos koe-
ficiento
dreifo grei¢io
gardelés konstantos
jonizacijos energijos
akceptoriy
donory
judrumo
juostos tarpo
kriziniy ta¥ku energijos
laidumo
Iazio rodiklio
savosios koncentracijos
Energijos lygmenys
akceptoriy
donory
Energijos relaksacijos trukmé
elektrony priklausomybé nuo
elektrinio lauko
koncentracijos
temperatiros
skyliy priklausomybé nuo
elektrinio lauko
koncentracijos
temperatiiros
Erdviné grupé

F

Fermi energija
Fizikinés konstantos
Fononai
auk$tos simetrijos ta¥kai ir aSys
Brillouino zona
dispersijos sarySiai
energija aukdtos simetrijos taskuose
fir g tipo
gyvavimo trukmé
Ramano aktyvumas
Sakos

Apibrézi- Ge Si GaAs InP
mas
23
20 53 107 167 209
26 79 138 185 225, 226
26 79 138 185 225, 226
100
90
81 187 227
118 175
83
135 184 224
77 135 184 224
115, 116
44 96 156 200
44 96 156 200
114
99 160
58 114 173 213
75, 77 133 184 224
74 132, 136 183 223
23
64 122 177 217
63 121
63 121 177 217
64
63
121
31 83 143 189
45 97 157 201
28
9
9
9 34 87 146 192
33 85 144 190
95 85
33 86 145 191
33 86 145 191
9 34 87 146 192
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Rodyklé

G

g faktorius
atskilusios juostos
laidumo juostos
valentinés juostos

P V2 Vs parametrai

Gardelé
atominé, molekuliné masé
atomy kiekis
erdviné grupé
fazinis virsmas
izotopat
konstanta
lydymosi temperatiira
simetrijos formulé
skalumas
tankis
tenzorinés savybés

Garso greitis

Griineiseno parametras
fononiniy Zaky
vidutinis

&-D Suolis
Hallo faktorius
elektrony
priklausomybé nuo magnetinés
indukcijos
skyliy
Hallo koeficientas
priklausomybé nuo temperatiiros
n tipo
p tipo

1

Itempimo tenzorius (koeficientas)
Y

Youngo modulis

J

Jonizacijos energija
akceptoriaus
priklausomybé nuo koncentracijos

Apibrézi- Ge Si GaAs InP
mas
41 94 154 199
16 40 93 153 198
16 41 154 199
15 41 94 154 199
3t 83 143 189
31 83 143 189
31 83 143 189
31 83 143 189
31 83 143 189
31 83 143 189
31 83 143 189
31 83 143 189
31 83 143 189
31 83 143 189
26
11 32 84 144 190
I 33 86 145 195
11 37 92 149 191
19
22
70 128 181 221
181 221
1! 128 181
22
§5 109, 110
56 112 172 212
9
10 32 84 144 190
73 131 182 222
135 184 224
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Rodyklé

amfoterinés priemaifos
donoro

priklausomybé nuo koncentracijos

spasto
Judrumas
elektrony priklausomybé nuo
koncentracijos
temperatliros
gardelés ribotas
skyliy priklausomybé nuo
koncentracijos
temperatiros
Juostiné sandara

K

Kariticji elektronai (skylés)
Kerro koeficientas
Koncentracija
elektrony
savoii
skyliy
Kriziniai taskai
energijy tarpai
nomenklatiira
priklausomybé nuo temperattros
slégio koeficientai

L

Laidumo juostos parametrai
Laidumas (zaip pat Zr.
savitoji varza)
1 tipo
p tipo
savasis
Lydymosi temperatiira
Luttingerio parametrai
Liizio rodiklis
draustinés juostos srityje
priklausomybé nuo
slégio ‘
temperattiros

M

Magnetiné skvarba
Magnetinis jautris

Apibrézi- Ge Si GaAs InP
mas
74 131
73 130 182 222
77 135 184 224
185, 186 225
21
59 115 174
36, 60 109, 116 170, 171
60 116 170
60 115 174 214
56, 60 113, 1l6 172 212
38 91 150 196
23
20
1! 170, 171 211
58 114 173 213
113
39 92 152 197
38 91 151 196
44 96 156 200
39 92 152 197
12 40 9 153 198
110
112
58 114
31 83 143 189
15 41 94 154 199
17 52 99, 106 167 209
48 9 160 204
52 106 167
52 106 167 209
25
25 70 128 180 220
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Rodyklé

