


Quantity

Electronic charge e

Electron mass tno

Light velocity c

Electric constant eo

Magnetic constant [.ro

Planck constant fr

h: hlht

Boltzmann constant k

Bohr magneton ps

Electron g-factor

1.602 177 . t0-Ls C

9.109 389. l0-3r kg

2.997 924. 108 m/s

8.854 187 . 10-r2 F/m

4r. l0-7 H/m:
12.566 370. l0-7 H/m
6,626075.10-3a J.s

1.054 572.10-3a J,s

1.380 658. t0-23 J/K

9.274015. t0-2r J/T

2.002 319

10-lo esu

lo-28 g

l01o cm/s

10-27 erg.s

l0-27 er'g's

l0-16 erg/K

10-21 erg/Gs

4.803 206.

9.109 389.

2.997 924.

I

I

6.626 07 5 .

1.054 572.

L380 658.

9.274015.

2.002 319

Nonsystemic:

h:4.135669.10-15 eV.s
h:6.582122. l0-16 eV.s
k :8.617 385 . l0- 5 eV/ K
pg:5.788 382.10-5 eV/T

Physical constants



Relations between photon wavelength ?',, energy E and wave number &

_ 1.239 s02f [pm] in air with refractive index n,:1.000 2749,

1 .239 842 ,1 VaCUUm.
E [ev]

k [cm-t1: 8 065.54 a [eV] in vacuum.

I eV :8 065.54 cm-l in vacuum.

I meV :8.06554 cm-r in vacuum.

I cm-r :0.123 98 meV in vacuum.

I eV :2.417 988. 1014 Hz,

1 .602 177 . I g- ro 1,

1.602 I 77 . 10 - 12 erg.

I K :8.617 385' l0-5 eV.

I eV : 1.160 445 . lO4 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 pliysical literature on the properties of these
semiconduciors. 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 Fisure
or Table in Chapter B indicates the semiconductor, namely:

I - germanium,
2 - silicon,
3 - gallium arsenide,
4 - indium phosphide.
To present the physical properties of different semiconductors as

as possible, the headings of the Subsections and their numbering in the
as olle may see from the Contents, are divided into six main groups:

I - lattice properties,
2 - band propcrties,
3 - optical properties,
4 - electrical properties,
5 - piezoelectric, thermoelectric and magnetic properties,
6 - impurity properties.
The definitions ofthe 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 arid can serve
as a laboratory reference guide. The engineers who are interested in serniconductor
rnaterial application will find the handbook usefui 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.

uniformly
Chapter B,
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A. Introduction. General remarks
on the semiconductor properties and their

definition

tr, Lattice properties

Phonon dispersion relation. Lattice waves are charactcrizcd by wavc voct()r q aud
frequency or. The function co, (q) is called the phonon dispcrsicn rclation of tirc
.i-th branch. If <or+0 when q-+Q, the branch.T is called acouslic. If or, is nonzero
when q->0, the branch.i is called optical. In additicl-., depeilciing on polarization
of the r.vave, the branch may be longitudinal or trarsvcl'se. Phonols helonging to
these blanches are consequently cited as longiiudinal acc,nstic (2,4), transvcrsc
aconstic (77), longitudinal optical (LA) and transvel'so opiical (7O). If noccssal"-y,

a subscript is added, for example, to indicate trvo ortirogcrral pr:lalizations ol
transverse acoustic waves: TA1, TA2.

The first Brillouin zone, nomenctrature of high syrnrnetr:y points anC lines for
the phr:non branches are the sarne as for the electronic bands, Fig. l.
Stress and strain tensors. For small deformations, when Hooke's larv holds, the se-
cond-rank stress lensor o,, and strain tensor eij are related hy the f.ourth-rankcom-
pliance te!1sor s;;p1 and elastic tensor c,;,,, [1]

, -_!.,-i.i - /, .ii*.tGkt.
KI

s.
ntt: ), Ctitt;.tt.

T
For cubic semiconduciorr! tlrcsa tr:nsorial equatio:rs cal he ltrt into the fr.rllorvin.e
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lntroduction

Fig. 1. The first Brillouin zone for Ge, Si,
GaAs and InP lattices rvith high symmetry
points (I, K, L, U, X, W) and lines (4, A, X,
Q, S, Z) indicated.

For cubic semiconductors the following relal.ions exist belween the elastic and
compliance tensor components:

"r, 
:G,r*#z"J , sr, : ,",,-;,jft|..2.*y . ,oo: z|.

Below the va.rious parameters characterizing the cubic lattice are listed.

Elestic anisotropy factor:

s==(c11- c 2)l(2cu).

For isotropic media a:1.
Poisson ratio v characterizes the response of the lattice io the shear deformation
as compared to the compressional one

v : -.rrz/srr.
Young's moitulus t characl.erizes the ability of the lattice to resist the deformation
in the particular direction [qrt]:

143
4roo::f ' Etrrol: ,rJrrrrrr; , 4rrt:: 

",.+r;,,+r* 
'

For isotropic media, 2cnn:srr-.rr, the Young's modulus is independent of the
direction.

Isothermal compressibility K defines the relative differential change in a volume
at the constant temperature, (dVlV)7, after hydrostatic pressure increment dp

(dvlv)r: - Kdp.

The compressibility is an inverse of the isothermal bulk modulus Bo,

17:tlBo.

Isothermal bulk morlulus Bo is related to thc elastic constants in the following way

Bo:(cr1*2cp)!3.

Murnaghan equation describes the relation between the hydrostatic pressure p
and the lattice constant ao 127

,kx

l0



Introiluction

TABLE 1 Relations between acoustic wave longitudinal (Z) and translerse
(I) velocities and adiabatic elastic constants for the main crystallographic
directions in cubic semiconductors

Wave propagation
direction

Direction or plane
of particle motion

Sound velocity as
crystal density p

constants c,,

a function of
and elastic

[100] [100]
(100) plane

aa: (cyf p)rl2
a, : (c nuf p)rtz

It 10] u 101

[001]

tllol

ar:l(cr+ crz + 2ca)l2plltz
vy.,: (cnof g)!tz
a7,:l(cr- crr)l2p)rlz

[111] [111]
(ll1) plane

o r, : l(c r * 2 c p * 4c aa) | 3 pfr I z

v r : l(c n - c n * c a) I 3plLt z

e:+ [(*)"'-,],
where B[:dBoldp and a is the lattice coustaat at p:Q.
Griineisen parameter y; characterizes the shift of phonon enorgy with the pressure
p or volume V 13,47. This parameter for quasiharmonic lattice modeT of frequency
o, is defined by the relation

i_]f_*"_I dln<o.r: I lgf
IJ- dlnV - K dp * Krt dp '

rvhere K is the isothermal compressibility. Derivatives are defined atzero hydrosta-
tic pressure. Averaged (thermodynamic) Griineisen parameter is

y^u:Cyt Z yr"r(il:+k ,

J

where cy(j) is the heat capacity of the modeT 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:9. 1'6.
slope dcoi/d4 gives the velocity of longitudinal waves for the LA-branch and the
velocity of transverse waves for the 7,4-branches. Table I gives relations between
sound wave velocities and elastic co[stants.

Acoustic wave attenuation coefficient is defined by the relation

a"" [dB/cm] : # 2o loglo #*,
where P (/r) and P (l) are the acoustic wavc intensities at distances /, and /r. Rela-
tion between attenuation coefficients in units [dB/ps] and [dBicm]:

a* [dB/g, s] : cr." [dB/cm] . 10 -8 o [cm/s],
where z is an appropriate sound velocity of the elastic wave.

lt
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The heat capacity C relates the increme:it in samplc energy L,E, at the te:mperature

7 upon temperature increment AZ
C: A ETIAT.

The relation between heat capacity at constant pressure C, tJiKl and constant
volume C, [JiK] is

Cp:Cv+PzBIVT '

Here .B, is the isothernal bulk modulus, Izis the voluire, and p is the volume coef-
ficient cf thermal expansion at constallt pressure,

{):y-, (dvldT)p,

rvhich for cubic somiconductors can be expressed through differential thermal ex-
pansivity (t ll) (dl ldT),:

1/,V\tt i \ ;t,),.
I'he hil:rclbook givr:s thc hoat capacity at constaut prcssurc f-or unit woighl,

c, [.I/(g . K)].

The Debye characteristic tcntperature O is defi:rcci through 1hc equation [5]
slT

cv-eNk (; )' t 1s, ,.r ,.

where Cn is thc exporimenlally lrcasurecl hcai cuprrcil_y irI corrstarrt volrrnre, Ar it
'lhc ,.otll :rtitnber ol';rtt'xtts itr tlte r,pccirtttrn, arrcl /i is thc tiriltzmann con..ta:r1 .

Ehennal coniluctivity l rcl;rtcs tho p,.rw,;r"^P iransrlrittcd through the .san111lc t,1'tht
cross scctional ar:ea S rvhcn thc terlpcr"aturc clillc:"r,rrcc 47": I'z-.fl is lraintainerl
ovcr tlre sample length Ll : lz* lt

P.- 7",9t\'l'1,\ I .

2. Band properties

Nomcnclalure of high syrnmtrtry points aud lines. I'oi:rt:r untl ax(is ol'high syrrlirctrv
i:r +,he Brillouin zone lbr Gc, Si, CaAs ald InP ale shou'n i:r Fig. 1. Thc wava vcc-
tor con.lponents /r*, kn, k,are assun:ed to be parallelto tho crystallographic clirr;c=
ticns [00], [0i0], [001], respoctivcly.

The clependcnce of carrier eJlsrgy E, (k) on the wavc veotor k is a multivaluccl
t-unction. The index n deternri:res the bancl. Ilands are furthcr characterized by
irreducible representations of the respective symmotry group according to rvhich
the wave functions transform. Tables 2 and 3 give standard notation of irreclucible
represcntations of singlc and double groups used for diamond and ziirc blende latti-
ces. IfnecesSory, & subscript or supcrscript is added to mark whether thc statc bc-
lon.gs to the conduction ol valence band. For exan:ple, lf, I'f and I;|,, f;u; indiqitlo
the same state in the valence and conductitu barirls when spir-r-orbit intcraction is
neglected (1.) and included (I'u+).

Relationship of energy to wave vector. The energy-wavc vcctor relatiouship, also
called the dispersion relation, ,':f (k) around a minimum (valley) in a conduction
band or around a rnaximum iu a valence band may assume three forms cha-
racterized by spherical, ellipsoidal or warped constaot energy surfaces, Fig. 2.
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TABLE 2 The comparison of nomenclatures
lines in the Brillouin zone of Ge and Si when
ted (I, X, L, L, A, >) and included (1, X, L,
points and lines are irreducible icpresentatittns
group o[ diamorrii lattice [6]

of high symmetry points and
spin-orbit interaction is neglec-
A, A, X) x p{tlzl. In fact, the

ol single :tncl clouble O/, space

Point,
Iine

Coordirr;ite
in k-space

-t
I

I

I

Synrmetry point,
line

l'

Ii x /)(1i 2)

['

11x/)(r13)

(0, 0, f,
I'o'

I'r
.Y^

rt tl

L6

['it

(r'nt, I'r')

[',0

(['o , I'o )

d,
,Y5

l1

Irl-

fi t'i

ri, l';

1.,,

[';

l'i,

l-*-

L.r
(,t'4, t-;), L;

lLt

(f;. r; )

f,,

(t', ' fo )

r-'3

(t.i-, L,), Li

1it t'.r {

x,
xr
1""

ri Li
Le I';

[.2

Lrl

A

A x D(t/gl

(q, o, o)

o<rt<1

,f,
A,

ao

Ai
a6

ae

A?

A,

A; (An, Ar)

A
A x D(1i 2)

t-/ \ a)c
lQ,4' Q) ;
0 <q <112

A3

(A;, ,'\u), Au

A1

A6

Az

Ao

x
2 * p(r/z)

a-
(q, q, o) T
0<q<ll2

\i2l

sr2i

s),
s!25saS

\la3

s4s

a is the lattice constant.

r
l r-]( l/lr

(0, 0, {))

L
1- " 1)(1,r)

/t|':.
I

'.) t
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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 (1, X, L, L, L, X) and included (1, X, L, L, L,:)xD(U2). Jn
fact, the points and lines are irreducible representations of single and double
Tj space group of zinc blende lattice [7]

Point,
line

Coordinate
in k-space

Symmetry point,
line

I (0, o, o) 11 12 r12 lru frs
I x D(r/al 16 lz 18 (fr, Ir) (ru, Ir)

x (t,o,o)+ xrxrxrxo x5

XxDhtz) Xu X, X, Xu (Xu, Xr)

L (-r- ! 11 z' L, Lz LB\2'2' 2l a

LxD(rtil Lu Lu (L4, LE), L6

A (q,o,$T a1 a2 a3 a4

AxD(l/r) 0<q<1 A5 AE A5 Ai

A to,u,ilf Ar 
^z 

Ag

A x D(t/zl o -; q < ll2 A6 A6 (Ao, r\u), A,

E (q, q, v 2X >r1 ,z
> x D(1/2) 0 < q < 112 (xr, xn) (Eu, Io)

a is the lattice constant. The points 1-o and Z, and lines A, and An are cle-
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 lu and l, and are de-
scribed by the following dispersion relation:

E(k): t-(ki!B):x"t :H
The para.rneter ma is called scalar effective mass.

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

E(k): + (**, *)
Ellipsoidal surfaces are appropriate for energy minima located at L and X points
or along A a:rd A axes. For symmetry reasons, as a rule, there are several equiva-
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ELLIPSOIDALSPHERiCAt
WARPED

neovy light

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

lent valleys (many-valley model). The conductivity mass mc and the density-of-sta-
tes mass ffia a:ra described by the formulas

1 I / I 2\
; : ; \; * *), *o:(m1. m2Slt.

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):

h2

#^ lr,tr'?,+ k|+ k, ilYT|@+T+ k, io6:6614TEWEIA7,
where k*, k, k, arethe rvave vector components defined with reference to crys-
tallographic axes and yr, Tg, ya are the valelrce band paranreters (also called Luttin-
ger parameters). The plus ancl 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 lvhich is linear in a wave vector. The Iatter term is small
and is not taken into account most often.

The valence bancl warping is characterizecl by nonsphericity parameter [8]
8 : (ys -.yz)lyr.

For spherical valcnce bands yr:yr.
f'requently the band warping is neglected, then the dispersion laws for heavy

a-nd light mass bands reduce to

Eo, r (k) : h, (ki + 14, + k?)l Qma, ) : hzkz I (2mn, ),
where mo and m, are the averaged heavy and light hole masses [8]:

mnlmo:llkr-21),
rylmo:1!(yr+2!),

rvhere

?:(3v.+ 2vr)15.
Density-of-states mass for parabolic and spherical valence band is

ma:Qdt2 *m lz}zts.

Another set of parameters is sometimes used instead of 1r, 12, 1.:
/- _^,11.

l5
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B: _2"(2,

lct:2v1VG=.
If E (k) is proportional to I k l2 tl, e dispersion law is called paratrolic. The de -

viaiion lioni parirbolicity is characterizccl by nonparabolicity paramcter v":

E (l + a E): fii 11212. .

Splitting of the spin degeneraey. The energies of Ge and Si are at least doubly spin
degcnerate at any point of the Brillolli\ zone.

'Ihc lack of inversion symnletry in GaAs and InP results in liftirrg of the spirr
clcgenerecy exccpt for k along [00] directions arrd for I' and I points. For the
bairds t--riginating from the points l-6 anrl ['r, anil for the light hole barrd l. the
clorrblo cicgcncracy isprese,-vccl also in Itll] ditectierns [9]. In GaAs, for exarnple,
the spin splittingol'lhelowestconclnction bald in [1 10] clirections is the largest irt

the rrricltllc of ll-line, Fig. l, ruxl reaches 0.075 eV [0]. The valence bancl spirl split-
ting is smtrller by 1n ordcr o1'magnitlcle, thereflorc, it is tlften neglectcd.

Band strur:turc in I nragnetic field. Thc orbital motion of carricrs is qtrurtizcd i"n

thc prcrcncc ollt nr*gnetic field B. The orbital motion is characterized by the cyc-
kltrou li'cclirency rvhich can bo cxptessecl by the seil1e set of parameters &s the quasi-
partic:le mirtion in tho ab:ience of thc magnetic field, i. e. by the longitudinal and
irar1rlu.re ct-fective rntsses ntt, n'tt in casc ot'the contlrrction ba:rd, or the Luttinger
pxfanlsldr:] Ti, T..:, 7, it.r ctse of tlie veleuce bald,

Thl: barrcl statcs rvhi<.:li ere degenerale witir respeci 10 spirl will sufltr ariditiorrul
quatrrilrti(r1r. Fol isritropic parabolie c:on(luctiilu band the additional bentl :rplit-
tin3, i"

A I : p.nSB,

rvhereg16 is the Bohr magncton ancl g is the effective g-factor. For ellipsoitial sur-

firce tire g-factor is charecterized by iongitudinal and tlansvelse paltst 9t,9t.
F,-rt vaience bands rlegencrate at k:0 the g-fuctor delrencls on the polat trngles

rp, 0 with lcfcrencc to thc crystallographic axes

s,:2k + q.f (q,0),

where /c, r7 clescribe isotropic artd anisotropic parts, respectively Ill, i2i. For Ge

arcl Si the lirctor 4 is very small and is neglected most ofterr.
The ba.nrls for GaAs a:rd InP, except thc points of high symmetry, are not spin

clcgencrate, thcroflore, the g-factor is meani:rgful in the Yery vicinity of the points
1-r, fr'
Deformation potentials. Application of an extemal stress changes the band struc-
ture of the semiconductoi. 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 extrsma i and i is described by the parameter dAE,r1dp, where
p is the hyrlroslatic prossufe, For example, in case of forbidcien energy gap:

tl L,Eyldp:dErldp.
Uniaxial stress, in addition, gives rise to splitting of degenerate bands. The

strength of the spiitting is described by uniaxial deformation potentials: Eu in case

of eltripsoidal energy suifaces, and Du, D'ror b,din oase of degenerate Valence band.

The last ones ale connectgd by the relations

1- vl .1Du: - i b, oL: - -'; d.

r6
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For isotropic materials D,: DL. 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

Farameters which characterize optical properties of semiconductors :

cornplex dielcctric p;r:rriitivity

e (c':): er (.0) - i e, (to),

complex refractive index

fi (a):n (o) - i/r (co),

where z(to) is the real part oi ihe reiraciive index and k(o) is the extinction
coefficient; i:y'- 1 .

The ratio of ths electric (rrragnetic) lield rcflected from a semi-infirrite sample
to the normatrly lncideat electric (magnetic) field, in general, is a complexquantity

r -,r "" : i=#+1, .

The rclicction coc,lficierit (ri:flecillrco) liorn a sumi-iiifinite sanrp.le for the nor-
:rill incitlcticc is

tt __ ltuL _. v 2 ._ !,1_])'+l<'" 1,.r, - ' i (ir 11)j1/,r '

rvhi;re d"" antl {.-1, tir:e thc illi:l-rsitiijs til'thc incidtni and reflectcd light.
Roflectatrc:e phase shili :

/ _2k \{) .,run , ( ;* i l|_, ).
Ah.,r-r, ptiort c.,cllir ictrl :

a-== 4 x kl),,

rvho-re i is l.he waveieni{1h in fiee space. a is related to the light inten.rity I in the se-
ili-infinite sample at the points -r, and x, in thc following way:

I I (x"\u: - ,r-r, ln rt*J'
Relation betrvcen absorptio:r coefficient a [cm-1], concentration of absorber:;

l/[cm-a; and absorp.iion cross section o [cm2]:

a:No.

I t.: n' - k'"

I e':2rrft'

I n : 2- r/: [(ci+ :]trl/z a :,jt/:,

\ k : 2-,,, [(sl + elyrz- E,],,.

Various relations:

17
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f,rrminescence. 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-24 transition)

Free electron and hole recombination
(e-lr transition)

Free electron and neutral acceptc,r re-
combination (e-,4 transition)

Free hole and neutral clonor recombi-
nation (ft-D transition)

Free exciton .1ecay

Excitonic complex clecay

lDo Ao) -, [D + A-]+ hv

e*h-'> hv
eth">ivfphonon

e+Ao--+A-+hv

h+Do-->D+*hv
X ->hv
Xpn*>Iv*phonon
[DoX] -t Do + hv
[DoX]rr, --' Do * hY * Phonon
lAo Xl -+ Ao + hv
lAo X)nn --> Ao * i v + phonon

lDo X,7 -.> [Do X,-rl+hv
[Do XJnr,'-> lDo X 

^-r7* 
iv * phonon

Multiexcitonic complex decay

Subscript ph indicates thtrt phouons participete in the decay.

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

e - conduction band electron;
h - valence band hole;
iv - photon;
D', D* - neuttal, positi-rely charged donor, for example, Aso, As+, Sbo, Sb+;
Au, A- - neutral, negatively charged acceptor, for example, Cao, Ga-, Bo, ts* ;

Do {n), A' (n) - n-th excited state of neutral donor, neutral accepto'r, for
example, Sbo (2po), Gao (8 + 1);

Dr, A, - donor, acceptor which replaces lattice atom of type T, for exarnple,
when galiium atom in CaAs lattice is replacecl by silicon, then D1 is Sjco;

Y - vacancy;
Vau, Y* - gallium, arsenic v:tcancies;
X - free exciton;
X (n) - free exciton in the excited r-th state;
X, - free excitonic molecule (biexciton);

IB



t
Fig. 3. Radiative recombination channels \
for electrons (full circles) and holes (open u-A \
circles), E" and Eu are the conduction and },

Introduction

e.n

valence band edges. For details see Table 4.

lDoXl - excitoniccomplex,i. e. exciton bound to neutral donor, for example,
[AsoX];

[Do x1@) -
[Asox](2);

state of the excitonic complex, for example,

lD* Xl - charged excitonic complex, i. e. exciton bound to a charged donor,
for example, [As+X];

[DoX,7 - multiexcitonic complex,
n:7, 2, 3,,..;

bound to a single donor

LD}X| - single exciton bound to z ireutral donors, n:7,2,3,
[DuAo] - donor-acceptor comptrex, for example, [InoSbo];
lCucu ZnJ - complex consisting of copper atom and vacancy,

Ga and As atoms in GaAs lattice;
which replace

[Ge6. X] - complex which consists of the exciton bound to germanium, the
latter replaces lattice As atom;

I.A,LO, TA,TO - longitudinal acoustic, longitudinal optical, transycil.se aoous-
tic, transverse optical phonons or phonon branches.

Piezooptic and elastooptic coefficients. By elastooptic and piezooptic efl-ects are
meart the phenomena of change in the refractive index of the crystal under linear
mechanical stress. Dimensionie;s fcrurth-rank elastooptic tensor components p,jp
are defined as the first terms in the tensoriai series;

l'4,;: \ P,.,*,uu,.
kt

where.A1,, is the charge in the optical imperrneability tensor Arlii:A (eoie),r:
A(l/n'z). e iutd n is the dielectric constant and refractive indei, respeCtively,
and eo, is the strain tcnsor. Here, it is assumed that the extinction coefficient is ne-
gligible. Ar1,, r-:an also bo eXpressed through the stress tensor 6k,:

A"4i,i:) rc;yrr6rr.
kl

'Ihe components 7c,jk, make up a fourth-rank piezooptic tensor.
For cubic semiconductors the nonvanishing components of p,ro, and ttii1,1 re-

duce to three coefficients, traditionally clenoted &s pti, pn, paa arid rrr, zrrr, zrf, (see
Section 7 for notation).

Elastooptic and piezooptic tensors ars related by compliance ,s,jkr and elastic
Pttrt tensors

- _s -l'i1rs- y' t.iiklL *trs.
kt

_s ^Tiitt : / Piirssrs*t,

l9
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In case of cubic semiconductors the uniaxial. stresses 4root aJrd X1rrrl in [100]
and [11 1] directions, piezooptic coefficients and dielectric permittivitie-J aie related
by the formulas

"5 "t : -na(h_n11),4 ttool

#:_n",,,
wherc n is the refractive index in the absence of stress ancl e1, er are the real parts
of the reiative dielectric permittivity for racliation polarized parallel and perpendi-
cular to the applied stress.

Relative change of tire refractive index under hydrostatic pressure p:
dr I ^.
;;:-)n'(n"'*2r")'

Electrooptic coefficients. By electrooptic effect is mearrt the phenomenon of chan-
ge in the refractive inciex of the crystal nnriei clectric field E. Electrcoptic tensor
is dcfincd through tensorial series

,1,;(E)-rl,;(0)=A4i;: f .,rnEu +X sijr,rExEl* . . .,
kkl

whele 1,, are the impermeability tensor components (for isotropic media 11 :
eofr), riru are tho linear oleciroopiic tensor compollents (Pockels coefficients),
itnd s,.r*, are the cliradratic electrooptic tensor components (Kerr coefflicients).

Fcr celii:osr-viametric crystatr:, Gr; and Si, r,r,,:0, i. e. a1t Pocliels coefficients
are equal zero. For GaAs arld InP norrvanishing co.rnponents ol r1.1o reeluce 1o a
single component traditionaiiy derotecl by rrn.

For Ge, Si, CiaAs and I:rP norvanishirg comprrnexts of ^r,ru, reiluce to two
Kr-rr uooff,iciulttr .i,r=srr:r ir,d .$r:a ir-r.
Nonlinear optics" T'hc prrlarizalion inriucetl b;v the electtic licld irr tho nonlinr,'lr
mer-1ia is

P; =.1D1r) * Pj:)4pl:l + " . . :

'1",r8;i-Z,!,,,,tlj tjk +f c,;r, njEkEt l- .. .),
.ik jkt

rvhere P, an,-l E, are i-th cofi.ipr)lr.lts i)f rnolnoJ'rtaty potrari,rati()r1 illlri trlcelric f iolci
iit tho rlcriia, rell'rr:ctir.,cly.

Lincar polaitization:
Du) -S-P:" - i-o. '/.,i Li-

In this case the li:rcar su:;ceptibility 7,, for-' {}r,Si, Gads ancl InP reriuccs to u scaLri,
'/.ii:!., rvhich can be cxpl'esscil througir dielectric permittivity

e.=eo(l+X).

Ssoond-order' :lorilirrear polatizaliott:

cl,roErEo.

Now the third-rank tensor compononts drro lmlYl clescribe the second-order non-
trinear susceptibility'. For Ge and Si, rvhrch are oentrosymmetric crystals, all com-

., (f

\.1

,t
jk
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ponents are equal to zero, ditr:0.For GaAs and InF the nonvanishing components
of d,y1 reduce to a single comporent traditionaily derroted by drn.Then, the equation
for P[z) with reference to the cubic crystallcgraphic axes Jtr, jr,, z assumes the fol-
lowing form:

P9):2dueoEnE",

D(.:)--'r,t - E r;t e - 
Lv71-O uz ux,

pi':t =,z,t,nroE,E,.

Third-orcior norrlinear irr-.larizatiorr :

Pl3) -=eo z r,.,o, Iii Lk l':t.
jkt

llerc thc fourth-rimk 1.$r'l:,.r.rr cornptlllerlts c,;n1 [tn2/\r2] dcscritre the third-order
uonlincar susceptibility. For Gc, Si, GaAs and InP nonvanishing components of
c,.,0, rcducc to ttvo coefflioicnts, cu=c,tt a-nd cro:crrrr. Then the equation fbr Pt'l
rvith ref,erence to the cubic crystallographic axcs Jf, /, z assumes the following form:

Pf) : c r., r, zo E! * 3 c rrss e o E * {E} + E}),

Pl3) : f,rrrr eo Ej + 3crrr2eoEr(E? + ntr),

Pf) : cn:l-eoEi, *3cr122esE,(EIn uil.
The anisotropy of the susceptibility is charaoterized by

o: (l -t 3crrrrf crr,r)f 2.

fior ist"rtr:opic materials i crzz I crlu: I /3, an<i o: I .

4. Electrical properties

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

intrinsic if n:p:ni,
n-type if n)p,
p-t)'pe it p)n.

For doped and undoped nondegelerate semicolicluctors the mass-of-action law,
nP:n], hotds.

Drift velocity, ilrift mobility, current ilensity and conductivity. The drift velocity
ofthe carrier in the electric ftald E is defined thrcugh the distance d and the transit
time /1, which is needed for the carrier to cross this distance:

v:dltt .

The drift mobility is defined by

Va:alE '

Tha current density (due to electrons) is

J:ew):enVaE:oE:El?,
where e is the elementary charge, n is the electron concentration, o is the conducti-
vity and p is the resistiviiy.

In cubic semiconductors, in a weak electric fietrd limit o is parallel and proportio-
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nalto E, as a result Fd, 6, p are scalars. At high electric fields a is not parallel to E
except when E is parallel to the high symmetry directions, such as ( 100) or
(l l l).
Hall coefficient, Hall mobility and ttrall factor. The Hall coefficient R, is the pro-
portionality coeflficient between the cument density J along a long sample and the
transverse electric field E, (Hall field) which arises in the sample placed in a mag-
netic field with induction B:

Eu: Rn(J x B).

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

R:r.:rslkn).
The constant rg is called the Hall factor. It depends on the scattering me<;hanism:
for acoustic scattering y'":(3/8)zr:1.18; for ionized impurity scattering rr:
(315l5l2)tt:1.93; for degenerate seiuiconductors /11: 1; in the limit of high mag-
netic ficld (p"B)l) rr:1.

If one defines the carrier concentration by the relalion

ns:1|(eRr),
then Hal1 velocity and mobility are

oy:R;g-J, px:awfE,
where ,E is the applied electric field. The Hall factor can be expressed through
the ratio of Hall to drift mobilities or velocities

41:1.ru/p :oslv .

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

Jo:eD gradrn'

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

t":vD.Ei .

At weak electric fields D and drift mobility 1.r, are related by the Einstein formula

P:$ vo,

where Iis the temperature in K, k is the Boltzmann constant and e is the elementary
charge. In the presence of high electric fields, whEn hot carrier effects come into
play, the diffusion current densities along and perpendicular to the electric field
are different, and are characterized by D1 and D1, the longitudinal and transver-
se diffusion coefficients. In a weak field limit Dt:DL:D.
Banil-banrl impact ionization rates. Experimentally measured impact ioniza-
tion rates per ulit length for electrons a"' (x) ancl for holes p' (x) at the point with
the coordinate .x are defined by equations

I - Xr," 
: d.' (x) J , (x) )- g' (x) J , (x),

t i? --. a' (x) J,,(x) * B' @)1,(x),

where .f, and Jo are the electron and hole current densities.
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Theoretically calculated impact ionization rates are

o:-l--. s:- I--.-' lzs,lt,n' - lzsrlr,o'
where t,,, and ",, are the characteristic times for creation of one electron-hole
pair by an electron and a hole, respectively, andonandvo are the electron and hole
drift velocities.

The following relations exist between u', {)' and o(, p [13]:
, I dvn dEct , d._ % d,E n;,

()t or I dv, dE
P-ir-ro, ar aT'

If the electric field is homogeneous (dE/dx:0) or velocity $atutates (c1o,,, rldE:0),
theu oc':a and P':0.
Energy relaxation time t" characterizes the rate of energy dissipation to the lattice
by charge carriers. re appears in the power balance equation

d el d t : e aE - (en- eo)/"",

where the first term on the right hand side describes the power gained by the elec-
trons (holes) from the eiectric field E and the second one describes the power lost
to the lattice. Here e, and e0 are the carrier energies averaged over the distribution
function in the presence and absence of the field, and z, is their drift velocity.

The charge carriers are called warm if erlEo.
The charge carriers are called hot if ez)eo.

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

dn,ldt :Gt- (nr- n,r)1t,.

Here n1 and nro are the nonequilibrium and equilibrium carrier concentrations, and
G, is the carrier number generation rate in the considered i-th valley.

5. PiezoelectTic, thermoelectric and magnetic properties

Piezoresistance. The most general linear change of resistance tensor p,J on stress
tensor ool is expressed through (isothermal) piezoresistance tensor 7c,j&r

(p,i - po)/po = AP,ilPo :Z nuu,oo,,
kl

where po is the resistance at zero stress, which for cubic semiconductors is sca-
lar. For cubic semiconductors all *1r0, components can be expressed through
three independent coefficients traditionally denoted by ,irr, frn, frEa (see Section 7).
Ap,-,/po can also be expressed through the strain tensor eu,

ffiuil8il,

where m1ro, are the elastoresistance tensor coefficients which, similarly to the
piezoresistance tensor, can be reduced to three independent coefficients lntL, ffi12,

ffitt'

Apu/po:f
kt
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TABLE 5 Orientatiolt:i of
to thc cr)::lallographic a.re:.,
of piezore:i-.tance ten:,().[5 in
tive if tensile :tress rednces

the uniaxial siress X and
which yielc'l experimentail-v
cubic semicondnctori . The
the resistance [14, t5]

current .I with respccts
ITlea:ured cr-,mbiuaf icns
piezoresistalrce is posi-

Direction t'rf,

stress X
Direction cf
current /

Apl
- prx l-v*o

Longitudinal cc nfigura"iion

[100]
I1 101

[111]

[100]
[1 10]

r 1 I 1l

Tcrt

(trrr*re* :l'aa)12

(tr.,l-2xr2+2nfi13

ll00l
[1 l0]

Transverse

t0J0l
tl 10I

conligurati*n
lltz
(z:, 1 -l zr13 - ;:n)l )

Hydrostatic pressure p

--AP -- r 1-
po p- - "11 

-r a tt72

Conversion for:nu1as fron zi,, to rtt,., lor cubio sclticouduc{or: p4] :

tttJ4_ ttd4LLl)

Qnr, - mrr)12: (r' - f,rr) (crr - crr)12,

(rn r, + 2rur2)/3 : (;rrr * 2nrr) (c y * 2 c, 2) f 3,

where c,, are the elastic tensor somponents described in Section 1 of this Chap-
tor.

Theory shows that under some condition: the piezoresistance ccetTicients
satisfy:

7t4-7t12:r"qa:0 if the band edge is isotropic and situated at the wave vector
k:0;

d11-.r11-l0, zrno:0 if the energy ellipsoids are situated on the A-axes;
rc11 -2i12:0,',144+A if the ellipsoids are situated on the A-axes.

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

Piezoelectric tensor relates the compo:rents of etreciric field El or polarization
P, of the crystal and the componcnts of strain ejL or stre$s 6jr tensor

P,:f driiGij, Pt: -Z ,,rrrto,
ij

_s-
Lt: - L g,.iooto,

jk

jk

Et: -\ h,,,e,i,
iJ

componellts.are the piezc,olectric tensor
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For Si ard Go, ooiltrclyllruoif ig ci:ystals, all piczoelectiic components arc equal
:7.qt/o,

For GaAs;md I:rF all nonvanishing cornporlcnts of cl 1ii, e 13s, tr.i*, lttti reduce
lrr a si,ngi; coasiant u:,rially dcncltoci by drr, ctq, L{t* ft,n, respectir'etry (sec Section 7).

Seebcck cocfficient ,S (all;o calloci thermoclectlic povrcr) is a mcasui',; of lhcrnt;clcc-
uiq votrta.ge A I/ which develops between ihe specirnen ends lvhen thc tenrpcrature
differcnce A7'is nrain.tained bctrveen theur

s==LvlL7'.
Magnctoresistance. In gener:atr. the magnetoi'csi-slauce is a frrurtir-r.ank tcusor'. T'hc
mag:rctoresistanc€ is sensitivc to the sanrple gco!r1e1ry and the dii'r.ri:iir.rr.l ol'the rr:ag-
uetic iutir-lctio:r E and thc cLirrent I rvith refcr"c:.rcc to th: cry;tallogr;lphic axes.
[;r prlar;iicc two corllpculcilti, ato froquoi]lly dcfincil for the specimens whose dinren-
sions in the cur"rc:lt direction are.rruch largt'r: tlian in 1he olircr: diicciions: the lon-
gituclirral ;nagn,;loter,istanse whon I ,8, airci tlrc trensversc lrtitg.nctore:ri;tiutce whe:'l
I lB. lirperinrcntally o.\e lnoasur0; th,: cha-ngc oI speoitnen lesir;iirlily iu the
<iircctia;r of the ourrclll fiow unclcr 1he action of parallel oi perpe:rclicular
magnetic fielci

ap/po - [p (B) - p,]/pn,

lr,her:e po'- p (l3,:ti). 'fhc quartity Api(poB') is callod the magnetoresistance coeffi-
cient.

N{agnetic susceptibility ;1,,,, nragneiic pci:nreability of rr;rcuurn p,, a:rd relativc mag-
neiic pe1'mcability p. ale rcla.lcd to maglctic indr"rction B, nragnetic field H an.J
nragnetizatio;r M by cqualitics

B : Fo p,H:.,1, (1 * X,) II : i/.0(H + M).

6. Innpurity properties

Positively (negativ:iy) charged states of an impurity are defined as d onor (accep-
tor) states. Neutratr statcs bear no other distinctive name. Ilnpurity which can
have only oJle or more donor (acceptor) staies is referred to as a donor (accep-
tor'). The above rnentioned states are dencted by symbols D+, D2+ -tc (A-, A2'
etc). The corresponding neutral state of the donor (acceptor) is denoted by symbol
D0 cr D (Ao or,4). Iinpurity which can harre both the donor and the acceptor states
is referred to as al1 amphoteric impurity.
Elementary carrier capture and ernission processes arc shown in Fig. 4. Elcctron
or hole captuxe tirte T ,, , and capture tate cn,, due to centers of conc,lntration ,I/
are

N o,or1,'
1

uP * 
Noonrn'

C,r: 6,r'0g1e L' p : 6 pUtht

whorc on and o, are the cl:ctlon ancl hole captllro closs sections by the center and
ur1 is the thernial electron or hole velociiy

,,o:V@:6.2s"rc,V-m t+]
Hare m6 is the density-of-states mass.
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tlole
copture

llole
emission

Fig, 4. Elerrentary captlirc and emis-

- sion Processcs. E,, and l:1, arc thc acti-tr valion encrgies for electrons and holes.
E and Eu are the conduction and va-
lence band edges.

Small deviations frt>m elcctron aud holc equilibriurn concentrati()ns can be dos-
cribed by an oxponential law

nr(t):n, (0) exP 1- tf t",),

pr Q) : pr(0) exp (- t l r,,).

Hcrc I is tirle, rra (0) and p, (0) are the excess eiectron and hole concelltrations
at /:0. Assuming the detailed balance, the thelmal emission rates for electrons
and holes are (see Fig. a)

lr,l: er: S116,ril,xrNs exp(- ErlkT),
ail = eo: go6oD11,Nu exP(- ErlkT),

whoreg,,, g, are thc respectivc degeneracy factors, rvhich arc frcquclrtly assunicd to
be equal to unity. E^ and Eo are the activatiorl energies for electrons and holes.
1/. and lt are densities of states in the conduclion and valence bands

N 
",, 

: zM L"Wl''' : +.zt . to15 M (#)''' r3i 2 [cm -B].

Here M is the number of equivalent valleys.

Impurity impact ionization coefficient A1 characterizes the rate of increase of free
carrier concentration n due to impact ionization of impurities of concentraiion N:

dnld,t: 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 conrponents
in the cubic semiconductors

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

Seconfl-rank tensors (electrical ooneluctivity and rcsistivity, heat conductivity and
resistivity):

Trr:Tnn:T"r*0, Tro:0 if i +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:
T*y, : T rry : Ty *, : T yr* - I'"rn :. Trr*,

which are traditionally written as a singls coefficient Tu. 1\ll other components
are equal zero.

Fourth-rank tensors (magnetoresistance, piezoresistance, elastic coilstant,5, Kerr
effect). To simplify notation the following abbreviation is introduced: xx: l, )'!:2,
zz:3, yz:zy:4, xz:zx:5t x)t:)tx:6. Then the fourth-rank tensor components
reducc to the following nonvanishing terms:

Ts: 7122:Tss, Taa: Tru-=fru,

Tn: Tzt: T',:Til: Trr:f ,r.
All othcr somponents are oqual zero,

The tensor componont having the sirnplified notation will be called a constant
or a coefficient.

8. Physical constants

TABLE 6 Relations between photon wavelength 7', energy E and wave num-
ber k 127, 281

. 1.239 501I [1rnr] : ip"l. in air with refractive

1.239 842
-Etevl-- ln vacuum'

k [cm-{ :8 065.54 E [eV] in vacuum.

I eV :8 065.54 cm-r in vacuum.

I meV :8.065 54 cm-r in vacuum.

1 cm-1 :0J23 98 meV in vacuum.

1 eV :2.417 988. 101a Hz,

1.502177.10-ls J,

1.602177.10-12 erg.

1 K :8.617 385. 10-5 eV.

1 eV : 1 .160 445 . 104 K.

index n, :1 .000 274 9,

27



Introduction

TABLE 7 Physical corrstants [28]

Quantity

Eleclronic chargc c

Electron nrass ,,,o

Light vclc.city c

Elcctric cott:r1ant :q

Nlagnetic corlstant [-ro

Planck constant ft

ti:hl2r
Boltzmann constaut /r

Bohr magneton pru

Electron g-factor

l"
L6A2177 . 10-1s C

9.109389.10-3rkg

2.997 924. 108 rn/s

9.854 l37.t0 rz }r/ll
4zc'10 -7H/rl 

=-

12.566 370 . 10-? II/rn

6.626 075;.1() - 3a -I. s

1.054572.10-3a J's
t.380 658.t0-23 J/K

9.274 At5 . 10-24 J l^t
2.A02 319

I

I 
cGS

.1.903 206.10_10 0qu

9.109 3t9. 10 2s g

2.997 924 -l0io crnf,;

I

I

(i.626075'10'27erg.s

1.054 572. 10- 27 crg.s

1.380658.10 tccrg/K

9.274 015.10-21crg/Gs

2.AA2 319

Nonsystemic:
h :4.135 669 . l0 - 15 eV . s,

li : 6.582 122. 10- r8 eY . s,

k:8.617 385. 10-5 eV/K,
pa: 5.788 382. 10-5 eV/T.
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-IABLE I Translatic)n of electrical quantities from CGS to SI

Quantity
| "o' l"

Relative dielectric permiftivity

Relative magnetic permeability

Eiectric field intensity

Electric induction

Nlagnetic field intensity

Magnetic induction

Electron charge

Charge

Current density

Current

Voltage

Vector poteiltii]l

Polai'ization vector

Magnetizetiiln vcc{(}r

R.esi:,tance

Conductivity

Crpacity

I nductiince

Mobilitir
Diclcctric susceptibility

Itriugnctic susceptibii ity
llohr rrragnett-rn

Light vcloc:ity irr vacuurrr

c*

p*
E*

D*
H*
B*
e*

Q*
J*
J*
u*
A*
P*
M,*

R;:.