Magnetovaria
elektrony
skyliu
Murnaghano lIygtis

N

Nesferiskumo parametras
Neskvarbumo tenzorius
NeparaboliSkumo parametras
laidumo juostos
valentinés juostos
Netiesinis optinis jautris
anizotropija
priklausomybé nuo
elektromy koncentracijos
skyliy koncentracijos
2-0s, 3-0s eilés

0
Optinés absorbcijos spekfras
akceptoriy
donory
tarpjuostinis
Optiniy $uoliy nomenklatiira
priemaiSiniy
tarpjuostiniy
P
Pagavimo skerspjiivis
akceptoriais
donorais
spastais

Pagavimo trukmé, sparta
Parametrai stipraus elektrinio lauko
kinetiniams reifkiniams skailinoti
Pastoviosios energijos paviriiai
elipsoidiniai
gofruotieji
sferiniai
Pjezoelektrinis tenzorius (koeficientas)
Pjezooptinis efektas
Pjezooptinis koeficientas (tenzorius)
Pjezovarios tenzorius (koeficientas)
Pockelso koeficientas '
Poissono koeficientas
Poliarizacija (dielektriné)

Apibrézi- Ge Si GaAs InP
mas
25
71, 72 129 181 221
72 129
10
15 41 94 154 199
19
16
65 123 153, 178 198, 218
41
20
21 54 108 169
54 108 169
54 108
20 54 108 168, 169 210
76 134
76 134
46, 48 98, 100 158, 159 202, 203
74,75 132, 133 183, 184 223, 224
38 91 151 196
25
78, 80 137, 139 226
78, 80 137, 139 183 223
185, 186 225
25
65 123 175 218
14 42 95
15 42 94 155 199
14
24 66 124 179 219
19 53 107 168 210
19 53 106
23 66 124 179 219
20 53 107 167 209
10 32 84 144 190
20
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Rodyklé

R

Ramano aktyvumas
Rekombinacijos kanalai
Ry3ys tarp CGS ir Sl sistemy

S

Savitoji varZa (taip pat zr. laidumas)
priklausomybé nuo magnetinés
indukcijos

elektrony
skyliy
prikiasomybs nuo priemaidy kon-
centracijos
priklausomybé nuo slégio
hidrostatinio
vienaaSio
priklausomybé nuo temperatiiros

Seebecko koeficientas
elektrony
savasis
skyliy

Simetrijos taSkai ir aSys

Skalumas

Skilimas veikiant vienaaSiam slégiui
L sléniy
X sléniy
valentinés juostos

Sklaida
slényje
tarp sléniy

Slankumeo tenzorius

Slégio koeficientas
dielektrinés skvarbos
kriziniy tafky energijos
draustinés juostos tarpo
lazio rodiklio

Sléniai I", X, L

Smiiginé jonizacija
koeficientas

akceptoriy
donory
tarpjuostiné

Spiidumas

Spiidumo modulis

ApibréZi- Ge Si GaAs InP
mas
K] 86 145 191
18
29
i, 72 129 181 221
72 129
59 114 173 213
66 124 179 219
24 68 126 179 219
24 68 126
55, 56
25
69 126 180 220
70 127
69 127 180 220
13 13 14 14
31 83 143 189
43 43
95 95
43 43 95 155 200
65 123 178 218
65 123 178 218
9
33 86 145
39 92 152 197
39 92 152 197
52 106 167
40 93 153 198
26
81
81 140 187 227
22 63 120 176 216
10
10 32 84 144 190
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Rodyklé

S

Siltieji elektronai (skylés)

Siluminé talpa

Siluminis greitis

Siluminis laidumas

Silaminis plétrumas
diferencialinis

T

Tamprumo anizotropijos koeficieutas
Tamprumo Kkonstantos
Tankis
Temperaitiriné priklausomybé
dielektrinés skvarbos
draustinés juostos tarpo
kriziniy ta¥ky energijos
ItZio rodiklio
Tenzoriai
Termoelektrovaros jéga (7r. Seebecko
koeficientas)
Tarpsléné relaksacijos trukmé
Tarpslénés sklaidos konstantos