(i*

c*
J,*

_>

'->

-.>

.->

-.>

_.>

..>

-

'f

P"

E'(4ne)rtz
D'(4nf elliz
H'(Awp)rtz
B'(4rtg)rtz
ef (4rue)rt2

Ql(4neoytz
J l(4ne)Ltz
If (4T.)1tz
() '(4n:,)1tz

A'(4rls)ltz
Pf {4ne ,,)tt
Ml(4rls)ut
R.(4neu)

r; l( nej)
('li4xeu)

L-(4rlg,,)
pt.f (4nelttt

tJUn)
/-,^l$re)

v-ul(rl*u)
c - I l(.eov,o)jt,

l1*

'/"i,
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B. Fhysical data

tr. 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)

7o Ge " .. 20.5 '%

72 Ge . .. 27.4 %

?3Gc. 7.8%

7a Ge . .. 36.5 ':',,

?6Ge. 7.8%

2. Avera.elc atomic iveight: 72.59

3. Ge ha,r r diarnonri-typc lu1-tice. Space group is Fd3m (Ol). Lattice sym-

m$try tt)i'lnula is l,ll-a4l'r(tL!9['(1, which means that there are 3 syrnmetry

axes of' the ltrurth-orcler, 4 syinrlletry axes of the third-orcler, 6 symmetry

axcs ,l{' lhc second-order, 9 symmetry planes ilncl inversio.n center

4. l"atlice constunt: n:0.-565 79 nm at 298,i5 K

5. l)cnsity: 5.326 74 g/em:] 'rL 2()lJ + 0.01 K

6. i.{urnber ol'atorns in I cntj is 4.4' l0x2

7. Melting temperature: 1210 K

8. 'lrilnriition to metallic phase occurs at the pressure 10.5 GPa

9. Ce clear,6s ruost readily on { 111} lamily planes

[1.1]

lr.2)

ll.3l

ll.4l

ll.5l

lr.5l

ll.7l
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TABLI,I 1.1 Eia:tic paremeters of Ge at the iattice temperature 77 K,
300 K [1.8] and 973 K [1.9]

I

Value

Parameter

Elastic constants:

c1" GPa
c"' GPa

c,.. GPa

Sound velocity in the direction
[100]:

longitutlinal lL, clrl/s
transverse rr, cm/s

Scund velocity in the direction
[111]:

longitudinal rr, cm/s

trangverse wr, cmls

Elastic anisotroP;' fitctor c

Poissou ratio v

Youug's modulus -8, GPa:

direction [ 00]
direction [tr 10]

direction [111]

Bulk modulus ,ts., CFa

B's:dBrldp

300 K I rz:x77}(

131 .1

49.2
68.2

128.5

48.3
6 5.8

112.1

37 .3

62.1

4.96 . 105

3.58.105

5.61 .105

3.07. 105

0.6

0.273

rc4.2
139.8

t57.7
7 {t.5

4.gt . 105

3.54. 105

5.55. 105

3.03 . 105

u.6

a.273

102.1

116.9

154.5
15.0
o,'].

'1.59. 105

3.,{.2. 105

5.22.i05
2.93. 10;

(i.6

a.24*

s3.1
124.4

I 39.8
62.2

,r _ [1.10].
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TABLE 1.2 Ge phunon energies for
Brillouin zone at 300 K [1.11]

-cymmetry points T', X, L the

Phonon
branch

LO
T',O

T,A

T',1

37.3 + 0.08
37.3 r 0.08

0

0

29.5 I 0.08
33.8 + 0.12
29.5 + 0.08

9.84 i 0.08

30 + 0.08
35.4 + 0.12
27.4 r- 0.16
7.73 t 0.08

T'emperature variation of phonon encrgies. In Ge the phonon energics of all modes
at 700 K are uiliformly lorver than those at 100 K by 3 -5 ,)L [1.12, 1.13.].

Optical phonon lifetirne. At the syffmetry point i rhe half-widths of the firs'-or-
der Raman line are 3 crn-1 at77 L< and 4.1 cm-1ar 300 K. These hali'-widths yield
phonon lifetirnes i.7 ps anC 1.3 ps, rcspectivdy [1.1a].
ltaman activity. Oelrnaniutn has only one fiisi:-orcler Rainan-active phonon of
symrnetry I-,r, l<;cl;t,-:ti al th.; llrillorrin zcne conte: anci having orlefgy 1i?.3 i-rtr;V.

TABLE 1.3 Cri.ineisen paratneters for diif-erent phcr:orl branchu's in (irr lit
X, I (7'.=,298 K) [3] a.nd L g-1.22 K) [1.15] criricai poinis

Phoutrn
branch

LO
TO
LA
LA
LA
TA
TA
TA,
TA,

I .53

1.2
0.9
0.5

-0.4

1.12
1.12
1 .301* [q00]
1.294* fqra}]
1.292* lqqtt)
0.612* [E00]
0.367* lqqql
0.612* [qq})
0.16i'r [q40]

* - Calculated from
given in parentheses;

Lattice ilielectric permittivity"
Relative static [.17]:

e16,0:15.94 at 300 K.
Dependence on hydrcstatic pressure p in GPa [1.17]:

.l€o: 15 "94 - 0.36p * 0.014p2.

l)ependence on ternpexature [1.18]:
(1ie) (d el dt1 : 1.9 . 10-1 K-1

;r* ;,;;; r,*r-r,, ;t;;.',* of wave vecl.or'
q(2rfa, whsre a is the lattice cc:nstant.
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Fig. 1,1. Phonon dispersion curves
for Ge in the main crystallographic
directions at 80 K-[1.19]" .The dashed
lines show the slopes for sound
velocity in various directions.
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Fig. 1.2. Ultrasolncl attenuation. a - Freqr.rency dependence of ultrasound attenuation coeffi-
cient for longituclinal, Z, and tr:insverse, 7, ultrasound waves propagating in Ge lattice in [100]
clirection at room temperature. 5 - Depenclencc oi attcnuatiot of ultrasound waves propagating
alone [100] direction on the latiice tenrperature of Ce at fixed frequencies: L-wave at 508 MHz
(circ!es), L-wave at ll40 M!{z (triangles), 7'-w;rve at 333 MHz (crr:sses) [1.20].
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Fig. 1,8. Averaged Griineisen parameter for Cc as a function of the lattice temperature.
lid line: from third-order elastic constants. Dashed. line: from thermal expansion [1.27].
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Fig. 1.9. Band structure for Ge with spin-orbit interaction included. a - General view [1.28].
The bands are at least doubly spin degenerate at any point ofthe Brillouiir zone. Indirect gap bet-
ween points fs+ and I.+ is shown by an arrow, D - Enlarged portion with main interband optical
transitions indicated by vertical arrows [1.29],

TABLE 1.4 Critical points associated rvith band-band transitions in Ge
lvhich are important in optical measurements (see also Fig. I.9,6)

Critical
point

Corresponding band-band
transition rvith

spin-orbit interaction k-space location
(units of 2rc/a)

included I neelectedt"

n

V/AVE VECTOR

Eo

lro+a

E6

E('+ Lt)

E1

Er+A,

Ei

L-

Er+ L,,

ffr+f;
r!L7;-->L7c

F+ n-L8;+L6c
Ifr+l;
(Ao, Au),> Ao"

Au, -+ Au,

(L+ , L;), -:- (L;, L{)"
alnd L;-> L{

Y- -- Y-,-5r'.oc

Xs, *, 1's"

Tlv -->fi,

Ii5, + If5

Ai+Ai

I-i' --> Li

xi -> Xi

(0, 0. o)

Large voiume centered
on (0.33, 0.24,0.14)

Wide region centered
on (0.25, 0.25, 0.25)

Near l-face, cettered
onL

Srna1l region near
(0.77, 0.29, 0.16)
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Ge band p.

TABLE 1.5 Energetic distances between important critical points in the
energy band of Ge at roorn temperature and respective hydrostatic pressure
coefficients. F'or transition and critical point nomenclature see Fig. 1.9,0
and Table 1.4

ri,.tey *"putrtin,; u',,1 - i ,,^. I :
pr*,,riir* coefficie't I 

value 
I 
comurettt

| 
*.rrr.n""

Es:E{Li,)-s(f;|,), cV 0.665 Indircct forbidden energy [1.30]
gap

Eff='Eo* Ec F .3ll
tl.321

Spin-orbit splittiug of the [1.33]
valence band at k:0

Er:E{tt;)*E(Li,),
Er.x: E (46") -'f (Ial),
An:o(fd;)- E(t*).

Eo: E(t7)- E (ffi),
Et, eY

82, eY

Ar, eV

dErldp, eV/GPa

dErldp,
clEr_7ldp,

dErldp,

d Er*f dp,

dErldp,
dE,ldp,

eV/GPa

eV/GPa

eV/GPa

eV/GFa

eV/GPa

eV/GPa

0.14

0.1 86

0.289

0.798

2.11

4.37

0.1 87

- 0.462

0.075

0.056

[1.34]

[1.3sj

[1.3s]

[1.35]

ti.37l
t1.381

t1.3Bl

eV

eV

cV

eV

0.05 The plus sign indicates that [1.36,
the gap increases rvith hy- 1.371
drostatic pressure

0.121 [r.33]
0.07 dEryldp:dEoldp-dErldp

-0.013 X valley relative to valence [1.37]
band edge
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TICBLE 1.6 Ge conduction band principal valley pal'ameters

Parameter

Valley Iccation in
the Brillouitt zolle

Number ol valleys

Valley separation re-
iative to Z valley, eV

Elcctron r11assc5:

$carar rn,,f ftlu

lorigitudiual m,fnt,,

tran:ver:,e turf tto

ccndnclivity ru,fruo

11en.;ity-ol-:li ates
mof m,

L*, on the T7, in the
bcundary ofthe center of the
zone in (ll1) zone
direction

41

0.14

0.038

1.57

0.0807

0.i18

0.217

- 3.0 r 0.2

Au", in
( 100)
direction

6

0.186 n.31, 1.321

0.038

0.038

1.35

0.29

0.39

0.48

[1.3e]

11 .40, 1 .411

Ii.40, l.4t]

11.42, 1.437

ll.3el

tJniaxial deforma-
tion potential E,, eV

g"-factor

* - It is the most important valle1, in the transport praprrty analysi,s.
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TABLE 1.7 Ge valcnce band parameters

Parameter
I 
uu,u. Reference

Light antl

Luttinger parameters:

I1

\z
I3

Spherical part of g,-faclor 2k

Vaiencc band nonsphericity I

Average heavy hole mass for
o'spherical" bands mlfmo

Average light hole mass for
o'splrericai" baiids rt,fmu

Density-ofl-states lnass mofmo

l.ight hole band nonparabolici-
ty a, eV--r

Uniaxial dq:foruiaIion potenti-
ais, eV

Du

DL

Spin-orbit

Ao:E(r*)-E(rfr), eV

Mass tnrofruo

g"u-factor

heavy mass bands at l/;

13.38 + 0.02

4.24 t 0.03

5.69 t 0.02

7.2 t 0.08

0.1 08

0.316

a.0424

0.326

7

3.32 t0.20
3.81 t 0.25

[ 1.44]

[1.44]

11.441

ilu

il,4sI

I r .441

11.441

split-off valence band

0.289

0.095

-10+3

at I'],

[1.33]

[1.3e]

ll.3el
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(100) ptone (110) ptone

Ijig. 1.10. Ce valonce banrl warping.
The contcrtirs are the constant ener-
gy surfaces of hcavy (/r) and light
(/) mass bands in (100) an(l (ll0)
planes. The nonparabolicity is not
included (cf. F-ig. 2).

n1

to
UzU

-0.4

-0.5

-0.7

-0.8

20,1 0-(

SOUARED WAVE VECT0R, otomic units

Fig. 1.11. Gevalencebandnonparabolicity.Energiesof holesinheavy(/d, light(Dandsplit-off
(s) valence l.Tands are plottcd as functions of squared wave vector. The dashed lines shorv parabo-
lic bands. The wave vector ralgc covered here is equivalent to about one tenth of the Brillouin
zone radius [.46].

Fig, 1.12" Location of the lowest energics in
the conduction band indicated by dots and
constant energy surfaces (spheroids) in Ge.
The dots are on the Blillouin zone bouodaries
at points .Lr+, therefore, two hatrves 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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x il l00rl

x il l11rl ::-:,1
9ru
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-*- T 3,,,

l''ig. 1.13. I- valley splitting unrlo'uniaxial cut4rrrssive stress X (cl. FiS. l.l2). The stress removes
It.rurf,.lkl clegeneracy and, as a result, the energv dift-erence AC appears between different groups
of valleys in theZf point of the Drillouin zone. 8,, is the uniaxial delormation potential. E,= 16.4 eV
for* n-Ge 11.421.

TABLE 1.8 Valcncc band splitting under urriaxial stress X. The stress
r^emoves valence band dcgenslacy at the point ffr, as a result the
energy gap A E appears in tlr.e vicinity of the wave vector k :0 [.44]

Direction of the
uniaxiai stress

[00r]

[1 r1]

ll t0l

A Eirrrr:*

A Er,rr:: ?

LEt rol:i,

1D"X I_--l
I cn- crz 

I

I o'"x Iir*t
(A Eioo,l j- 3A rfrr 1r)u2

The valence tranl uniaxial deformatir:n potential and elastic constant
can be found irr Tables 1 l and 1.7.
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3.2

3.i

3.0

2.9

> 2.3

> )')
Etri 1rzLlU

20

Ig

100 150 2A0 250

TEI4PSRATURi, K

Fir0, 1.14. Temperatrtre depcn_dence of a - forbiddcn. errergy cap E; [.30] anr.[ 1r - interban,J
critical-point energies E1, 82, E'o [].351 in Qe (sce t-ig. 1.9,b for the-corresponding transitions).
The solid lires are the bcst fits rvith the empirical folrnirlas ancl parameter values listed in Table
1.9.

'IABLE 1.9 Valtres of the tr)ar-llmt-rters o, l: an,.1 (;) in t-quatictt
E(T)'.--a -DIl+-21@o t ".. l)] ohtainecl by l'irtil;i ihc crilicirl poirrt cncrgic',
vi. abs()lutr- tenlpe.raturc 7 by striit! lities in Figr. 1.14. Ei is average ol
E[ und .E6+46

Critical Ip"i;i- | 
a' ev

!,J )

3.23

4.63

6, eV

Er

Et

E2

0.r2

0.08

0.17

Dependence of the indirect energy gap on the absolute temperature can
fittod with the equation 11.471:

"E* [cV] :0.744 -- 4.7 . t}-a 7'21(235 +T).

zlUJ
3 068 l-
6tg 067 l-Ll

0.66 l-
I

065 I -
050

44

t,.1,

i.J
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qnn
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1.3. Ge optical properties
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Fig. 1.17. Optical absorption coeffi<.:ient of Ge &t nitrogen and room temperiitures.
and full circdes -. [.521, crosses - [1.53].
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Fig. 1.19. (fptical lorv-in-
tensity absorption spectrum
ol high purity Ge near band
gap energy at variolrs tempe-
ratures [1.30].
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Fig;. 1.22, Absorption cross section for liee
holes in p-Ge vs. photon energy at the lattice
temperature 295 K (circles) and 96 K (triang-
les). The arrow indicates the onset of transitiorrs
to spiit-offvalence band. The lattice absorption
at iong wavelengths (energies less than 0.1 eV)
has been substracted from lhe experirnental
rrbsorption tlata [1.58].

10r7

2r'r 40 60 80 100 ZCO

PHOT0N ENERGY. rneV

Fig. 1.21. Free electron absorption cross
section vs. photon energy in z-Ge. Electron
concentration: crosses - r:1.59.1018 cm-3,
circles - n-4.7 .1A16 cm-3. T:293 K
[1.s7].

TABLE 1".10 Propertiei of free excitons and excitons bound to irnpuritirs
in Ge as observed in luminescence experiments (see also Fig. 1.23)

rcference

Yr._o ltv * LA

Xro hv -f 7'i)

Free exciton,

712.73
+ 0.0.1

704.7 5

X

5.1 K, intense iine t1.5el

3 K, ,l/i) -- Ar, tr I0t0 cl.n' 3 
[1 .60]

[Asx]

[Asx]

As + /rv

As + /zv

llxciton bound to

739.08
,i 0.03

-30

donor, [DXl

5K. .ryi.:4' 1014 cm'8 [1.61]

2K, lFAs:2.1016 cm-3,
decay is nonexponential U.621

WAVELENGTH, pm

Particle

Lumines-
cence
energY,
meV
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TABLE 1.10 (Continued)

Pirrticlc Disseiciutiort
channel

Prrrticlrl 
rt'r''i"ts- 

|

lil.ti- l::,:::" lC'.,,,',,,.,,r'. rcfelcntc
rnL', p.s 

I 
*.t'' 

I

[Asx],,
[AsX]."
[AsX]ra
[AsX]r"

lPxl

[PX],,
lPXl",
lP Xlr"
Isbx]
Isbx]zr
[sbx]rr
lsbxlr.o
[Bi.\l
lBixlr"{
[BiX]I,1
[Lir]
LLiX].IA
lLi.Ylra

[Ga,Y]
lGaXl"o
lGaX)4

[{it X]r.,,

llnxl
[n X]1a

[InX]7.e

As+hv-rTA
As+hv+L.4
As+hv+LA
As+ tu +TO

P+ftv

P*hv*TA
P + l'rv+ LA
P + h') +TO
Sb+iv
Sb+hv+ LA
Sb+hv+LA
Sb+hv +To
Bi+iv
Bi*hv* fA
Bi* hv * LA
Li-l hv
Li+ hv + TA
Li-r ltv + LA

[ 1.63]

tl.53l
crn"3 [.62]

ll .641

I t.6 l]

731.25
711 .3

12

703.1

739.22
+ 0.02
731.4
7 t|.6
'103.2

739.5
711.9

28
703.5
739.2
731"s
711.6
739.45
731.65
711.75

Exciton bound to

4.2 K
4.2 K
4.2 K, y'y'a.:2.l0ro
4.2 K, NA":
(5 - 8). 10r5 cm*3
5 K, ly'p:1015 cm-3

4.2 K F.631
4.2 K n.631
4.2 K, Np:8 . 1015 cm-3 [1.64]
Unobserved [i.64]
4.2 K, //so:7.101a cm s [1.64]
4.2 K, {su:8.1016 cm:3 [1.62]
4.2 K, /Vsu:7.101a cm-3 [1.64]
Unobserved [ 1 .63]
4.2 r< [1 .63]

4.2 K tl.63j
4.2 K tl.63l
4.2 K il"631
4.2 K [1.6-1]

acceptor, [lXl
Unobserved [.6a]
4.2 K, Ncu:5.16ts srx-s [1.64]
4.2 K, Nc*:4'1016 cn-3, [1.62]
decay is tlo-cxponerrtial
4.2 K, Nc;":5'10'5 cttr I p.64]
Unobservecl [i.64]
4.2 K, llt":3'!0r5 cm-l [1.6'1]
4.2 K, r'fin:3 ' 1015 cm -r [1.64]

Ga+hv
Ga+ hv + LA
Ga+hv+LA

Ca 1. ltv I'10
In -i-/r v
In+ hv + LA
Ittl- lry a79

739.4
711.8

20; 59

103.4
739.3
7 11.7

7a3.3

I"A, TA antl TO
phonon cnergy,
Excitonic encrgy
flxe:itou hinding

is longitudinal acoustic, transvcrsc acclnstic trnd tiansverse
rcspectivcly.
gap:/i,:740.46-t' 0.03 nreV at 7'55 K [.-s9].
encr:gy: Ii, -..4.2 nreV [.5e)al.
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Ir :4.005
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n:4.037
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2 ta 20 pim at roora iemperal.ure Ii.181 :
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Fig. 1.23. Luminescence spectra of pure
(a), Sb-doled (b), As-doped (c), In-doped (ri)
Ge crystals showirrg free and bound excitorl
recornbination iines [1.64]. Lrtpurity con-
ceirti'ation: (a) N,r l- Ne < 1013 cm- 3, (b)
,&,.0: (5* 8) . i015 cm- 3, (c) .Vor= (5 -
8).10ts crn-8, (d) Nr"::'I0rr' crn-3.

at 10.6 ;r"m ancl 300 K,

et 3.39 p,m and 300 K.

indc.x i.n the $'avelength range frcm

10-5 K-1.

Relative chauge of the refractive index with the hydrosra'iic prsssure p [1 .65]:

( l/n) (t nltl p) ... -- 0.01.14 l/Gra

ll';',\7s
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Ge optical p.

TABLE 1.11 Elastooptic and piezooptic coeflicients c,f Ge at lattice temperatu-
re T:300 K and at tr,vo lascr wavelengths [1.65]

Coefficient
I

| 3.39 pm
__,-i.___,,

| ,o.u *n",

Elastooptic, dimensionless

Pu

Pn

P+t

Piezooptic, 1/GPa

- 0. 151

- 0.128

- a.072

- 7.9 . 10-4

- 5.1 . i0-4

- 1.07 . 10- 3

-c.154
- a.126

- 0.073

* 8.4. 10-4

- 4.8 . i0-4
--1.09.i0-3

0.3

Fig. 1.2,+. Piezooptic effect. lvleasu-
red values of (e,, - e1) /Xrrir: : - ra
-rn and (e 

,, -e ,)/X11eor: -na(r1-
z.r) for Ge as a f,rnction of photon
energy, where e,, and ea are relative
dielectric permittivities for light po-
Iarized parallcl ald priipendiculat
to the uniaxial stress X applied in
[11i] and [100] directions. z is the
refractive index and n11 ala the pie-
zooptic coefficients. 7:300 K. Cros-
ses - [1.65], circles - [1.56]. Solid
lines are theoretical calculations.

Electrooptic coefficients. A11 linear electrcoptic
erts) of Ge are equal to zaroi rlro:$.

0e

300 K

I111] STRE55

o
Lg

o
o-
<9

,,:'IB -0 1r l-
ul

coefficients (Pockels coeffici-

0 0.2 0.4 0.6 c.B
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Nonlinear susceptili,ility. Gc is centrosymmetric, and the second-orrlcl nonline-
irr susccpiibijilies ;lre eclual to zetoi diip:$.

Valence electron contribr.rtion to thc third-orcJcr nonlinear susccptibility
ciio,(<,tr-2o,1o)11 (011 *-cor) of Ge ureaslrrcd by mixing Ir:10,6 p.r:r and ).r:
- 9.5 pr.m rad i;tt ian I I .67] :

I cr,.,, I : l'4' l0-13 o12/vr, 50 '/n accurac'y,

d'1r2xf c:r'rrr='0.61 t 0.02.

Fig. 1.25. Absotute values of third-order nonlinear susceptibility c1111 (3<o, or, to, o) measured
by frequency tripling of 0.5 rnm radiation, vs. free electron concentration, for n-Ge at room
temperature. The anisotropy of susceptibility is 6:(!f-3cry2f crr,r)/2:1.1610.05. The curves
are theoletical predictions for the nonparabolicity (solid line) and relaxation (dashed line)
contributions, respectively U,681.

p- Ge

.a -13
IU

= .,

10 
-12

T.I

t{'

,1
t
ln

> .^-la\IU
E

T

10-ls I
in

Fig. 1.)6. Absoluie lalr,tes
sured- by fieqrrencl' trrpling
tempera.trrre F.581.

10-16
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r3 101{ 1015 1016

HOLE CONCENTRAII0N, cm-3

(rf' thild"t]1def lotrlinear :.u:r:eptitrilit.'- ( ,rr ( lo. (r.): (,), ())
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1.4. Ge electrical properties

TEMPERATURE, K
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I1L,00.02 c.04 0.06 0.08

1/TEMPERATURE, K'l

Fig. 1 .27 . Resistivity of a set of n-Ge samples
(arsenic doped) as a function of inverse
temperature. The intrinsic behaviour is
indicated by a dashed line. For parameter
values see Table 1.12 U.691.

Sample
I

I N"-.rV-7,, cr11-3
ll 

su,,or.
I 
a,,r-4r,, "*-,

55

53

5l
63
49

64

56

54
61

1.0. 1013

9.4. l0r3
1.4 . 1014

4.5. l0t4
4.8 . 1011

1.7 . I 015

5.1 .1015

7.5.1015
5.5. 1016

0.02 0.04 0.06 0.08
1,/TiMPERATURE, K-I

Fig. 1.28. Hall coefficient cf a set of r-Ge samp-
Ies (arsenic doped) as a function of inverse
temperature. For parameter values see Table
1.12 11.691.

l
I

J

0

TABLE 1.12 Excess donor concentration No-No for sampies in Figs. 1.27,
1.28 and 1.29

5l---.----*-.+-o-

{

DA



Ge clectrical p.

n- Ge .As>

10 20 30 40 s0 100 200 300

TEMPERATIJRE, K

Fig. I.29.Hall mobilityr:llasetofr-Gesamples (arsenic doped) as a function of temperature,
For parameter values seo Table 1.12 11.691.
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Samptre

Excoss hole conccnti'ation
samples in Fig. 1.31
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Fig. 1.31 . The dependence of hole Hall mobi-
lity in p-Ge on temperature in the hole con-
centration rl.nge p: 4.9. 1013-6.4.i016 cm-3
[1.71]. For pararneter values see Table 1.13.

TABLE 1.L4 Ercess hole concentration at 300 Kfor samples in Fig. 1.32
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Fig. 1.32.'I'hc clependence of hoie Flall
mobility in p-Ge on temperature irr the
hole concerrtration range p:1,2 ' 101'? -
4.2. 1.020 cm-3 [.71]. For pararneter va-
lues see Table 1.14.TEMPERATUEI, K
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Fig. 1.33. Conductivity of Ge vs. inverse
temperature in the intrinsic region [1.72].
At l"=300 K o,:Q.621 1/(0 'cm).
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Fig. 1.36. Electron Hall mobility
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Fig. 1.38. Mobility of electrons in pure Ge as a
function of temperature. The solid line indicates
theoretical calculations due to lattice scattering
u.7st.

Fig. 1.37. Holc Hail mobi-
Iity in p-Ge at 300 li as a
furction of hole concen-
tration P-19*-ND [1.71].

TEMPERATURE, K

Fig. 1.39. it{obility of holes in pure Ge
as a funct.ion of temperature. The solid
and dashed lines show theoretical cal-
cuiations due to lattice scattering [.76].
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Fig. 1.42.Ilole drift velocity in pure Ge in thc
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].

Fig. 1.44. Longitudinal diffusion coeffi-
cient as a function of electric field frrr
holes in pure Ge at different lattice tenr-
peratures. Lines are theoretical calcula-
tions [1.77].

Fig. 1.41. Experimental hole drift velocity
in pure Ge as a function of electric field
applied parallel to (111) direction at dif-
ferent temperatures [1.76],

103

tLECTRIC FiELD. Vz'cm

Fig. 1.43. Longitudinal diffusion coefficient
(diffusivity) of electrons in pule Ge as a
function o1' electric field applied parallel
to (111) and (100) crystallographic dr'rec-
tions at 77 K and 190 K. Foints are
experirnental data. Lines are theoretical
calculations [1,75].
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Fig. 1.45. Band-batd ionization rates for elec-
trons cr anC holes p in Ge as functions of recip-
rocal elect|ic field ai loom temperature with
electric field parallei tc (1i1,\ and (100) crys-
tallographic directions [1.7$].
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Fig. 1.48. Warm hole energy relaxation
time in Ge vs. hole concentratioo at
100 K [1.81].
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TEMPERATURE, K.

Fig. 1.46. Warm electron and hole ener-
gy relaxation times in Ge as functions
of lattice temperature with electric field
parallel to (111) crystallographic direc-
tion. Room temporature resistivity: tri-
angles - 12O .cm, squares - 5 Q'cm,
crosses - 30 ,f) ' cm for z-Ge; open circ-
les - 5j O.cm, fuli circles * i2 C).cm
fol p-Ge [i.79].

Fig. 1.47. Warm electron energy
relaxation time in Ge vs. electron
concentration at 77 K [1.80].
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Fig.1.50. Electron enelgy relaxa^
tion time in pure Ge as a function of
eiectric fieid applied along (100) crys-
tallographic direction at 77 K. Poirrts
are the experilrental data [1.ii.]l eud
the line is crlculr,.ted [1.?.5].

Fig. 1.49. Intervalley scattering rate as a func-
tion of temperature in r-Ge for sampies having
different room ternpereture resistivities. The
circles are experimental points; the dashed
line represents scattering due to phonons; the
solid line iricludes contributions cf ionizerl ;rird
neutral impurities [1 .8]1.

i1ig. I .-51 . llole energy relri:rai;(rn I inlc
in irute Ce as a funclion of el*ctlic
field applied alone (100) cryst.illcgra-
phic direction at 78 K [1.821].
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Ge electrical p,

TABLE 1.1"5 Parameters for high field transport calculation in ir-Ge

Parameter

valley

Density, g/cm3
Diclcctric permittivity s/eo

Number of valleys

Ell'ectivc rnasse s: m,f mn

m'f mu

rnrf nto

Nonparabolicity parameter, eV - "t

Valley separation with respect
to I valle_v. e,V

Acotrstic

Sounil vclocity, crn/s
L)efor'rrration potential, eV

5.32
16

Intravalley properties

I

0.04
4

1.59

0.08

0

Optical scatteririg parametrrrs

Coupling constant. eV/cnr
Phorran euergy, meV

fntervalley

Corrpling
constant

2.0. 108 eV/cm
10.0. 108 eV/cm
3.0. 108 eV/cm
0.2' 108 eV/cm
4.1. 108 eV/cm
0.8. 108 eV/cm
9.5.108 eV/cm

0.3

0" 14

scattering parameters

5.4 . 105

5

properties

Fhonoir
cne!-gy

27.6 :neY
27.6 meY

27.6 meY
10.3 meV

27.6 roeY

8.6 meV
37.0 meV

5.5. t0s
37

Transition

r-L
f-x
L_L
L_L
L_X
x-x
X_X

]-ypc

LA
LA
LA, LO
TA
LA
LA g-type

LO g-type

65



1.5. Ge piezoelectric, thermoelectric and rnagnetic properties

Fiezoelectric tensor. For germaniuin, which possesses the center of symmetry, all
piezoelectric tensor components are equal to zero.

TABLE 1.15 Piezoresistance coefficiens of Ge in l/GPa. For physical

Experimental
conditions I ,,,,

I

I

t_
i ",,
I

il-
I teaa

I
I

p:5.7 O'cm, 300 K
p : 16.6 f).cm, 300 K
n:(0.78--16.5)' l0r3 

"tt',-':t, 
78 K

n:4.5.1017 cm-3, 78 K
300 K

ir ... 8 . 'l 0rB Crlt-3, 78 K
300 K

a,..$.lQt5 spl ::, 7ti 1(

300 K

/l ,.:5 . 101? cnr:-.J, 78 I\
3()l) K

ll.=6.8.1018 cm-3, 78 K
300 K

p -. l.l O'cm. 300 K
p : 15 (i.crn, 300 K
p:(2.3--150).lgtr cm-3, 78 K
p:5.5 ' 16r:r qm-e, 78 K
p:6.8.19rs s6-n, 78 K
p--0.3 t).cm, 78 K

300 K

r-type

- 0.427

- 0.052

1-type

- 0.037

-0.r06

- 0.25

0.3

- 0.039

- 0.055
- 1.368

- r .387

* 6.4

- 1.62

- 5.5

- r.56

-2.4
- 1.28

0.032

0.()5

0.967

0.986
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Ge piezo., therm., magn. p.

interpretation refer Table 5

-2
| ,,,,+,,,,-,,,

| 
---i-

0.62

4.679

n1,;,*2np
I

I

I

I

---t;;*;
I

- 0.7 17

- 0.7 47

- 2.7

--2.6

- 0.78

- t.37

- ().7 t

- 0.088

-0.179

0.052

0.019

[1 4]

ll 4l

I l.8s]

ll.86l

[1.86]

[1.87]

[1.87]

[r 87j

[14]

t14l

lr.8sl
lt.8sl
lr.8sl

[ 1.86]

0.481

0.465

1.3

1.02

0.45

ot



Ge piezo., therm,, magn. p.
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l'ig. 1.52. Normalized conductivity, o/oo,
vs. hydrostatic pressure for rl-Ge at 295
K. Trianglcs colrespond to i100) and
circles trt .l ll\ cut'r'errt dirr'c:tioll [1.3-jl.
Solitl cLtlrc [1.3(r].

Fig. I.53. Longitudinal resistivity vs. uni-
axial pressure p in the direction ol the lar-
gest rcsistivity increase (p li f 1l tl I ll) for
rr-(ie sample tvith electron concentration
1.59 10ti "*-s [1.42J. The dashed line
corresponds to linear piezoresistatrce (zr,rf
t2nrr*2rg)/3 = *4.25. T:71 K.
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Ge piezo., therm., magn. p.

Fig. 1,54. Seebeck coefficicnt S
times temperature T vs. tempe-
rature for r-Ge having various
excess donor concentrations:
1 _ 9.9 . 1018 cm_s, 2 _ 7.9 .

. 1014 cm-3, 3 - 6.4. 1015 cm-3,
I - i.08 ' 1017 cm-s, 5 - 1.3 '
.1grs qn1_s [1.ggl.

0.32

0.36

0.28

0.20

=:0.16h

0. 12

c.08

80 160

TEMPERATURE, K

2t0 320

E(4

0 40 80 'r20 160 2c0 ?[0 280 320
TEMPERATURE, K

Fig. 1,55, Seebeckcoefficient,Stimes temperature 7vs. ternperature for/-Ge.having various excess

acieptor conceotrationsi t - 1,9 '1014 cm-s, 2 - 1.6 '1014 cm-3,3 - 1.5 ' 16rs srn-:,4 -
1.5.1610cm-o,5 - 2.1 ,1016cm-3,6 - 8.1016cm-3,7 - 6.1017 cm-3, B - 7.1 ' 1018 cm-r
u.881.

0 40 80 'r20 160 2c0 ?[0 280
TEMPERATURE, K

n- 6e

0.2t,
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Ge piezo,, therm., magn. p.

0.3

0.2

0.1

>0
9)

-0.1

-tJ-l

n1

200 720 2t0 260 280 300 320 340 360 380

TEI.{PERATURE, K

Fig. I.56. Serebeck coefficient S times temperature f vs, temperature for Ge in high temperature
region where transition to inlrinsic conductivity occurs. Excess donor concentratior for ,r-type
samples: lrt * 8. 1012 cm-3, 2n - 8.9. 1013 cm-8' excess acceptor concentration for p-typc
samples: Ip - 8 ' tr014 cm-8, 2p - 1.6 ' 1611 66-a [1.88J.

Magnetic susceptibility. Ge lattice contribution to the magnetic susceptibility 7,
at room temperature and respecl,iye terntr)erature coefficient [1.89]:

x*:G7.23t0.25). 10-6,

dx.*ldT :(1.66 t 0.0s) . 10-e K-1.

The free carrier contribution to the susceptibility does not exceed 5 7,, of thc
lattice susceptibility at free carrier concentration smaller than 1018 cm-3 [1.90].

1.3 6lt-*1-mmTTr:rr-ii

n-6e

l. , ,,1,t ,_,,,,,,1.,_

C4

811
O

u
-J ln

=

101i 10,s 1016 1017

DONOR CONCENTRATION,

10rE

cm-
10le

Fig, 1.57. Illectron Hall factor vs. ionized donor
concentration at room and liquid nitrogen tempera-
tures in n-Go [.91].
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Ge piezo., therm., magn. p.

p- Ge

300 K

oo

101e 1011 101s

ACC[PT0R C0NCENTRATI0N, cm-3

Fig. I,5S. tlole l-Iall fuctor vs. acceptor conccrrtration at roonl (a) and liquid nitrogen (b) tempera-
tures inp-Ge, Circles:.8-->0, triangles:ll:0.52 T, ciosscs: E:2.86'l ll ,92). Sclidlines are avera-
ge values <lrawn through experimental points.

n- Ge i ri raot

71 K

300 K

o I ll lfi]l
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MAGNETIC INDUCTION, T

Fig. 1.59. Magnetoresistance [p(B)-p0]ipo of n-Ge vs, magnetic induction at rocm and liquid
nitrogen temperatures for two directions of the current I flowing through a long sample, a - I ll

[i00] and h-Tl [110],andvariousdirectionsof themagneticfietd.p0(300K):11.5O.cm,
Ru:4.4. 10{ crns/C [1.93].
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Ge piezo", therm., magn. p.
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Fig. 1.60. Normalize{i transverse resistivity
p (A)/po vs. magnetic induction for n-Ge doped
with Sb having electron concentration: fuil
squares arld circles - n:1.59 . 1013 cffi-3,
opefl circles - n:6 ' 1013 cm-3. T:77 K
[1.e.1].

O
Z
i-
Ia
E rr)'o
uzo
=

MAGNTTIC INDUCTION. T

Fig. 1.5t. Magneioresi:iiiince [o(B)-po]/pn of Z-Ge vs. magnetic induction at room and liquid
nitrcgeir tcrnpsratures t'or two directions of the current I flowing through a long sample, a - I ll

ll00l arrrl I - I [i10], and r,'arious directions of the magretic fielcl. po (300 K):0.385 O ' cm,
xn:3.4 ' 1O'? cn?/C [1 .93].
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1.6. Ge impurity properfies

T',A3LE l-.17 Optical ionization erergies and absorption cross sections for tran-
sitions from the impurity ground state inio the conduction or valence bands
ol Ge. The energies are referred relative to the conduction E" or valence l',,
band edges. For shallow impurities the cross section at the corresponding pho-
ton energy &v has been deduced from o-a.""/Ar, where c-u* is the maximum
absorption coefficient and y'y' is the impurity concentration

t.
lmnuritv l lorrizationE J ertcrgy, nreV_-_-_-.

tll

i Absoi:ption cro.r] Photon -. i *.f",,.o""
I sectlon. cm- 

I 
crlergy, nrcv i

Donors

1.1 . 10-14

1.4. 10-14

2.5 . l0= 14

1.4. 10 -i4

1.5. 10-1{

Acccptors

N2.10-14
10- 14

* f,.J. 19 it

^, l0-15

10-14

4. 10-16

ll
II
25

43

il
150

12

13.5

As
Bi
Li
P

S

s+
Sb

Se

Se*

Te
Te+

.A,r

Be

Be"'
.rr

ud
cd-
Ga
.Hg

Hg-
In
Mg
TI
Ztt
Zn-

11

12.6

10

12.8

I 0.3

E"- 14.18*
E,- 72.75'*

,8" - l0x
E,- 12.87*
E"- 280
E"- 590
E"- 10.32*
E"-268
E.-- 512
E,- 93
r,c* J):

r,+ 11.15**
r,+ 10"82**
1,,,+ 24.E7

,,+ 58.0:
E,+ 43.25
E"+ 54.96

E,+ 160

E,+ 11.32**
E,+91.2
E,+230
E,+ 11.96**
.8, + 35.83
,/r-, + 13.43'k*
E,+32.98
E, + 86.514

l0- 14

N [0-11

Ii .e5]

[1.e5]
[1.e6]
lr.esl
t1.e7l
[1.e7]
I l "es]
ll .e7l

lr.e7l
lr .e7l

lt.e71

[1 .e8l

ll.e8, r .e9l

[ 1.100]

I t. 100]

Ir . r0r]
[1.100]
[1.102]
il.e81
n.103, 1.1041

I r .105]

ti.e8l
il .1 001

[1 .9 8, 1 .99]

[1.100]
I l. l00l

t t)l



Ge impurity p.

TABLE 1.77 (Continued)

Impurity

Au
acceptor slate ,,+ 150

E"-200
E"- 4l

donor state E, + 41

*,u | 
*.r,,.,.,I Ab.orption 

"rorrl 
ohoron

I 
scction, cmz 

I 
energy,

Amphoteric impurities

2. lo-rc 690 lr.r06l
ll , i07l
[1.107]
n.1071

x-Deduced assuming that thc binding ellergy of the 3p,; state is 1.03 mcV.
**--Deduced assuming lhat thc birding anergy of the (ti--l) state is 2.88 mcV.

TABLE 1.18 Binding cnergies of the enel'gy le'vcls of, shallow donors (phos-
phorus, alscnic, antimony, bisrnuth and lithium) in Ge founci by optical me-
thods. The energies in n'reV arc mcasurcd relativc to the corrduction bancl ed-
ge Ii.il0]

I 
,ltl.ll.lcv. ltl*v

lr ny is" ]u, l',
Iillcciir,+ rna::s
tircory

1s(A,)-iIr (iorri-
ra"tiot't energy)
1s(fr)
2po
. 1,C

3 ltn
3s

2p*
4po

4s

3p*
5pu

4p,
5s

4ft
5p,
5f,
6pt
6f*

l.+.16 It).45
9.94 9 .99

4.74 4 "74

2.51 2.s7

1 .74 1.7 i

1 .03 I .03

0.75

0.59
o "46
0.39

0.30

12.7,i 8. I v.E I

9.90 10 9.8 t

,+.7 5 4.74
't 5?

lis ]ia,
2.01

L6l t .'12 1.73

1.67

1"17

I .03 i .03 1.03

0.84
c.74 0.73

0.72
0.61
0.53
a'41
0.3 8

0.32

12.8 E

r 0.06
4.7 2

2.5,4

1.72

1.03

0.75

0.62
0.47
0.39
o.32

74

I Ionization
i enerev. mev| ""



Ge impurity p.
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t-0)

Fig, 1.62. Energy leve1 schen.re
of shallorv donors and acceptors
in Ge, The ground levels with ioni-
zation energy Et are different
lbr differert chemical species and
are shown only approximately
[1 .1 08].