U

Ultragarso slopimas

A

Valentinés juostos parametrai

Apibrézi- Ge Si GaAs InP
mas
23
12 35 38 147 193
25
12 35 89 148 194
36 89 148 194
12 36 90 149 195
10 32 84 144 190
9 32 84 144 190
31 83 143 159
33 £6 145 191
44 96 156 200
44 96 156 200
52 106 167 209
26
23 64 122 177 217
65 123 178 218
11 34 87 146 192
5 4 94 154 199
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Parameters of Ge, Si, GaAs and InP at room temperature

Parameter Ge Si GaAs InP
Atomic, molecular weight 72.59 28.08 144.63 145.8
Lattice constant, nm 0.5658 0.5431 0.5654 0.5869
Density, g/cm? 5.327 2.329 5.316 4.81
Melting temperature, K 1210 1685 1511 1335
Longitudinal sound velocity:

[100] direction, cm/s 4.9-105 84.105 4.7-105 4.6-10°

[111] direction, cm/s 5.5-10°% 9.3-10% 5.4.10% 5.2-10%
Heat capacity, J/(g-K) 0.32 0.71 0.33 0.31
Thermal conductivity, W/(cm:K) 0.60 1.56 0.58 0.70
Differential thermal expansivi-

ty, K-t 59-107¢ 2.6-10°% 5.7-107% 4.5.107¢
Lattice dielectric permittivity:

relative static =/gq 15.94 11.9 12.8 12.5

relative high frequency e,/¢, 10.92 9.52
Forbidden energy gap, eV 0.665 1.124 1.429 1.344
Intrinsic carrier

concentration, cm™3 2.3.10%  1.0-10 1.8.10¢ 1.2- 108
Intrinsic resistivity, {-cm 47 3.2.108 3.9.108 1.0 107
Conduction band edge:

axis of the energy minimum

(valley) 111y 100> <000> <000>

valley symmetry L A r r

number of valleys 4 6 1 1

electron mass m,/m, 0.12 0.26 0.064 0.078

electron mobility, cm?/(V-s) 3900 1450 8500 4800

density-of-states N,, cm™®  1.0-10® 2.7-10* 4.0-10" 5.5.10%
Valence band edge:

spin-orbit splitting A,, eV 0.29 0.043 0.34 0.11

heavy hole mass m,/m, 0.32 0.47 0.59 0.83

light hole mass m,/m, 0.042 0.16 0.083 0.11

hole mobility, cm?/(V -s) 1900 450 400 160

density of states N,, cm~% 4.7-.10 1.0-10% 1.2.101®* 2.,0-10'*




Translation of electrical quantities from CGS to SI units

Quantity CGS i ST

Relative dielectric permittivity e >,

Relative magnetic permeability w* - o,

Electric field intensity E* — E-(4mg)t?
Ele~ic induction D* — D-(4n/e)"?
Magnetic field intensity H* — H.(4my,)'?
Magnetic induction B* — B-(47/ug)t?
Electron charge e* — e/(dmey)tt
Charge Q* — Q/(4me )2
Current density J* = J[(dme)t?
Current I*  — I/(4mey)t 2
Voltage U* — U-(4mgp)t?
Vector potential A* > A-(4=/ue)t?
Polarization vector P* — P/(4meg)t?
Magnetization vector M* — M|(dn]uo)t
Resistance R* — R-(4ns)
Conductivity o* — o/(4me,)
Capacity C* — C/(4rsy)
Inductance L* — L-(4n/uy)
Mobility w* = pf(dme)t?
Dielectric susceptibility 1 £ /(47)
Magnetic susceptibility x> Am/(47)
Bohr magneton up  — up/(4n/wo)

Light velocity in vacuum ¢ =1/(gq o)
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Encyclopedia Publishers, 1994) 262 pp.

PACS numbers: 73.61.-r, 72.80.Ey, 78.30.Fs

The handbook under review provides up-to-date information
on the basic physical parameters of two elementary (Ge and
Si) and two compound (GaAS and InP) semiconductors.

The introductory section presents a reasonably detailed
discussion of the current view of the band structure and major
electrical and physical properties of crystalline semiconduc-
tors; tables of major physical properties and the relation
between CGS and SI numerical values are also given. The
publication of this introduction as a brochure or an appendix
to Soviet Physics-Semiconductors, whether in the original
English or in a Russian translation, is likely to attract
considerable specialist interest in Russia.