Fol tionois the most intensc
optical absorption line corres-
poncls to '|s (A) >2p+ electron
transition. I'or acceptors the most
intense optical absorption lines
correspond to (8 + 0)+(8 - 1) and
(8-10)'.>(8- 2), (7-0) hole tran-
sitiors [1.109].

ls-il D

18,il E
It,-,

-a 
td-u|b
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I
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3

t

(
i

- ls lT2l

lslAl )

ACCEPTORS

'I'\BLE L.19 Bincirrrg cr)$rgieri o1. the euergy levels of shallow acceptors (tro-
r'()11. rlluminium. galliurn, indiunr and thalliurir) in Cie fouud by opiical me-
tho,l,s. The cnergies in meV .Ir0 rlleasured relative to the valencc band edge

lr. r t0l

I.cvel

(8 + 0) = Er (ioni-
zati()l.r. rnergy)
(E-0)
(8 -r l)
(8 - 1)

(7 -0)
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(8-- 3)
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3.30
2.8 8

2.t3

t.4B

1 l5

1.01

1 1.96 13.43

4.57 4.52

3.s4 3.s7
2.88 2.88
2.10 2,.13

1.76 1,78

1.48 1..50

r.15 l.t4

L00 1.01

4.s8 (lI;)
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Ge impurity p.

WAVELENGTH, pm

120 100

789101112',131415
PH0T0N ENERGY, meV

I,ig. L63. Optical absorption coelTicient vs. photon cnergy fol arsenic doped Gc with lVort l
101; cnr- 3 at T:72 K. Initial ancl final states of the transitions are marked in the spectrum,
Er is the ionization energy of arsenic [1.96].

WAVELENGTH, pM

200 180 't60 150 't40 130 120 110

PH0T0N ENERGY. meV

Fig. 1.64. Optical absorption coefficient due to hole transitions from (8*0) ground ievel to erci-
tedlevelsof galliuminGevs.photonenergy atT:9 K. Nou=2 ' 1014cm-3.-5i isionizationencrgy
ol gallium [.98].
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Ge impurity p.

c
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t
Uzu
zo-
N.
zJo
Eoz
Oo

0

Fig. 1.65. Dependence of shallorv donor
(arsenic) ionization energy Er on electrically
active donor concentration A$ in z-Ge, Full
circles - optical measurements [1 .49j, open
circles - thermiil measurements [1.69]. So-
Iid line is an empirical forn.rula h:11.2*
2.12 . 1(t ' Nrr'/8, li1 is in meV arrii Nf, is in
cnt n.

TABI,E 1.20 Energies of thc
e itdnrium, me rcury, berylliurn
cnergie"; in rneV {.rrc illL'aslil'e(l

10r. 101s 1016 1017

DONOR CONCENTRATION, cm'3

encrgy levels ol doutrle acc€ptors (magnesiurn,
and zittr:) in Ge founcl by optical methods. The
relativc to the valence birnd cdge [1.100]

l.cl cl

Ir:nization
ul€ruy.,,35.8-i

l** ].u ]rr*
IlBcr,

-54.9(r 9l.tilJ 24.87 58.02

1l',,+I'o) (1,,+['o)
9r.rrJ 24.77
(l'r) (f.)

4.56 4.68 4.90
2.rt8 2.88 2.88 11.52

2.13 2.tri 2.r0 8.24

1.55 1.58 1.47 5.84
1.1 I

1.08 0.9 r 4.32

I Tlrcory for

tse- l ,n ,.- I [::;11,,

c
l)
(:

4.62

2.8 8

2.t2

32.98 r(6.5I4

4.66 18.72
2.88 11.52

2.12 8.32
8.1 88

7.',72

1.50 5.816
1. 15 4.32
0.98 3J24

0.8

4.s8 (rI]t)
2.88 (21';)
2. r3 (1Ii)
2.13 (rfi)
2. l l (3rt)
1.48 (4It)
r.22 $rs)
t.t4 (2T7)
1.14 (1I;)
1.13 (618 )

B 1.49

a' 1.15

a' 0.95

A 0.69 0.61
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Ge irnpurity p.

1 3 t,.2 10 30 77 100 300

TEMPERATURE, K

Fie. 1.66. Electron capture cross section on the positively single-chargtd (Z:1) centers in Ce. So-
litl and rinshed line:; ale theoretical calculatiitns [.111].
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Ge impurity p.
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Fig. 1.58. Inverseernission ratemultiplied by ?'zforelectron (a) and hole (b) emission from deep
impurities indicated on curves as obtained with DLTS (deep level transient spectroscopy) oo
(le. 7'is the lettice temper;rtrire. Itror details see Table 1.21.
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Ge impurity p,

TABLE 1.21 Therrnal ionization el)ei:gy rneasured relative to the conduction
,8, or valence ,8, band edges and capture cross sections associated with deep
impurities in Ge as Cetermined by Deep Level Transient Spectroscopy (DLTS)

Refercnce

Donors

S

\l

Se

Se+

Te
Ter

Acceptors

Cu
LU
Ag
Ag
Ati
Au
t\l
Ni

E,-296
8,,'1'149
E"-284
Ii,+ 245
E"-92
8,, - 332

[:,.+ 321)

t:" - 26A
li,, + l3o
ll.- 28t)

d,, + l -50

E.- 2A\)

ll,, + 230
,a, - 300

135-165
73*85

135-165
I20* 150

35-42
135- 165

r25 - 150

I l5 -- 130

55-70
120 - 140
't7 - 95

77 -eo
95-ll0

r9s 
_ 

r2s,

c,:(1.86-1.56). t6-ro 11.971

o, : (1.82- -1.67). t11-tt

o,:(1 .67-1.02). t0-to

o,,,.- (2.5 ' 1.4) . l6 t'z [l. t 12]

d,,,.- (1.6--l .8). l0-1?
or.-(1.5-0.68). 10'i'r
c,... (4.6- -5.2) . 161' u

('p:6.2 ' 10-14

6,:1.5'10 16

dp -. 8.u ' 10-13

o,, 'l.X.lO-'''
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Ce impurity p.
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Fig. 1.69. Eriterimeltal clependence (dashed line, circles and squares) of the impact ionizr-
tion coefficient for antimony irnpurity in Ge on the electric field strength [1.113, l.l I4]. 'l'heore-
tical points (crosses) were caleulated with the impact ionizarion cross sectiolt 60:8.{:.10-rr
cnrr. Solid line:.'mpirical formula At:2.1O-5 exp (-20J lE), lr is in crns/s ancl fl is iii
V/cn.

10 102

EI.ECTRIC FIELD, V/cm

10

FZ
!g

I
a

z
O
f-

t!zo
F r^-7

C
=

Fig. 1.70. Experimental dependence (solid and dashed lines) of the impact ionization coeffi-
cient ofgallium impurity in Ge on the electric field strength [1.114, 1.115].'fheoretical points
(circles and triangles) were calculated with the impact ionization crois section oul6.7 .

10-13 cm2.

n -GecSb>
oaT.4.2 K,

ll r.lo r r'"'
+x iitE0RY

.j
l

l

8l

p- Ge .Go'

-- 
r-c r l

} EXP--- r.t.2 Kt

i. iHeony'

I
I

10-s

103



82



2. Physical data for silicon

2.1. Si lattice properties

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

of Si lattice is not exact) p.ll

28Si. .92.2%

20 si . . 4.7 01,

30 si . . 3.1 t)/u

2. Ar,trrage atornic rveight: 28.01J U.2)

3. Si has a lliamoncl-typc lattice. Space group is l'dkn (Ol). Lartice syinrnet-

ry I'irrrrule is 3la4l36Ls9PC, which means that ttrere are 3 symmetry

axes r,1- the fourth-order, 4 symmetry axes of the third-order, 6 synrnretry

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

4. I.attice constant in vacuum: a:0.543 l0l 96 nm at 295.6 K [28]

Temperature dependence of the lattice parameter in high pririty malcrial

in the raage 293- 1073 K can be approximated by formula

a : 5.4304 * 1.8138 . 19- t (T - 273. I 5) + 1.542. 1g-s (T - 273.15)2, T is in K. [2. I]

Density: 2.329 02 g/cm3 at 29810.01 K [.4]

Number of atoms in 1 cms is 5 . 1022

Melting temperature: 1685 K 12.2)

Transition to metallic phase occurs at the pressure 12.5 + 0.5 GPa at 300 K 12.3)

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



Si lattice p.

TABLE 2.1 Elastic parameters of Si at the lattice temperature 77 K and
2e8 K 12.41

Yalue
Parameter

77K _ __l'n: I
Elastic constants:

c11, GPa

c12, GPa

can, GPa

Sound velocity in the tlirection [100]:
longitudinal z,r-, cltt/s
tta,SVCtse 7_rr.,crn/s

Souncl velocity in the clircction I l l]:
lorrgituclinal ar., cm/s
trans;Ycrsr; zr., cnt/s

Elastic anisotropy factol' (/

Pois;son ratio v

Yonng's rt..otlulus l-, GP*:
direction [00]
ciirection Il l0]
rlirection Il I l]

Bulk modulus .R,,. C"iPl

B{,: dBoltl p

167.7

64.98
80.35

8.48. 105

5.87. 105

9.4 . l0,r

5.1 I.t05

0.6-19

o.279

I 3 1.,1

I 70.8
I 89.8

t)L).2

165.8

63.9

79.6

8.43 . 105

5.84 . 105

9.35 . 105

5.09 . !0.,

0.640
0.278

r 30.2

t69.2
r 87.8

9lJ

4.t6,b

* - il.101 .
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Si lattice p.

TABLE 2.2 Si phonon energies for high symmetry points l, X and L in the
Brillouin zone at 300 K 12.5, 1.11, 2.61

Phonon
branch

Phonon energy, meV

lx Ir
LO

TO

LA

TA

64.35 + 0.12

64.35 + 0.12

0

0

51.44 + 0.12

57.03 + 0.25

51.44 + 0.12

18.65 + 0.08

52.1 + 1.3

60.75 + 0.25

46.9 t1.2
14.10 + 0.08

TABLE 2.3 Types and energies
phonon intervalley interaction in

of interlallcy g- and /-phouons l'or electron-
n-Si 12.71

Phonon type Inergy,
meV

Frequency,
THz

g* 1.0

s L'0
gLA
CTA
.f* Tt.t

f r.o
.f* I-A

.f TA

fTA

63,2

62
I8.ti
11 .4

59. I

48.8
46.3

25.4
18.4

t 5.3

l5
4.53
2.76

t4.3
r l.E
I 1.2

6.r5
4.45

*-Allowcd by group-theoretical analysis of electron-phonon
thercfore, in rr-Si the electron-phr-rnon inleraction r:redialed
is tltc strongest.

intcraction [2.8],
by these phonons
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Teurperature variation of phonon energies. In Si the optical phonon energy at l'
poi::t is 65.1 meV at 0 K, 64.5 meV at 300 K and 63.1 meV at 800 K [2.9].
Optical phonon lifetirne. At the symmetry point I the half-width of the first-order
Raman linc is 1.4510.05 cm-lat 17 K and 3.5tO.OS cm-lat 305 K. These half-
widths yield phonon lifetirre 3.6 ps and 1.5 ps, respectively 12,51.

Raman activity. Silicon possesses the diamond structure O?n (Fd3m), therefore,
it has only one first-order Raman-active phonon of symmetry lru, located at the
Brillouin zone centeL rvith energy 64.35 meV at T:305 K [2.5].

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

Griineisen parameterPhonon
branch lr Ir Ir.

t ()
t'o
I.A
LA
LA
TA
TA
TA,
TA,

0,9
t.5
0.9

0.9
r.5 i 0.1

0.9

- 1.4 t o'g

0.98 + 0.06
0.98 t 0.06
1.11* [a00]
l.llt lqqll
|.08* lqqql
0.324* 1q001
O.ll3* lqqql
0.324x [qql)

- 0.05* [aq0]

0.9
1.3 t o.z
0.9

-" 1.3 t o.l

- 0.3

- 1.0

*-Calculatcd from lattice elastic parameters [a] . The direction of wave vector
is given in parentheses; q<2rfa, wltere a is the lattice constant.

Lattice dielectric permittivify.
Relative static [2. ] l]:

eleo:11"9 at 300

l2.l aL 4.2

Dependence on hydrostatic pressure l2.l2l:
(1/e)(d eldp): -2.8.10-3 l/GPa.

Dependence on temperature [.18]:
(l/e) (d e ldn:9.4' 10-5 K-1.

K,
K,

V
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TEMPERATURE. K

[:ig. 2.5. Thermal conductivity X of Si U.2]1.
Selected valuos:

x:26 W l@m' K) at 50 K,
14.7 w/(cm. K) at 77.4 K,
1,56 Wl(cm'K) at 300 K.

-l .10-'

-2 10'' 0 10 80 120 160 200 240 280 320 360

TEMPERATURE, K

Fig. 1.5. Thermal eripansi';ity \lr.*lz,z)llzn, as a lunctior ol tenrpcratule for Si [2,14J. /r?s.2
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2.2. Si band properties

6

t,
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I&u -lz
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WAVE VEC]CR
nra
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Fig,2.9, Band structure of Si with spin-orbit interaction negiected. a - General view. Indirect
gap between points fr6, and A, is shown by an arrow L1.281. b - Enlarged podion with main
interband optical transitions indicated by verticai arrows [2.17]'

TABLE 2"5 frilical points arsociated u,ith tland-band tranlttic'i1s in Si which
are important in optical ureasurernents. Spin-orbit interaction neglected (see

also Fig. 2.9)

Corrc.pouding
Critical pointl banC-irand

itran:ition
k-space lccation (units of 2rc/a)

l 
---

Weak tra:rsition in
zone

the center of Brillouin

Dominated by small rcgion around (0,0,0)

Transition to the first conduction band
along A line

Transition to the second band near Z point.
This transition is nearly degenerate with Ei

Attributed to transitions in a large region
near the X point centered at (0.9, 0.1, 0.1).
Because of large phase space and matrix
elenrcnt this transition dominates

Eo

I"O

?),

Ei

E2

Tro , TlcL25', 'L2',

I'ls'* Iis
Ai+ Af

A!+Ai

\'3 . \'ca2 -43

Ag 'Ai



Si band p.

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
pressure coefficient

Value Conrnrent Refe-
rence

E8:E(Lil-E(Iir,), eV

En-E(Lil-E(Ai), eV

Exr:E(lf5)-E(A!), eV

4,,, tneV

4,, nrcV

E[, eY

Er, eY

Er, eN

tl f'.rf d p, eV/(il'a

d E.:'n|,,1p. eV/GIra

tl Erldp, eY f GPa

d Erldp, cV/GPa

1.124

0.14
))
42.6

29

3.32

3.4

4.27

*0.0141

0.01 -1 ().01

o,062

0.029

Indirect forbidden ener- [2.18]
gy gap

[1 .41]

Exr: E[* Es 12.t71
Spin-orbit -rplitting in the [2. l9]
\,itlence band at k.-.0
Spin-orbit splitling along [2.20]
A line (apparent value)

12-rt1

12.171

12.171

Milru. :,ign irrrlierte5 tlrat [].3 llthc gap <lccrcur cs rvitlr
hyrlrostatic pre:is r.rI'c

12.2).1

12 22'J

I r .3El
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Si band p.

TABLE 2.7 Si conduction band principal valley parameters

Parameter X valley*
I 
z vartev I r uatteu

I

Reference

Valley location in
the Brillouin zone

Number of valleys

Valley separation
relative to the lcl-
west X vnlley" cV

Electron rnasscs:

scalar m,,f nto

lirngittrdinal rl1/iit, 0.9 t6

trlrttsvcrse m,f nlr, (). l9

condttctivity ttt"lntu 0.2-59

clens it y-ti l-s t atc:;
til,,ftn,,0.3:l

Un iaxial clelirrrtalion
pr.rtcntial E,,, r:V 8.77

.g"-factor L998 75

l'ru, in the
center of the
zo11e

I

2.2 [ r.4r1

Ar, 0r'r ( 100)
axis at the
distance
ko/k-*: g,35

t 0.005

6

0

Lr, on the
boundary of
the zone in
(111) clirec-
tion
4

o.74

t.4z

0. 13

0. l9

0.28ri

0.156

(i. l -5(r

0.156+'* 12.231

[,2.21. 2.231

12.24, 2.2j1

12.2s)

12.261

* - [t is the mosl irnpoltunt valley in trlnsport propcrty nnalysis.** -. Cl:tlculatccl.
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TABLE 2.8 Si valence band parameters

Pararneter Value Reference

Light and heavy mass bands at lr+,

Ltrttinger parameters :

I1

:'
g,-factor:2k

q

Valence bancl nonsphericity I

Average heavy hole mass for
"spherical" bands ntofnzo

Average light hole illass for
"spherical" bands irt,fn4
Density-ot:statcs rnass tnrfniu

Uniaxial delbrmation potcntials, eV
I)u

D'"

Spin-orhit split-olT

Ao: E(l'ei) -I (Irl), nreV

Average nlass tor' "spherical"
bands m",fnt,,

4.22
0.53
1.38

- 0.84
0.01
0.2

0.467

0.159
0.527

2.88
4.19

valenee hand at

42.(t

0.29

t2.271

12.271

12.271

t2.281
[2 28]

12.zel
11..1_q1

12.tel

t2.301

I

Fig. 2.10. Si valence band warping.
The contours are the constant energy
surfaces of heavy (/, ald light (/)
mass bands in (100) and (110) planes.
The band nonparabolicity is not
included (cf. Irie. 2).lT10) plone{100} plone
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t0101Fig. 2.11. Location of the lowest energies
in the conduction band indicated by dots
and constant energy surfaces (spheroids) in
the Brillouin zone of Si. The crosses on
the axes show the edges of the Brillouin
zone where wave vector is k-.*. Arrows in-
dicate the intervalley scattering: g-type (on
the same axis) and .ftype (between perpen-
dicular axes). ko:0.85/r*ax.
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The stress removes sixfokl rlegeneracy and, as a result, the energy clifference AE appears between
difllereirt gtoups of vallel's. E, is uniaxinl deforrlation potential. E,:8.77 eV for r-Si [2.25].

Si valence banil splitting under uniaxial compressive stress is similar to that of Ge
(see Tabrle 1.8). ftor Si thc,ralence banel uninxial defcrrl'ration potc'ntial and elastic
colislant values cltn be lbunel in lables 2.1 arrd 2"8.
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Fig,2.13. Teurperaturc tlepentlence ol'a -- indirect lbrbidden cnergyga-p lis [2.18] ard 1r - in'
terband criticallroint energies I\i, l:2, l-i. ald i'i[ in Si (see Ftp,.2.9,b lbr correspunding cp'
tieal transiliorrs).'fhc soiitl lines ;rrc the best lits rvitir ernpiricirl lirrmujas rlnd pxranleler va-
iues listcti in Trtblc ?,) 12.171.

T.A.BLll 2.9 Vnluc:r of thc parrtrcters a, lt rnd t) .in cquiltitlu
Eq):a-bll)-2f (s{ott' - 1)1, rvhiclr have bcen obtaincd by fitting tltc criticll
point energies vs. temperature 7' in Fig. 2.13

Critical
point 0, ey b, eV G), K

Ei'

E, trt T <350 K
E, at 7'> 350 K
Er(X)
,r(X)
E'I

l?, [eV] - 3.486 - 4.07 ' 10-4f [K]

-1. -r i
3.49

4.35
4.63
5.72

u.025
0.039

0.027
0.098
0.336

199

624
703

267
245

Indirect energy gap, Fig. 2.13,

E'(T):1.17 + 1.059'10-5r -
E'(T) : 1. 1785 - 9.A25' 10-57
E, is in eV and 2" is in K.

ct, can be fitted by equations [2.18]:
6.05. i0-? T', 01f < 190 K,
- 3.05 - 10-1 72, 150 < 7 < 300 K.
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for a-Si or conduction band edge forp-Si as a function of impurity concentration: 5-i0 K
[2.31]; 300 K, squares * 12.321, triangles - 12.33), circles - [2.34]. Arrows on the energy
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2.3. Si optical properties
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Si optical p.

Refractive inilex of Si in the range ),:2.4 -25 pm can be approximated by the dis-
persion formula 12.361:

n: A*BI-+ CLz +D ),2 + E).4,

wliere A:3.419 83, B-0.159 906, L:Ll(^2-0.028), C: -0.123 109, D:
1.268 78. 10-6, E: -- 1.951 04 . IO*e. ), is in micrometers.

1.2 1.0

WAVELENGTH, pm

0.8 0.6 0.4

-r'r-r#-r-r-r|-rrrrr i1

U
Z
U
F

g
f,
i,
ti

Si

300 K

-l

!,! r r-]-.r-L-l--.-..u!-l*!u -d1 15 2 25 i
FrH0T0li ENtRGY, eV

Fig. 2.16. Refractive inrlex of Si at roorn
temperature. I)iflerent symbols and a
line correspond to ciifferent sources
t2.371.
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Si optical p.

Absorption coefficient of Si in the photon energy range ha:1.05-2.'1 eV at tem-
perature 298 K can be approximated by the empirical dispersion formula [2.38]:

2l
a:(fi o:1-r ff, ) { ",, lf@^-er*7de,)]r} +", l2f(ha-er11tr+arvno)],

i:r j --r
where 7:g is not used in the second sum and

f (x): (x + l xl)lz .

The values of parameters are given below

Parameter

er, eV
der, ev
cr, *r, eV/cm
cr, *r, eV/cm
dsr, eV
cr, *r, eV/cm

I 
uo,,,

t.099 69

0.058 314 8

483.9 i 6
5 030.02

0.022 al6 t
79.4A7 9

c2, -1, eYlcm
e3, eV
ca, eV/cm
dl/, eV-r
.rV

l 634.30
1.409 85

I 046.08
1.230 84

0.394122

E

s'3.0
"l
:

-i0Z
i-?
I

u1fl

z
e
'J io
C)

@

'Ihe uuits of pararneters give a in cnt-1

1.0 1.5 2.0 2.5 3.0

Pli0T0N ENERGY, eV

Fig. 2.17. Optical absorption coefficient
of Si at lattice temperature T:298,
363, 415 and 473 K [2.39].