The semiconductors covered are quite a natural choice as
far as Ge, Si, and GaAs are concerned, because many
remarkable properties of germanium made it a very con-
venient material at the early stages of modern semiconductor
physics and solid-state electronics. [The electrical and physi-
cal data on Ge open the main part of the book (pp. 31 —73)].
Perhaps the most favourable factor was the relative ease of
growing large pure single Ge: crystals a research area,
parenthetically, in which the reviewer himself was involved
from 1952—55. For many years since then, and indeed in the
course of the 1990s, single crystalline Ge has been the most
suitable object for the fundamental studies of phenomena
such as the condensation of nonequilibrium charge carriers to
“electron-hole drops’, predicted by L V Keldysh. Compared
to the well-known handbook of Landolt-Bornsteint, the
present volume contains new important data for many
researchers who continue to investigate the fundamental
phenomena in semiconductors. It should be noted that while
covering single crystalline properties of Ge, Si, GaAs and InP,
the handbook fails to include the properties of their amor-
phous phases. This should not be considered a shortcoming,
though, since unlike perfect single crystals, amorphous phases
exhibit a wide variety of forms whose study has not yet
reached a level at which reliable quantitative parameters
could be given.

At the end of the single crystalline Ge section, detailed
tables of the energy levels of major electrically active
impurities are given together with appropriate literature
references (from p. 73 on).

Section II (pp. 83 — 130) presents data on the band
structure and energy spectrum of single crystalline silicon.

+ Landolt-Bornstein Zahlenwerte and Funktionen in Naturwissenschaften
und Technik. Neue Serie (Ed. O Madelung) Band 17 Halbleiter (Eds
M Schulz, H Weiss) (Berlin, Heidelberg, New York: Springer-Verlag,
1982).
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Translated by E G Strel’chenko

At present, about 98% of all active elements of solid state
electronics are known to be manufactured on the basis of this
material. The technology of growing huge Si single crystals
(up to 150 mm in diameter and 57 — 75 cm in length) has
nowadays achieved a high level of perfection. The content of
this section will undoubtedly be of much use for specialists in
Russia and Belarus’, where extensive work is being carried
out on the design of silicon devices. As is the case with the
Introduction, it seems that modern electrical and physical
parameters data on silicon should also be made accessible to a
wide range of Russian specialists in the near future, whether
through publishing this section in Russian or re-editing it in
the English original. It should be noted that the book fails to
cover the technologically important data now available on
major point defects occurring in Si and on their complexes
with impurities, nor does it contain information about the
energy spectra of local centres at silicon interfaces with SiO,
and other substances. Since almost all silicon devices are
planar structures at present, the energy spectra of near-
surface local centres are of crucial importance for practical
applications.

GaAs is known to be the material on the basis of which the
early injection lasers were developed. The technological
problems in growing large single crystals or preparing epitaxy
films of GaAs has prover to be extremely difficult, and
although much progress has been made, this semiconductor
remains in some respects unpredictable, especially as far as
long-service devices are concerned. Nevertheless, the remark-
able properties of GaAs has made it attractive for interesting
and practically important applications. Of particular interest
is that part of Section 3 containing very detailed data on
GaAs luminescence spectra. Unlike the silicon section, in the
section on GaAs there is Table 3.2 presenting quite detailed
data on capture centres (traps) whose nature is not yet
completely understood. Note that the table fails to give
literature references (the authors’ own data, 3.116, seem to
have been used).

The final fourth section of the book contains band-
structure, electrical, and physical data on indium phosphide
InP which, like GaAs, is also an A3 Bs compound. In terms of
layout, this section is similar to the preceding one. The data it
presents will probably have a narrower readership compared
with the previous, particularly second and third, sections.

At the end of the book there is an extensive list of
references, including original publications appearing up to
1992. On the latest pages, a brief summary in Lithuanian is
given. The book is of high technical quality and would
undoubtedly be a welcome library addition for major
scientific centres in Russia.

The reviewer has visited the Lithuanian scientific centres
in Vilnius and Kaunas on many occasions and is well
acquainted with the great achievements of Lithuanian physi-
cists. The book under review is a result of serious and highly
labour-consuming work. The authors are to be congratulated
on the appearance of the book and wished continuing success

in their future efforts.
V' S Vavilov
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scattering. Each chapter is written by experts in the field,
and is supported by a suite of programs (in FORTRAN),
and a set of problems. These generally seem to be well
thought out and realistic; they cover exactly the mixture of
basic theory, numerical analysis and computer trickery that
occurs in reality. The programs themselves of course make
some concession to the fact that their source codes must all
fit onto one DOS diskette, so in many cases they represent
truncated versions of the state of the art. I had no difficulty
in compiling a sample on a fairly standard PC, but, in one
case, had problems reproducing the sample output. The
contributors, however, have made themselves hostage to
fortune by supplying their e-mail addresses, so I was able to
obtain advice within about 20 minutes. (The problem came
from one of these irritating, but no doubt useful tests which
the writers of mathematical subroutines like to use to make
sure that their numerical approximations to special
functions actually achieve machine accuracy; a further
example of the educational value of this book).

In summary, this is a very good introduction to the real
world of electron-atom-scattering theory. It would be
useful for graduate students and research workers, but
probably assumes too much background experience in
atomic physics generally to serve unsupported as an
introductory text.

P. T. GREENLAND
(Imperial College, London)

Handbook on Physical Properties of Ge, Si, GaAs and InP
By A. DARGYS and J. KUNDROTAS

1995, US$30-00 (hbk), pp. 264. Vilnius, Science and
Encyclopedia Publishers, ISBN 5 420 01088 7. Scope:
reference. Level: specialist.

Data on the fundamental bulk properties of single crystal
semiconductors have been collated by the authors and
summarised in the form of 80 tables and 249 figures within
196 pages. The book contains four main sections each
dealing with one semi-conducting material. Within a
section the data is arranged under six main headings,
dealing in turn with lattice; band; optical; electrical;
piezoelectric, thermoelectric and magnetic properties; and
impurity properties. In addition there is an introductory
chapter which gives a summary of semiconductor proper-
ties together with their definition, an extensive list of 477
references and an index in both English and Lithuanian.
Germanium, silicon, gallium arsenide and indium
phosphide have been chosen because their physical proper-
ties are well characterised and they are important materials
for the device fabrication industry. This restriction to four
semiconductors results in a comprehensive and detailed

summary of their properties. The book will serve as a quick
source of reference for both solid state physicists and
engineers working in the field of semiconductor device
technology. It will be beneficial as a laboratory reference
guide and will serve as the first step in a more
comprehensive literature search. In common with other
handbooks of a similar format it will only be useful when it
contains the information a reader is looking for.

D. I. JONES
(University of Dundee)

Introduction to Partial Differential Equations. 2nd Edn
By G. B. FoLLAND

1995, £27-50, US$39.50 (hbk), pp. xi+ 324. Princeton
University Press, ISBN 0 691 0436 1 2. Scope: textbook.
Level: advanced undergraduate and postgraduate.

The mathematical literature is awash with books on partial
differential equations, covering many different approaches.
There are the very practical approaches of specific problem
solving, involving for instance the method of character-
istics, series solutions, separation of variables, etc. or
transformation methods and Green’s functions. Mostly,
such books are restricted to looking at linear equations, this
is due either to keeping things reasonably simple (also
many of the equations with physical application are indeed
linear!) or as in the case of Green’s functions, dealing with
linear equations is generally a necessity because of the
involvement of distribution theory.

The second main approach found in books is more
theoretical. In such books the basic structure of the theory
is examined and the question of uniqueness and existence of
solutions is considered. This approach would usually be
thought of as more difficult as it requires a more substantial
understanding of real and complex analysis.

There is a third, more modern, approach which uses
more recent developments in the theory, for example
pseudo-differential operators. This approach includes many
powerful techniques for dealing with PDEs in a more
general setting.

An Introduction to Partial Differential Equations by Gerald
Folland lies perhaps toward the more theoretical end of the
spectrum, but even so about a third of the book is devoted to
important partial differential operators from theoretical
physics such as the Laplacian and the heat operator. The
book also incorporates both the ‘traditional’ and ‘modern’
approaches to the subject, placed in a modern setting.

It is in fact, the second edition of a book that has been
available for several years. This edition has some rewriting
and notational changes, but more importantly, some
additional material inserted throughout the text, including
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