1.00 1.04 1.08 1.12 1.16 1.20 1.2t, 1.28

PHOT0N ENERGY. eV

Fig. 2.18. Optical low-intensity absorption spectrum
of'high-purity Si (square root of absorption coeffi-
cient multiplied by photon energy vs, photon ener-
gy) near band gap energy at various temperatures

[2.40].
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Si optical p.
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0.0 0.4 0.8 1.2 1.6 2.0 2.t, 2.8

PH0T0N ENERGY, eV

Fig. 2.20. Optical absorptioo spectra of n-Si nf r'oom temperature showing the influence of
various concentrations of free electrons: I -' tt:4 ' 1010 cm-i, 2 - 2.4 ' 101e cm-3, 3 -
1 .101r em*1, 4--- 6.10r" cm:3, 5 -= 3.2.1()!? cn]'-3 [?.4?1.

0.0 0.4 0.8 1.2 1.6 2.0 2.t, 2.8

PHOTON ENERGY, eV

Fig, 2.21. Optical absorption spectra of p-Si at room temperature showing the influence of
vaiious concentrationsof freeholes:,1 -p:l '1020cm-s, 2-7'1018crn-l, 3-1.2'
.10t0 cm-s, 4 - 5.1018 cm-3, 5 - 2.8.1018 cm-8, 6 - 5.1gtt s6*a 12.421.

'E ,o'

f-'z
IJ
Ii ,n3
uuUoo
Z toz
FIE
a
<IU

t
E rnl

tszU
!2 ,^3ulv
L!Uo
O

6 102
tr
o
3 ,nl

WAVELENGTH, pm

FREE ELECTRON I FUNOAMENTAL
ABS0RPT|ON, lleSOnrttOU-
r -_-J | -./

lr)g

10s

wAVELENGTH, pm

FFEE HoLE I lruHonurr.traL
nssoRprrorrl laBSoEPTroN
\+ f)-Z



10 
-16

.*]c
oo x

XI
xo x

x
ox

x

E

O
F
Ua

o 1n-'/
o
zo
?
Eoq

aJ
.r,-

aL
x

.'-[xr,oxry*rrx* *$
.tf 60.'f oo

:d"=\-. ^ 
oo

I

.xo

a\

€d'

x -297 K

o - B0K
r- -5K

10-18 -- r _l__

5 2A

WAVELENGTH, pm

Fig.2.22. Free electron absorption cross section vs. photon wavelength at thlee 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 1.7'1017 cm-3 [2.43].
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TABLE 2.10 Properties of free excitons and excitons bound to
Si as observeci in luminescence experiments (see also Fig. 2.23)

Particle
Dissociation
channel

Cornments, reference
Particlel Lumines- |

lifetime,l c.,:ce ener-!
us I ev. meV I'l-"'l

xro

x2

xro
xro
X

hv +TA

hv *X *TA

hv+LO
hv +70

Free exciton,

1135.8

1134.6

1098.2
1096.3

1- 100

x
1.8-4.2 K, p(300 K):
4.10aQ.cm
1"8-4.2 K, p(300 K):
4. 104 O. cm, biexciton
4.5-10K
4.5-l0K
2 - l0 K, free exci-
ton lifetime increases
with temperature

12.441

12.441

12.4s)
12.4s)
12.46,
2.471

donor, [DX,]

4.2ts., try'p:1.5'101a cm-3, [2.48]
intense line
4 .2 K, trh : I .5 ' 1014 cm- 3 12.481
4.2K, Np:1.5' 1014cm-3 12.481
4.5 K, Nr: 1.4. 1014 cm-3 12.451
4.5 K, Np': 1.4 ' 1014 cm-3 [2.45]
4.2K, Np: 1.5' l01a cm-l, [2.48]
intense line
4.2K, Np: 1.5 ' 1014 cm-3 12-481

Unobserved 12.45].

6 K, NLi: 8 ' 1014 cm-3 12.451

6 K, ff1i: B ' 1014 cm-B 12.45]
6 K, y'fLi:8 ' 1011cm-o, 12.451
intense line
4.2K, ffsu: 1.7. l015cm-8 [2.49]
4.2K, iisu: tr.7. 1015cm-s [2.49]
4.2K, Nsu: 1,7' 1015 cm-a 12.481
4.2K, Ak,:4 ' 1015cm-s [2.50]
20 K, NAr: 4 ' 1016 cm- 3 [2,50]
15 K, AL8:2.1017cm-e [2.51]
4.2K 12.s21
15 K, lrBi:3 . 1016 cm-8 [2.5U
15 K, lfBi:3 ' 101ocm-8 [2.51]

lPxl P +iv
Exciton(s)

0.245

bounil to

1 150.1

tt46.4
1t43.7
I r 31.04
1094.03
1091.83

1088.2
t151.2
1132.62
1095.07
1093.21

1150.1
1094.1
1092.t
1149.2
I 130.5

1090.7

1t46"9
r 088. B

tPx,l PXI +ftv 0.134

tF&l lPX,l+hv 0.095

[PX]., P +hv +TA
lFXlro P+hv+LO
lPXlro P+hv+TO

lP XrTro lPXl+hv +TO
ll.ixl Li+hv
lLiXlrA Li+hv+TA
lLiXlLo Li+hv+LO
ll-iXlro Li+hv+TO 1.1

lsbxl Sb+/lv
lsbXlro Sb+hv+LO
lsb Xlro Sb + /r v + 7O

[AsX] As+ftv
[AsX].a As+hv+TA
[AsX].o As+hv+TO
[Asx] 0.183*

[Bi x] Bi + [v
[BiX]ro Bi+hv+TO
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TABLE 2.10 (Continued)

Particle Dissociation
channel

Exciton(s)

[BX] B + /zv

ItsXlr.d B+h.r*TA
lBXrlr, [BX]+ hv*-TA
lBXl,." B+hv +-LO

acceptorn [lX,]
Boron complex spectra 12.531
were obtained with [2.53'l
sanrples heaving NB: t2.531
i.6. 1C16 _7.5.101? cm-3 t2.531
in the tenlperature range
l0- t5 K
Intense lino

4.2ts.. p(300 K): 10o l!.cm
4.2 K, NrJ:
5. 1014 cm-B
9 K, NAr:2.2.l1rt, cm-l
9 K, Nrr :2.2.1016 cm-B
4.2K
4.2K, Ncu:2. l0r5 cm-a
9.5 K, Ncu: 1017 cln-s
9.5 K, ly'cu: 101? cm-s
4.2K
7 K, Nr":3.2.10r5cm*3
I 1.3 K, Nr": 1.3 ' 10r? cm-B

1 1 .3 K, .Iy'y. : I .3 ' 101? cm- I

4.2K
11.1 K, Nrr:3. 1015 cm-a
15-40 K, intense line
1.2- t5 R
t.2K

IBX]ro B*ltv*T'g
ItsXrlro lBXl+ltv+TO
iBxl
[Alx] Al+hv

[dlx]r/ Al +/z v *TA
lAlXlro A1-r h,r-r TO

lAlxl
lGaxl Ga+hv
[GaX]., Ga+h\ +TA
[GaX]ro Ga+ltv+TO
lGaxl
[InX] In*]v
llnXlya In*hv*TA
[InXly6 ln+ hv + TO

[Inx]
lTlxl Tl+hv
[BeX] Be+hv
[BeXl Be+ftv'
lBexl Be+hv'

1.055*

0.104

0.076*

0.077"

0.0027*

bound to

I i 50.7
1 13 1.6

1t29.2
1094.3

I 092. s

1090.3

tt49.s

I 131

ta92

tl49
1 131

109 1

1140.8

rtzl.6
1082.6

[2.s3]
12.s3l
12.521J

12.51,
2.ssl
[2.s3]
t, 5?1

[2.s21
12.ssl
[2.s3]
[2.53]
[2.531
t2.ssl
[2.s3]
12.s3)
12.s2)

12.s31

t2.s61
12.56]

L2.s6l

4.6

180

480

I I 10.5

1078.27

1076.34
107 5.7 4

LO, TO, TA are longitudinal optical, transverse optical and transverse acous-
tical phonon energies. &v is photon energy.
Excitonic energy EaP Eex:1154.59 t0.1 meV 12.571.
Exciton binding energy Ex:14.2 meY 12.57a1.* - The time dependence is similar for all phonon replicas and nonphonon
Iines.

Particle Lumines-
cenee ener
gy, mev

lifeti Comments, reference
ps
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Fig.2.23. Typical photoluminescence spectrum due to radiative decay offree excitons and excito-
nic complexes in Si dopeC rvith 1.4 ' 101{ cm-3 phosphorus atoms and compensated by 1.6 ' 10ra
crrr-3 boron atoms [2.45]. Dissociation channels and peak energies are given in Table 2.10.

Relative change of the refractive inrlex with tho hydrostatic pressure p 12.12):

(lln)(dnldp): - 1.4'10-3 l/GPa at l- 2 pm and 294 K.
r-355*345 at 1-2pm [2.37, 1.54].

'' rp ''i rr"' irpr:r.1,:;,c,: .rf :h,: refrac-ive index in the wavelength range from
i 2 t2 ': ', & :'i(,Jl.l .cmplra L!l"e [1.18]:

(tln)(,:nl 1n:4.7 .10-6 K-i.

TAB{-E 2.11 Elastooptic and piezooptic coefficients of Si at lattice tempe-
rature f :300 K and different laser waveiengths 12.58, 2.59, 2.6A7

to
lr

tP&l
'1

I

IB

lBxrl

tBrl

tP,ilrol

xrr, I I\- ll

\'l li

{P,Y,lt'
5,1 IliII

li"

x,'

I

\_r'
ta_-
i 070 'I 090l nAit

Coeff icient

Ela::tooptic, dimensionless

Pt
Pn
Pat

Piezooptic, 1/GPa
Ttt * frtZ
Tla,t

1

, (rcrr- nr2* tcaa)

Refractive index
n

rl
I o.+szs y.m 

I 
o.o+zt rr,,n

I

I 3.39 um
l'

- 0.145

-0.092
- 0.0s7

- 0.1-{2

- 0.05

- 0.058

- 0.094
0,017

*.0.051

5.9 . 10 4 9.3' l0 4

1.05.10-5 6.9'10-4

8.8. 10-4

4.51 3.83
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rlx
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&
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I tl
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PHOTON ENERGY, eV

Fie.2.24, Piezooptic effect. Ir4easured values (points) and fitted curves of (a,, -e1)/Xrurr=*n4ttu and (eil -et)/Xrroor: -na (ttrr-nrr) for Si as a f,unction of photon energy, tvhere
err and er are the relative dielectric permittivities for light polarized parallel and perpendi-

cular to the uniaxial stress X applied in [111] and [100] directions. ,, is the refractive index
and frr are the piezooptic constants. ?-:300 K [1"66].

Electrooptic coefficients. A11 linear electrooptic coefficients (Pockels coefficient:)
of Si are equal to Zoroi r's;p:Q.
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Nonlinear susceptibility. Second-order nonlinear susceptibility of Si is equal to
zero because silicon is centrosyrnmetric.

Valence eloctron conrribution to the third-order nonlinear susceptibility
c11y1(otr-2^r, &)1, G)1, -ror) of Si rneasured b.v mixing ).r: 10.6 pm and trz:9.5 pm
radiation [1.6r1:

lcrrr, | :3.4' i0*20 mz/V2, 10 ]{, accuracy,

ct rlc ;:.r:0.48 + 0.03.

1011 101s 1016 1C17 1016

ELECIRON COIICENTRATION, cm-3

Fig.2.25- Absoiute values of third-order nonlinear susceptibi'lity c,rrr(3cu, or, or, r,r) measured
by frequency tripling of 0.5 mm radiation, vs. free electron concentration. for n-Si at room
temperatu.re. The anisotropy of susceptibility is o:(t *3crzrlcnr)12:0.86+0.C2. The curves
are theoretical predictions for the nonparabolicity (solid line) and relaxation (dashed line)
contributions, respectively [1.68].

p-sl

I

l

101{ 1015 1016 1017

HOLE CONCENTRATI0N, cm-3

Fig.2.26. Absolute values of third-order effective nonlinear susceptibility (c1s*3c,r22)/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 * 3cp1/c'*,) 12: 1.61 + 0.06 [1.68].
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2.4. Si electrical properties

TEI.,lPERATURE, K

100 50 25

5 10 15 20 25 30 3540
1OC|",/TEMPERATURE. K-I
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IOOOiTEMPERATURT, KJ
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'" 107
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105

Fig.2.27. Hirll coefficient of trvo sets of phosphorus doped z-Si samples as a function of inverse
tsmperature. For 1:arameter values rif set n an{ } see Table 2.12 [2.611.

TABLE 2.12 Concentrations of phosphorus I{,
(rlonor) and of compensating acceptor N7 for
silicon sampies in Fig. 2.27 and Fig. 2.28

Sanrple
| 'nr'' '*-' I 

ar,, ",,-,

.l-

F-io2

t--

m
O

=jica
z

7

SP64.
SP4A
SPIA
SP2A
SM2
SM3

2.9 . 1013

2.35. 1014

6.7 . l0L4

2.3. 1016

3.9. 10r5

4.5. 1015

0.75 . 1013

0.1.1014
3.8. 1014

0.83. 1015

3.3. 1016

3.3. 1016

30 /,c 50 60 80 ico

TEi'-4PERATURE, K

Fig. 2.28.Ilall mobility of two sets of phosphorus doped
r-Si samples as a function of temperature. For parameter
values see Table 2.12 12.611.
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Fig, 2.29, Conductivity of r-Si rioped with arsenic
vs. reciprocal lefirperature. Sample pararnetris are
given in Table 2.13 [2.62].
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Fis. 2.30. Hall coefficient of z-Si doped with arsenic
vs. r'eciprocal temperature. Sampls parameters are given
in Table 2.13 12.621.
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Fig, 2.31. Electron concentra.tion of z-Si
doped with arsenic as a functicn of recipro-
cal temperature. Sarnple parameters are
given in "fable 2.13 12.621.
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Flg. 2.32. Hall mobility of electrons in r'Si
doped with arsenic as a function of temperature.
Sample parameters are given in Table 2.13
t) A)1
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TABLE 2.13 Concentrations of arsenic Ar, (donor) and of compensating
acceptor y'y'1 for silicon samples in Figs. 2.29-2.32

I

| 1{r, cm.3
I

1.0. 1014

5.25 . 1014

1.48 . 1015

2.2. 1015

131

130

r29
139

126
140

1.75 . 1014

2.1 . 1015

1.75. 1016

1.3 . l0r7
2.2. l0L8

2.7 . l}te (degenerate)
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Fig. 2.33. Conductivity of p-Si doped with bor.in.
as a I'unction 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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l'ig. 2.36. blall niobility oi holes in p-Si doped
rvith burein as ar functir-rr of tenrfrerlture. Sample
p,rrlrrDetels ere given in Table 2.14 [2.6]1.
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Fig. 2.37. Conciuctivity of Si vs. in':erse
lemperature in the intriasic region [2.62]'
The intrinsic conductivity (solici lile) can
be approxirnated by' ernpirical expressicir:
laploct=4.247-2.924'103iT, here, c; is ir
1/(0.cm) and 7 is in K. At ?-lQQ ( r1,'=

-3.16 ' 1t)" I I /(O .u-m) [].631.

0 0.J01 0.002 , 0 c03
1/ fEMPERA,URE. K-'

Fig. 2.38. Square root of the product of elec-
tron and hole concentration in the intrinsic
region of Si as a function of reciprocal tempe-
rature [2.62].

Empirical expressiolls for intrinsic concen-
trntion: in the temperature rrnge 200 K <'J'< 500

K t2.641 n'-=f/ry1.-5.71,16tt (f 1300)s'365
cxp (-67"1317');
in the temperitlt{e rang.4-50 K'r?'<700 K
12.621 n, : f/ np: 3.87' 1016 f r'5 rexp ( - 7021 / ?').
F[ere, r1 is in cm-s ond ? is in K. At 7:300 K
ni--1.A2 ' 1010 cn:i*3.
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Fig. 2.40. Electron Hall mobility
in z-Si at 300 K as a firnction of
electron concentration, Solid line
is the best fit with equation: pe:
92 -l 1268 I U* (n/1.3. t 017)0."1, !r" is
in cms/(V's) and r is in cm-3
i2.661.

Fig. 2.41. Hole Hall rnobility inp-Si
at 300 {i as a funclion of hoie con-
ceniratiorr. Solid line is the best fit
with equation: 1u--4i.7 *447.3 l'Il+
b 16.3 .101{)0'7$1, 67, is in cm:i (V . s)
and p is in cn- r [2.66].
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Si electrical p.
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Fig.2,42. Nlobility of electrons in Si as a
function of tempeiature f,or various donor
coilcentraiicns: circles - -ly'p{ 1012 cm-3,
iriangies - Nn==-l ' 1013 cm-3, sqriares -
.\n:1.3 ' i01? cm-3. The stllid line indi-
catcs the thcoretical rcsults for- pure lattice
mobilityr [2.ti6]. The dot-dashed lirre gives
p.. - I .43 ' 1O'p 7-- ''". 1r.,. it in cmr,'(V 's) a:ld
fisinK-

Fig.2.43. Mobility of holes in Si as a function
of temperature at various acceptor concentra-
tions: circles - Na( 10rz cm-3, triangles- Nr:
101{ cm-3, squares - Na:2' 101? cm-s. The
solid iine indicates the theoretical results lor
pure iattice mobility [2.66]. The dot-dashed
line gives U.r,:1.35.108 T-2'2, ltnis in cm'?/(V's)
and 7 is in K.
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'rrLri
Si electrons

Si electrical p.
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ELECT'i|C FIELD, V,'cm

Fig.2.44. Electron drift velocity in pure Si as a fuilction of electric field at different lattice ternper-
atures for tvro directions of electric field: a - E Il <111>, , - E ll <100> t2.671.
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Si electrical p.
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ELECTRIC FIELD, V/cm

Fis. 1.45. Flole drift velocity in pure Si as a function of electric lield at different ternperatures for
trtro directions of electric field: a * E li (100), 6 - B ll <111> [2'68].

Electron and hole drift velocities as functions of the electric field applied along
(lll) direction can be fitted by equation 12.661:

ElE.
oa - 0m A+@t1jryE'

The values and temperature dependences of parameter$ o6, Ec a:rd p for I>
>250 K are given in Table 2.15.

TABLE 2"15 Parameters for drift velocity in (111) direction. 7 is tempera-
ture in Kelvins
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Ijig. 2"46. Drift velocity of a
at 300 K 12.69, 2.70J.
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Fig.2.47. Parallel D,, (ciicles) ancl perper.rdicular9, (crosses) to electric field diffusion coef-
ficient (diffusivity) of eiectrons in Si at room temperature as functions ofelectric field applied
parallel to (111) crystallographic direction. Continuous iine shows theoretical computation of
Dn 12.661.
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sion coeflicient of holes in Si as a lunc-
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Si electrical p.

Fig. 2.50. V/arm electron and hole energy re-
laxation fimes as functions of the lattice tem-
persti.rre in Si. Roorn tempelature resistivity:
triangles - 70 O'cm, squares - 190 O'cm,
eirclcs .- 700 !)'cnr [1.791.

Fis. 2.51. Warm electron energy relaxa-
tion time in a-Si at 77 K and eiectric
field paraliel to (111) crystallographic
direction 11.E1, 2.721.
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Fig. 2.53. I)ependence of warm electron
intervaliey relaxaticrn time on latricc terr-
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[2.731.

Fig. 2.54. Electron energy relaxation time
ir pure Si as a function of electric field
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TABLE
Ir.41]

Parilmeter

Si electrical p.

2.16 Parameters for: high electric field tranrport calculation in

Value

Deniiity, g/crn3 2.33

Dieiectric permitti-
vity e/e,, 11.7

Numt,er of rralieys

Effective masses:

tnllmn
ru,f rro

|'lorparabolicity pa-
1nm91qr. L.V*I

Val1ey :reparation rd-
Iative to I rrailey, eV

Sounci "zelacity, cmls
Defo:'ilation poten-
tia1, eV

Transition

x-x

Imtravalley properties

146

0.91
0. l9

0.27*

2.9s 0.74 0

Acoustic scattering parameters

9. 105

Optical intravaliey scattering is negligible

IntervalleY properties

Coupling
constant

0.5. 108 eV/cm
0.8.108 eV/cm
11 . 108 eV/cm
0.3. 108 eV/cm
2.0. tr08 eV/cm
2.0. 108 eV/cm

Philnt)n
enelgy

12,I raeV

1E.5 meV

62.0 meV

19.0 meV
47.4 meY
59.0 tneV

illYPs':'{'

TA g-Lype

LA g-type
LO g-type
TA f-type
LA f-type
TO f-type

1'- 1,

r*x
L*L
L_X

Negligible

:k _ lt 1J1
L-, . . 'l'

rr:i. _'- g_ an,.l ftype
sligh.rly from tho:,e

intervalley phonon
in Tabie 2"3.

energies given in Table 2.16

Lattice
I 
I vattev I r vailev I x vatiey



2.5. Si piezoelectric, thermoelectric anil magnetic properties

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

TABLE 2.17 Piezoresistance coefficients of Si in llGPa. For physical

Experimental
conditions Tltt Ttz

n :(1.3-9.9). i0tn 
"--4, 

78

n : (7 .8-130) . I gtr cm-3, 7 7

n: { . lgra cm-3, 300 K
n:9.4. 1016 cm-3, 77 K

n : | . l0L7 cm-B, 300 K
n:9.4. 1017 cm-3, 77 K

n:2.70L8 cm-3, 300 K
n:9.1018 cm-s, 77 K

?:11.7 O'cm, 300 K

?:7.8 O'cm, 300 K
p:3,1014 cm-3,78 K
p:1.3. 1016 cm-3, 78 K

K
K
300

a-type

-3
aa

- J.J

K - 1.05

- a.773

- 2"8

K - 0.98

- 0.715
_) 1

K - 0.83

- 0.619

- 1.4

K -0.7
- 1.022

p-type

0.066

- a.2s

0.401

0.373

- 0.01 1

t.f . I

0.3 i

* - Calculated r,aiues for zcnn: -0.125 l/GPa. rcEE is constant up to

t24



interpretation refer Table 5

Si piezo., therm., magn. p.

I

I

l- ri)-
| /111 -f zi L1o
I

I
I

-!+a+^11'/,19r/.4{*2 - ,n- rn-)t1aTLl.aoT Lti4t

- 0.26

- 0.21ti)

*0.i!ii;

n 1t")_V.JLL

- 0.076'F

-- 0.08'r'

- 0.(|79*

- 0.a77*

0.021

0.01

0.012

0.06

ll.85l

l2.7sl
12.7 6l

12.7 s)

12.7 6]

[2.75]

[2.7 61

12.7sl

tl4l

t14l

[1.85]

12.771

0.019

c.057

0.718

1.25

1.5 1.9

5.101e cm-8 impurity concentration at room temperature 12.751.

R.et'e-
rence



gi piczo., therm., firagn. !,.
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Fig" 2.55. Resistivity of z-Si vs. hydro-
static pressure at lattice temperatlrres
300 K and 521 K 12.78).
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Si piezo", thernr., magn, p.

Fig. 2.58. Seebeck coefficient S times
temperature 7 vs. temperature for p-Si
having various acceptor and compensa-
ting donor concentrations: / - 1{r:
1 .tr015 cru*,,, Nr:1.9.16rr crn-3;
2-- N":9.1 .111'e ctn-3, A'D--2.1 '
l0r{ cril- 3. 3 * I,lo:7.6. 10ts cm-i,,
Nn:2.11 ' 10rr ctn- 3; 4 - NA:2 '
i0L? cm-3, 1r'n==4.9 . 1015 cni*r. J *.
i1,=-i ''1013 cm-3; 6,- N..*-1.5.i6,e
c:l- 3 

[-1.S0]. TtMPElllTUiii, K

.^,6AA----J

20c 3c0 400 500 6c0 700 800

TEMPERATURE, K

900 1000

trig. 2.59. 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-iype - Np:3.7 ' 1011 cm-s, iy'r:9'1013 cm-s and ,-t]?e - Na:l ' 1015 cm-3, ND:
1.9 . 101{ cm_3 [2.90].
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Si piezo., therm,, magn. p.

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

/.^:(-3.33 + 0.1). 10-6,

d4.ld f :(0.78 t 0.03). 10-e K-1.
Free carrier contribution to the susceptibility does not exceed 5'/o of the lattice

susceptibility at free carrier concentration smaller than 1018 cm-3 [2.81].
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Fig. 2.60. Hall factor vs. impurity concell-
tration in r-Si. Experimentai data: crosses
and triangles - 77K,opcn circles - 300K.
Theory: crrrves 1 and 2 -- calculated wit-
hout taking into accoriirt of scatterixg by
neirtral impurities at 300 K a.nd 77 K; cur'-
ve -3 - calculated by taking into ilccorrrt
the scattering by neutral impuritics of con-
centraticn 6 ' 1016 cm-i at 77 K [1.82].

TEI'JPERATURE, K

Fig. 2.61. Experimental (points) itud cal-
culated (lines) Hall factcr vs. tenlperatlr-
re for pure p-Si. The acceptor concen-
tration is in the range Nr:1011-1015
cm-3 [2.831.
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Si piezo., therm., magn. p.

MAGNETIC INOUCTION, T

Fig.2.62, Magneticfield dependence of transverse magnetoresistance [p (B)-po]/po in a-Si for
current flowing in [110] and magnetic field pointing in [001] direction. a - 77 K,6 - 300 K.
lample parameters at 300 K: squares - ?:27 Q.cm,.ly'r:1.3.1014 cm-g, circles - p:1.9
O'cm, NDE1.9'1016 cm-3, crosses - ?:0.22 O.cm, ND22,1016 cm-s. Solid lines are
calculated [2.84].
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Fig. 2.63. Magnetoresistance coefficient M:
tp (B) - pol/(po .8,) vs. magnetic induction
B at77 K for p-Si with p0=85 O ' cm at room
temperature. Ma corresponds to transverse
magnetoresistance: B ll [001], I ll [100]. Mr cor-
responds to longitudinal magnetoresistance
B il r lt u00l [2.85].

0,05 0.t 0.2 0.5
MAGNETIC INDUCTION. T

1n

n-Si

?7K

UJ(J
z,
F
0
ot!(r
(3
Ftttz(,

=

'10'

10-

0.1 1.0

MA6NETIC INDUCTION. 1

129



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 Eu band
edges. For shailow impurities the cross section at the corresponding photon
energy has been deduced frorn o:6*u,lN, where oc-u* is the maximum ab-
sorption coefficient and N is the impurity concentration

Impurity
, Ionization I Absc'rPtion

I 
;;il;;;., 

I :il;' 
section'

Photon
energy, inev R.eference

As

Bi
Fe

Li
Mg
Mgo
P

S

s+
s+
Sb

Se

Se+

Sc,+

Te
Te+

le'

E"* 53.76

E"- 70.6
I!" - 795.7
E"- 31.24
E"- 1A7.5

E"- 256.47
g. - 45.59

i," - 318

E"- 612
E"- 612
E,- 42.74

E"- 307

E"* 593
r -501
.L"* i99
E"- 4Lt
7:"- 4t1

Donors

1.6. 10-15

7 . 10-16

d 3 ' i0-15
I .7 . l0-15

2.5. 10-15

(2-7)'i0-to

I . 10^15

1 . tr0-16
g. I . i0-15

2. 10-16

I.10-16
4.10-ls

5 . 10*16

3. 10-13

56

7l
1000 -1200

33

46

- 500

- 800*
! 1000';*
,4'l

400
700x
& 1000**
200

600*

- I 100**

12.86, 2.87,
2.8s]

[2.8e]
[2.e0]
[2.36]
[2.e 1]

12.e 1l

12.86, 2.87,
2.88, 2.921

12.93,2.94,
2.95, 2.961

12.93, 2.961

12.93, 2.961

12.86, 2.87,
2.8 8l

12.96, 2.971

12.96, 2.971

[2.9(,, 2.971

[2.e3]
[2.e3'l
t2.e31

130



Si impurity p.

TABLE 2.18 (Continued)

Iurpitli ty I l,,nizari.,n | 'tt,'"tPti*
' a,,.auu. 1r"v i crt"i seclioil,

Photon
energy, ntcV Rcl'erettc.:

12.98, 2.991

[2. i00]
12.98, 2.991

[2. r 01]

L2)azl
[2.103, 2.104]

12.98, 2.99)

[2. r 0s]

12.t06)
[:.105]

12JA7, 2.1081

12.t07, 2. i08l

[2.108]
[2.10e]
[2. 1 0e]

[2.1 10, 2.1 1 i]
[2.110, 2.1111

12.110, 2.1il1
12.110, 2.tl t)

AI
Ag
B

Be
Cu
In
Ga
TI
Zn
Zrt-

Auo->Au-
acceptor state

Auo+Au1'
donor state
Mn-'->Mno
Mno-+hln+
Pto+Pt-
acceptor state

Pto+Pt+
donor state

E,+ 67

E,+ 46
E,,i- 191

,1-, + i 56.9
E,+71
E,+246
E,+320
E,+ 620

E"- 530
z. * 530

r, + 350
E"- 130
rc - 450

E"-23A
E,* 230

E"+ -720

E,+32A

Acceptors

8.5. 10-16

2. 10'L6
1.4 . l0-15
5 . l0-18

-5 
. 19- re

3.3. l0-17
5 . 10-i6
2.6. t0-17
1.5 . l0-16
4.8. l0-1?

82

62A

50

200
330
300
ll0
446
500

900

Amphoteric impurities

8. 10-18
g. 10-17

1.8. 10-16

(0.e -:.s;. r6-t,
(0.2s - 1.3) .

. l0-16

(1.8-4).10-18
(0.1 -3)'i6-ta

750*
900* x

480 - 750'kx

300 - 600*
1000 -
1 200**

900 - 1000*
420 - 1000* *

* - For electron emission.
x'e - For hole emission.

t3i



Si impurW p.

TABLE 2.19 Binding energies of the energy levels of shallow ilonors
(phosphorus, arsenic, antimony, bismuth and lithium) in Si found by optical
methods. The energies in meV are measured relative to the conduction band
edge [.110]

Effective
InASS

theory

ls(lr):.E, (ionization
energyl 45.59 53.76 42.74 70'98 31.24

ls(E) 32.58 31.26 30.47

1s(fr) 33.89 32.67 32.89 32.89

)2.91 31.89

11.50 11.s1

9.1l
6.40 6.38
5.49 5.50

3.8

3.31 3.33
3.12 3.12

2.19 2.20

1 .90 1.94

l.7 t
t.46 1.48

t .07 1.I0

33.02
11.44 11.51

8.78
6.37 6.40
5.48 5.49
4.7
3.8

3.30 3.32

3.12 3.r2
2.89
2.36
2.18 2.20
1.91 1.90

1.67 1.64

t.46 1.47

r.25
1.08 1.07

31.27

31.27

3t.27
I 1.51

8.83

6.40
5.48
4.7 5

3.7s

3.33
3.12
2.8s
z.i J

2.19; 2.23

1.89

1.62
1..44

1.27

1.04

ls(E+re)
2pa

2s

2p*
3po

3s

3do

4po

3p,
4s

4fo

4p+, 5po

lft
5-fo

5p,
5"f*

6p,

11.48

6.40
5.47

J. OJ

3.73
J.J I

3.t2

2.33

2.19
1.90

1.65

1.46

1.26

1.09

Level energy, meV

lo'



Si impurity p.

Conduction

b ond

Fie. 2.64. Energy level scheme
of shallow donors and acceptors
in Si. The ground levels with
ionization energy E1 are different
for different chemical species and
are shown only approximately.

For donors the most intense
optical absorption line corresponds
to ls (Ar)+2p a electron transition.

For acceptors the most inten-
se optical lines correspond to
(8+0)+(8-0) and (8+0)+(8-1)
hole transitions [1.110].

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]

6

E8
j
310UZui2

Level
Level energy, mev I Effective

- I -ar.
I tneo.ylot lo, 1,,

DONORS ACCEPT ORS

(8 + 0): E1 (ioni-
zation energy)
(8-0)
(8-1)
(8-)
(7-0)
(8 -)
(8 -)

5

6

45.71
15.33
1 1.18

7.36

6.1

5.79
6.03
4.19
?{?

2.92
2.44
1.8s
1.39

70.1 8

15.30
11.69

6.1

5.22
5.02

3.9
3.43

3.08
2.79
2.28
1.78

74.05
15.82

6.93
6.1

5.80
s.62
4.20
3.56

3.25
2.94

1s6.90
14.91

1 1.il
7.16

6.1

5-82

4.1

3.63

2.93

1s.s (ll;)
11.4 (2I;)
7.3 (318 )
6.1(117)
s.8 (1I;)
s.8 (4I;)
4.r (5r8 )
3.6;3.5
(21;, 6I;)

7
8

9

10

Volence

bond
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35 40 45

PilCT0N ENERGY, meV

Fig. 2.65. 1 ,r (Ar)+Zpr,2p t, 3po, 4p x, 5lr, and 5p 1 lines of the absorption spectrum of phosphorus
atoms in Si. Phosphorus concentlation: 7.5 ' 1014 cm-. I . T: 12 K. The optical transitions ls (lr)+
2s, 3s, ... are forbidden [2.91].

Si.B,

40 45

PHOTON ENERGY, meV

Fig.2.56. Absorption coefficient due to hole transitions from (8*0) ground level of boron atorr
in Si vs. photon energy (cf. "lable 2.20).

Liles (8-0; - (7-) have been measured for a sample rvith boron concert{ation 1.5'1015
crn*3. Liues 5--10 and 2p',3p',4p'have been measured for a sample with boron concentration
l.:l . I 016 cm- 3. The lines 2p', 3p' , 4p' correspond to transitions from boron ground state to the va-
lenee band continuum [1,110, 2.103].
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F-ig. 2.67. Dependence of shallorv donor
thermal ionization energy E1 on electrically
active donor concentration Nfi in n-Si.
Circles - arsenic doped Si [2.62], closed
points - phosphorus doped Si [2.112), tri-
angles - alsenic doped Si 12.1131. Solid
line is an empirical formula: Er=54-3,5 '
10-5 N#r/8, Er is in meV, N$ is in cm-3.

Fig. 2.68. Dependence of shallow accep-
tor (boron) therrnal ionization energy E1 on
electrically active acceptor concentration Nj
in p-Si. Circles - [2.62]. Triangles - [2,1I3].
Solid line is an empirical formula: E1:
45_3.10_5 Nir/r, E, is in mev and Nj
is in cm-s.
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Si impurity p.

TABLE 2.21 Binding energies of the energy levels of ilouble 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
Level

lr. lr. lr, ls. lr.-lre*]us*
ls(l):E', (ionization
energy)

1s(Ir)

2po

2px

318

35

11

6

307

35

l2

7

199

39

t2

7

107.5

tt.7

6.3 8

612

184

45

26

2s6.47

47.84

26.25

589 411

161 177

45 47

25 26

E

iI
Fot!

a
oEo
z9
F
o-Eo
(o

l7
10-

l0'

e',,.'-'
{
{
!'c
f
fl
;

lp"YSIr.|r"fl t
&'db I E,ryl

-a-a-a- a_.

Si.Te ,
o115K
c77 (

0.4 0.6 0.8

PH0T0N ENERGY, eV

Fig. 2.69. Optical absorption cross
section for transition Te+ *iv+
Tez+*e vs. photon energy for Si
at two temperatures. The onset of
photoionization of electrons from the
ground state into the conduction band
is marked with an arrow. The sharp
peak at about 0.23 eV in the 1I5 K
spectrum is caused by the internal
transition Is (l)+ts ([) of Te+ (see
Table 2.21) 12.931.
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Fig. 2.70. Electron capture cross section on thepositively single-charged (Z:1) centers in Si. Solid
and dashed lines are theoretical calculations [1.111].
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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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Si impurity p.

T.dBLE 2.22 Thel:mal ionization
I, or valencc fi band edges and
impurities in Si as detennined by

energy measured relative to the conduction
capture cross sections associated with deep
Deep Level Transient Speciroscopy (DLTS)

I Dono, I ocpth from I I

Impu- or ac- coltduction or I Tempera- 
|

lity ccptor I valcrrce b_artd I ture, K 
Ilcvel I edge, meV

Capture cross
section, cm2

Reference

[2.l 14]Au
Au
Au
Au
Cr
Cr:

Cr
Cu
Cu
Cu
Cu
Cu
lv{u

Mtt
Mn
N{n

Mn
I\{n
Mn
Mn
lWo

i\1

l.ii
Pt
Pt
S

S

Sc
CA

Ti
Ti
TI
w
w

.rl

D,.

D2

A
Dr

D2
)-.-L

A"?
.4,t
,!

'1

,!

?
,!

D z, - 8oo

li,+ 350
/a, - 550
lr, + 580
E"-200
E,+250
E"- 430
F -Lql
E,+233
E"- l6t
E"- 4A2
E,+ 425

E,+ 770
E,+220
E,+33A
E,+ 440
E"+ 5lA
E"-200
E"- 420

E"- 540

E, + 300
E,+(i60- 190)

E"-{430-460)
E"- 231
E,+ 321
F -.1,.)ll
ii - 5q{i

E" - 520
.8" - 300
E"-- 26A
8,, )'- 290
.1.', +:.1()
I - 

11ll

i',,r I .+1o

6u : l. 1 ' 10- 15

6p:3-5 '10-15
6n:8.5' 10-17

6r:9 ' 10-.15

6n:4.1 '10- 15

o?,: 9 . 10-18

or - 2 . l0-16
6p > 10-14

ao21.4. 10-11

on: (1.8 - 3.3). 10-17

o'tr:3.10-15
or)7 .4. 10 '.15

6p"=3.9.i0 15

6p:1.7 '10*16
6p:3.5'10-16
6p:3 -7 ' 10 -16

6n:7 ' la-77
on:8' 10-15

6n:2 ' 70-14

cr:4.3. 10-16

6il:7 .lO-15

or:(7.8- 10).19-to
6,,:2' 10-15

o, ) 10-1{
d,, > lO-il
(,,,:3'10-ts
6n:3 ' 11CtL5

6 p: 1.7' I0-17
cp:2.4 ' l0-14

158

70 - 190
80 - 200

300
88

94

t75
45

76* 108

80 - 106

130- 190

183 - 227

140

185

22A
276
r25
190

240

177 "5

100 - 130

135 -240
100

254
250
100

300
300
77 * 114

[2. r rs]

[2.1 16]

12"r17l

?

D

A
?

?

If,1

D.,.

nu7

D2

Dr
D2

.,4

I-)

D

[2.1 1 8]

12.1tel
12.1201

r,2.121,

2.122)

12.1231

12.124)

12.1251

12.t26l
12.1271
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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 f:
dotted line -T:27.1 K [2.128], solid line -T:2OKIz.lZgJ.ThesquaresareMonte Carlo
calculations with the impact ionizationcrosssection o0:1 10-13cm2. The arrow indicates the
suddcn increase of ionization coefficient due to impurity tunnel ionization.
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3. Physical data for gallium arsenide

3.1. GaAs lattice properties

l. GaAs consists of the following isotopes (as a result the translational sym-

metry of GaAs lattice is not exact)

6e Ga. . 60.1 7;

?1 Ga. .39.9 %

75 As. . i00 ?1,

2. Average rnolecular ri,eighi: 144.63

3. GaAs has cubic sphalerite (zincblende) lattice. Space group is fTlm 9fi1.

Lattice symmetry forrnula is 3L24L|6P, which means that there are 3

symmetry axes of the second-orcler, 4 symnretry axes of thc third-orcler and

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

the directiorrs [111] and tfffl are not equivalent

4. Lattice constallt: a:0.565 368 nrir at 298 K

5. Density: 5.316 5t0.0003 g/cm3 at 298 K

6. lr{unrber of Ga or As atoms in I cm3 is 2.2 . l0::

7. Melting tenrperature for stoichiornetric GlAs: l51t K

8. Transition to metallic phase occurs at the pressure 17.2+0"7 GPa

9. GaAs cleaves most readily on {110} family planes

[3.2]

13.21

[3.3]

t3.41

ll.7l
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TABLE 3.1 Elastic
absolute zero, 78 K

GaAs lattice p.

parameters of GaAs at the
and 298 K [3.5]

temperature close to

Value
Parameter

-0K lzar lzerr
Elastic constants:

c11, GPa

c12, GPa
cau, GPa

Sound velocity in the direction
[100]:

longitudinal ar, cmls
transverse ztr, cmfs

Sound velocity in the direction
[111]:

longitudinal c,r, cm/s

transverse or., cmf s

Elastic anisotropy factor a

Poisson ratio v

Young's modulus E, GPal.

direction [100]
direction I l0]
direction [1ll]

Bulk modulus .8, GPa

B'o: dBrldP

121.07
54.77

60.36

120.85
54.69
60.29

4.7 66 . 105

3.366. 105

5.442.t05
2.819. 106

0.548
0.311

86.7
123.2
t43.3

76.7

118.41

s3.72
59.12

4.770. 106

3.368. 106

5.446. 106

2.821. 106

0.549
0.311

87

123.4
143.5

76.9

4.719 .706

3.334 . 105

5.384. 106

2.786. 105

0.547
0.312

84.9
12A.7

140.5

7 5.3
4.67*

* - [3.6].

TABLE 3.2 GaAs phonon energies for high symmetry points l, X
and L in the Brillouin zone at 296 K 13.71

Phonon energy, meV
Phonon
branch lx lt
LO
TO
LA
TA

35.4 + 0.8
33.2 t0.3

0

0

29.9 + 0.6
31.3 + 0.3
28.1 t0.25

9.76 t0.06

29.6 !0.3
32.4 xO.S
25.9 + 0.4

7.69 + 0.08



GaAs Iattice p.

Optical phonon lifetime. The lifetime of nonthermal ZO phonon in GaAs is 7 + I ps
at 77 K [3.8].
Raman activity. GaAs has two first-order Raman-active phonons,Io (l) and
7'O(l), which are located at the Brillouin zone center and have energies [3.9]:

LO(I) E:36.19 meV at 300 K,
36.75 meV at 4 K,

fO€) E:33.30 meV at 300 K,
33.86 meV at 4 K.

TABLE 3.3 Griineisen parameters for different phonon
at X, K, I and L crilical points. f :300 K [3]

Grirneisen parameter

branches in GaAs

lz
I

LO
TO
LA
LA
LA
TA
TA
TA,
TA,

t.73

- t.62

1.23

1.3 9

1.3* [q00]
1.29* lqqal
1.29* lqqql
0.53* [a00]
0.23* lqqql
0.,53'3 [qa0]

--0.05* [4a0]

1.5

- 1.7

-. 0.4

- 1.62

* * Calcuieled frorn Lri.ticei
vcctor is given in parl'ntheses;

Lattice dielectric permitfiviry.
Relative static [3. ] l]:

e /so: l2'8 at 300 K,
12.5 at 77 K.

Relirtive high frequency [.17.]:
e,--/eo:10.92 at 300 K.

Relative change of the static [3.12] and high frecluency [1.17] dielectric per-
raittilities with hydrostatic pressure p in GPa at 7":300 K:

(l/e)(cle/dp): -1.73. l0-2 1/GPa,

s-/eo:10.92- 0.088p.

Dependence of the static [3.12] and high frequency [1.18, 3.12] dielectric permitti-
vities on temperature:

(l/e)(de/dr):2.04. 10-1K-1 at 300 K,
9.4.10-5K-l at 75.6 K,

(1/e*)(de-/dT): 1.2. 10-1K-1 at 300 K.

elastic palametcrs [3.10]. T'he direction of wate
q,{Ztria, \ylrrrc u is thc lattice constant.
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GaAs lattice p.
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Fig.3.1. Phonon dispersion curves for GaAs at 296K13,71. The dashed lines shovr the slopes for
sonnd velocity in various directions. For A1" A2, O1 and O, branches the polarization is ellipticai.
Other modes are eiiher strictiy iongitudinal (r,) or transverse (7).

For [0qqj directir:n the data exterrd beyond the Briilouin zone boundary shorvn by vertical
dashedline,ThepathfrcmKto-Risequivalenttothepathfronr(/toXontheBrillouin zoneboun-
dary (see Fig. i).
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GaAs lattice p.

Fig. 3.3. Heat capacity C, (T) of pure GaAs as
a frmction of ternperature [3.15].

Selected values:
C',:J.16-s U(g.K) at 4.2 K [3.16],

0.147 Il(e.K) at 77.4 K [3.1],
0.327 J/(e.Ki at 300 K [3.17].
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Fig. 3.4. GaAs Debye temperature vs. lattice teinperature [3.1, 3.16].
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Fig. 3.5. Thermal conductivity X of
GaAs with indicated imPurity con-
centrations and dopants [3.18].

Selected values:
x:24.6 w/(cm 'K) at 30 K,

4.3 \Y/(cm ' K) at77.4K,
0.58 W/(cm 'K) at 295 K.

Fig. 3.6. Thermal expansivity (17 -
lr,,".r)llrrr., as a function of the lattice
temperature for GaAs [3.19]. /rrr.z is
a length at T=?73.2 K.

4.10-{

! z to'i
67.0
o-
il -z ro-a
J

* -l to-'
d

--0 lu
ts

-8. 10r

HIGH PURITY

148

10 30

TEI,IPERATURE, K

n,



GaAs lattlce p.

J

=_ffl-.F>F
?=
-A
fi*
G-
Hft
Eo

7. 10-6

5.10-6

3.10-6

1.10'5

0

-1.10'6

Go As
a o 

'o

{0 120 160 200 240

TEMPERATURE. K

2E0 320

TEMPERATURE. K

Fig. 3.7. Differential thermal expansivity a:(1 ll27s.) (ilrcn as a function of temperature Tfor
GaAs.a - ?'>30K[3.19], b - T<30K[1.24].Note,thatbelowSK the values are multiplied
by the factor 10.

Empirical formula valid in the range 200<T< 1000 K [3.15]:
d:(4.24+5.82 . 10-3 T-2.82. 10-6 72) . 10-6, c( is in K-1 and 7 is in K.
Selected values:

a.:4.4 ' 10-10 K-l at 4.2 K ll.24l,
1.0 . 10-6 K-I at 78 K t3.191,
5.6 . 10-c K-l 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 [3.101.
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3.2. GaAs hand propcrties
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Fig. 3.9. Band structure of GaAs with spin-orbit interaction inchrded. a * General view [1.28].
6 - Enlarged portion with main interband optical transitions near f point (Eu, En+ Ao, Ei), along
I direction (-E , I'r+ Ar) ancl near X point (.8 ) shown by vertical lines. The forbiclden energy gap
E is equal to Eo [3.21]." 

Ga-As does not possess irrvelsion si nrn)etry, as a result the bands in the gerieral point of the
Brillouin zone are not degenerate. The exceptions are [100] axes,.L and I points'
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GaAs band p.

TABLE 3.4 Critical
which are important

points associated with band-band
in optical measurements (see also

transitions in GaAs
Fig. 3.9)

k-space location (units of 2n/a)

Corresponding ban<l-band
transition with spin-orbit

I neslecte.lt"

E6

E[+ Li,

pa-Lc

Io+A,

ELL

Er*Ar

DLz

Er+ Lr

rrr->ru"
rr,->ru" I'?s-+ri

lf5+li5

A!+Af

X!->Xi

IJr,->Ir,
As,->Au,
lrr->1.,

(An, Au),+Au"
Au,->Au"

X1r*>Xu"
Xuu->Xu"
Xau-Xr"
xro-->xr"

Arises fi:om transitions at fundamen-
tal absorbtion edge, dorninated by
small region around (0,0,0); the tran-
sition is rveak

Arises from transitions to the second

conduction band near (0, 0, 0) and
along A dilection near (0.1, 0, 0)

Originates from transitions to the first
conduction band along A direction
near I

Arises from a weli defined interband
piateau region near the point (0.75,

A.25, A.25); the transitions in this re-
gion dominate the spectra because of
the large phase space and strong ma-
trix elements

Additional energies Ao, A6 etc. are associated rvith. splitting caused by
spin-orbit interaction.

Critical
point

included
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TABLE 3.5 Energetic distances between experimentally important critical
pointi in the energy band of GaAs at room temperature arrd respective hyd-
rostatic pressure coefficients. For transition and critical point nomenclature
see Fig. 3.9 ancl Table 3.4

I
I

I Comrnent
I

Er= Eo: 6(lo") - E(fr,), eV

Energy separation and
pressure coefficient

I

I 
Reference

Zrx: I(Ar,) - r(f6J
Ea1: E(L6") - E(fu"),'
Ex;:E(L5.)-E(Lu),
Au:E(fe,)-E(fr,),

Er, eY
82, eY
Ar, eV

d Erldp, eV/GPa

dE*ldp; eV/GPa

dE1,rldp, eV/GPa

d E"ldp, eV/GPa

dEy,,f dp, eV/GPa
dErldp, eV/GPa

Dircct forbidder: energy [3.21]
gap

13.221

13.221

[3.23]
splitting in [3.24]
band

t3.2U
[3.21J
[3.21]

Gap increases with pres- [3.25,
sure 3.261
X valley relative to the [3.25,
valence band edge 3.271
Due to I and X valley [-1.25,
crossover GaAs becornes 3.271
an indirect gap semicon-
ductor at hydrostatic
pressure p>-4.2 t0.3
GPa (cf. Fig. 3.a6) [3.25]
.L valley relative to the [3.28]
valence band edge

[3.28]
13.291

eV
eV
eV

eV

Value

1.429

0.46
0.3
0.17
0.34

2.91
4.96

0.22

0.108

-0.0135

- 0.12

Spin-orbit
the valence

0.062

- 0.045
0.072
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T:IBLE 3.6 GaAs conduction band principal valley parameters

Parameter valleyI' l.'dl"-* l*,.,.*"
Valley location in the
Brillouin zone

Number of valleys
Valley separation rela-
tive to I valley, eV

Electron masses*:

scalar mnlmo

at 290 K
at 1.46 K

longitudinal m,fmo

transverse mrlmo
density-of-states

mof mo

Nonparabolicity para-
meter a, eV-1
Uniaxial deformation
potential E,, eV
g"-factor

fu", the 1o-

west valley in
the center of
thc zone

1

0

16,, in ( 111>

direction orl
the zone bo-
undary

4

0.3

Au", in ( 100>

direction ab-

out l0-ol, away

from the zone

boundary
6 [3.1s]

0.46 13.221

[3.30]
l3.3ll

1,9** [3.15]
0.19** [3.15]

0.41

[3.32]

6.s [3.28]
[3 .3 3J

0.0635
0.0665

0.0636

0.69

-0.44

1.9

0.075

0.22

14.5

* - In A3B5 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
| 
*.r.r.o..

Luttinger parameters:

I1

ld

gu-factor: 2k
q

Vaicnce band nonsphericity I

Average heavy hoie mass for
bands mlrfnto

Average light hole mass for
bands mrlmo
Density-of-states mass malmo

Uniaxial deformation potentials

Light and heavy rnass

oospherical"

"spherical"

at 1-r,,, eV

band at lr,

6.85
2.1

2.9
2.4
0.04
0" 12

0,59

0.083
0.61

2.55
3.94

[3.3s]
[3.3s]
[3.3s]
[3"35]
[3.3s]

Spin-orbit

Ao:E(fs,)-f (Ir,), meY
Mass m"of mo

goo-t'actor

split-off valence bantl at lr,

0.341
0.154

-- 4.9

[3.3 6]

[3.3 5]

13.24, 3.37)

[3.38]
[3.3 8]

t54
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Irig.3.10. Valence band warpin.g
it GaAs. The contours are constant
energy suriaces of heavy(/z) and light
(/) mass bands in (100) and (110)
planes. The band nonparabolicit-v is
not included (cf. Fig. 2).

Fig. 3.11. Energies ofelectron in the conduc-
tion band (c) and of hole in heavy (&), lieht
(l) and spiit-off (s) valence bands of GaAs
in [100] and [111] crystallographic direc-
tions as fnnctions of squared wave vector.
The dashed lines shorv the paraboiic bands
i3.151.

The wave vector range covered here is
equivalent to ahout ore tenth of the Brillouin
zanr ri.udi:i.

;
I
iuzu

0.,1

0.2

0

0

-0.2

-0.4

-0.6

GaAs valence band splitting under uniaxial compressive stress is similar to
that of Ge (see Table 1.8). For GaAs the valence band uniaxial deformation poten-
tial and elastic constant values can be found in Tables 3.1 and 3.7.

1111
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5l

50

4S

18

L]

,o

26

13

J,I

10

49

4.8

>.,n
GU210

to

18

l.f,

l.q

TEMPERA"IURE. K

Fig.3.12. Temperature dependence of the energy gap "80=,Es and interband critical point ener-
gies of GaAs. The corresponding vertical transitions are shown in Fig. 3.9, 6. The solid lines
represent the best fits rvith empiricai formulas and parameter values listed in Table 3.8 t3.211.

TABLE 3.8 Values of the pararneters a. D and O in equation
E(T):a*bll+21(eo'r - 1)1, which have been obtained by fitting the critical

l:l] _':"*:r' :':::rature 
r_bvrorid lT:lj:l * 

_ _
Critical
Point

lrla.eV lb,ev 1,, *
Eo= Eg

Eo+Ao

EL

E6

E2

0.057

0.058

0.091

0.059

0.03I

(energy gap) 1.57

1.91

3.12

4.56

5.16

24A

240

274

323

114

r56

cr2

El

6or/o

to= tg
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1017 lolE 1ole

iMPURITY C0NCENTRATION, cm'3

"^20

Fig. 3.13. Tbe energy band gap -E, and Fermi energy,Es relative to: (r) - the valence band edge
in case of r-CaAs, and (p) * conduction band edge in case ofp-GaAs, as a function of impurity
concenlralicn at various lattice temperatures. Arrows orr the energy scale indicate E, ofpure gal-
iium arsenide at 0 and 300 K. The lines serve as a guide to the eye. Triangles - T:4 K [3.39].
Rhonrbs - T:2I([3.40].Circles - I:30K[3.41].Squares - 7:1.8K[3-421. Crossedcircles -T:297 I( [3.43]. Crosses - I=80 K [3.44].
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3.3. GaAs optical properties

Pil0"i0N ENERGY, eV

0
zuo
u
fu
-o
z-o
h

ulJ
u.u
E

PHOTCN ENFRGY, eV

Fig. 3.14. Dependence of absorption (a) and reflection (D) coefficients of GaAs on photon energy

at-gOO f tt.5ll. tn (D) the influence of sample surlace quality (rough, oxidized) is sholvn; dis the
interface thickness.
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pH0T0N ENERGy. eV

I'ig. 3.15. Optical absorption near the band gap edge of GaAs. a - Optical low-intensity
absorption. Dashed line: corrected for impurity absorption. 6 * The enlarged portion of
the edge at the excitonic peak [3.45],
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Fig. 3.16. Refractive index vs. photon energy in GaAs: a - fol energies below the band gan [3.15],
, - in the vicinity of the band gap energy Its [3.46]. Solid Iine: calculated values. Syrr.rbols: expe-
rimental clata.

Empirical formula of the square olrefractivcr inclex r.ln photon energy in the range io:0.3--
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Fig. 3.17. Absorption coefficient vs.
photon energy in z-GaAs near the
forbidCen eneigy gap. Electron con-
centrationi 1 - n:5.9. 1017 cm-8,
2_2,101s cm-3, -l_ 3,3.1018
cm-s, 4 _ 6.7 .1018 c,n-3. V':297 K
13.4i1.

F'ie. 3.1B. Absorptic,n coefficient vs.
photon energy in p-CaAs near the
forbidden energy gap. F{ole concer.:-
tratic,n: I - p= 1.6 ' 1018 c0-3,
2 _ 2,2, 101? cm_r, J _ 4.9 . 101?
cm-g, 4 - 1.2.1018 cm-3, J - J.4.
1018 cin-8, 6 - 1.6 . 1,Als cm*3.
T:291 K 13.471.
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Fig. 3.19. Reflectance of GaAs lattice at 300 K. The increase of the reflectance at photon energies
smaller than the plasma energy io:o is rjue to free carrier plasma effects, while in the reststralilen
region, 33 ..35 meV, due to TO and LO phonons [3.48].
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IVAVELENGTII, pm

16 11 12__rr_ ___t_r_r_

PHOTON ENER0y, meV

Fie. 3.20. Lattice absorption coefficient of high resistivity GaAs at dilferent tenipeiatures. a -In the reststrahlen region. Solid line is theoretica'l calculation, while dasired curve and pc).ints are
results of transmission measluements [3.15], b, c, c{ - In the multiphonorr regiou [3.49]. Note wi-
dely differing ordinate scales for dillerent parts.
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Fig. 3.2L Absorption coefficient vs. photon wa-
velength in r-GaAs at room temperature. Free
electron concentration: I - nS5 . 101{ cm-r,
2 _ 7.3 . 1017 cfl_3, 3 _ 4.9 . 10r? cil_r,
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Fig. 3.22. Absorption cross section of
n-GaAs defined as e/n, where a is the
absorption coefficient and z is the electron
concentlation, vs. photonenergy at 7:
300 K, Dots are experimental results,
while Iines are theoretical calcuiations due
to free electron absorption when acoustic
phonon, optical phonon ald impurity
scattering are included [3.51]. 1 - ,r:1018
cm-l, 2 - 7.4.7011 cm-$, 3 - 2.7 . 10t7
cm-t,4 - 1.7 .l9n cm-t, 5 - 101? cm-3,
6 _ 4.5 . 1016 cm_a, Z _ 1016 crn-3,
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Fig.3.23. Free hole absorption cross section
in p-GaAs defined as n/p, where a is the ab-
sorption coefficient aod p is the hole con-
centration, vs. photon energy. The arrow
indicates the onset of transitions to split-off
valence band. Dotted and dashed lines:
experiments with p{1018 cm-3 and p:6.8 '
101? cm-s 13.52, 3.531. Solid line: theory
t3.541.
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TABI.E 3.9 Luminescence and related properties of some quasiparticles in
GaAs

-f-n"r.I rence

t 2_21 K liii]
t3.ssl

1.7 - 10 K,2.101acm-a [].56J

Property

Luminescence ener-

gv:

ground state

1,qt excited state

Binding energy

Lifetime

Value

1515.3 meV

15i8.5 meV

4.2 + 0.3 meV

3.3 - 10 ns

i "o--.r,__l
Free exciton, X

Average luminescen-

ce energy

Dissociation energy:

lDXl*+D *e+h
lDxl-+[D+x] +e

IDX]->D +X
Lifetime

Exciton bound

1514.1 meV

5.3 meV

5.1 meV

1.2 meY

1.07 - 0,7 ns

to shallow donor, [DX]

2K

1.8 K

13.571

[3. s 8]

t3 .5 81

[3.s 8]

[3.5e]

13 571

t3's7l

t3.s7l

acceptor [3.60]

Average lurninesce:r-

ce energy of lZnXl,
lCXl, [GeXJ:

ground state

2s-excited state

lznxlQs)
lcxl (2s)

Ground state of
lSnrl
Dis,sociation energy:

[,4.X]-'A*e*h.
IAX'|" * lAt *f + e

lAXl ." A+ X
Lifetimc

1.6 K

Exciton bound to acceptor, [lX]

1512.25--1512.73 meY

1490.49-1490.67 il.eV

1493.85-1494.00 meV

1507.4 meV 4.2 K, deep

7 meV

7 meV

2.9 meV

tr.2--1.6 ns 1.6 K

l3. s sl

[3.58]

[3.58]

[3.se]
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TABLE 3.9 (Continued)

Property

Free electron-acceptor

Luminescence energy:
e-Sir

e-Mn
e-Ge
e-Cd
e-Si
e-Zn
e-Mg
e-Be

e-C

Luminescenco energy:
D-Ge
D-Si
D.Si
D-Zrt
,.C
D-C
D-Sn

<4 K, p1014 cfl1-3 [3"63]
<4 K, !1014 cm-3 [3.63]
<4 K, 1.2.1A17 cm-8 [3.63]
<4 K, !1014 cm-s [3.63]
<4 K, d1014 cm-3 [3.63]
<4 K, l.Z.l0r7 

"*_a [3.631
deep acceptor [3.60]

Comment I o."-
I 

rencc

1349.0 meV
1405 meV
1479.0 meV
1484.8 meV
1485.0 meV
1488.8 meV
1491.1 meV
149i.5 meV
1493.5 meV

Donor-acceptor

1472.2 meY
1479.5 meY
1489 meV
1484.0 meV
1487.5 meV
1497 meV
1349 meV

transitions, e-l

5K
2K
5K
5K
5K
5K
5K
5K
5K

[3.61]
!s.521
[3.6 U

[3.6 r]

[3.61]
[3.6 i]
t3.6 1j

[3.6 1]

[3.61]

transitions, D-l

Er-6, meV

10 2n ti
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I 1 5157eV
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WAVILENGTH, nm

Fig. 3.24. Tlpical photoluminescen-
ce spectra of GaAs measured at 2K,
,? (300 K):1.2 ' 1016 cm-*. The follo-
wing luminescence lines in order of
increasing energies are shown:
X - free exciton, [SiXj - exciton
bound to neutral dono silicon,
lCXl * exciton bonnd to neutral
acceptor carbon, tdX] - exciton bo-
und to defect, Si-C *' silicon-car-
bon pair recombination [3.64j.
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Relative change of the refractive inilex with the hydrostatic pressure p at 300 K
lt.t71

(lln)(dnldp): -S.10-3 l/GPa at tu:9.7 eY, n:3.36;
(1ln)(dnldp): *5.7'10-3 l/GPa at hv:1 eV, r :3.42;
(1ln)(dnldp): -8.3.10-3 l/GPa at hv:1.3 eV, n:3.54.

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

(tln)(dnld 9 :6' 10-5 K-1.

TABLE 3.10 Elastooptic coefficients (dimensionless) p,, and refractive index
z of GaAs at wavelength I:1.15 pm [3.65]

Parameter

- 0.165

- 0.140

-a.a72
3.37

TAIILE 3.11 Electrooptic (Pockels) coefficient rro and refractive index of GaAs
at some electromagnetic radiation wavelengths [3.66, 3.67]

| ,u,,.
I

Pn
Pp
Pat
n

I Refractive
I ind.*
I

0.9
1.15

3.39
10.6

3.6
3.43

-1.-1

-r. J

1.10 . 10-i2
1.43. l0-12
| .24. 1A-12

1.51. 10-12

t67

*?s;:ili,',,x'-1,,.,,,/v
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Fig. 3.25. Piezooptic effect. Me-
asured values (pcints) and fitted
curves of
(en-e1) I Xn':;,:-nLnee and
(an - e1)/Xrroot: -nr (zrrr-ru)
for GaAs as a function of Photon
energy, rvhere eo and E, are the

relative dielectric permittivities
for light polarized Parallel and
perpendicular to the uniaxial
stress Xapplied in [111] and [100J
directions. z is the refractit'e in-
dex and ftq a.te the piezooPtic
coefficients. I:300 K [1.66]

Nonlinear susceptibilities of GaAs. Second-order nonlinear susceptibility:

du:(1.3410.4).10-10 mlV at 10.6 pm [3.68],
drr:5.10-11 m/V at 500- 175 pm [3.69]'
Valence electron contribution to the third-order nonlinear susceptibility

c (ia,r- 2ur, &)1, o)1, - co2) of GaAs measured by mixing trr : 10.6 irm and ).2 : 9.5 pm
radiation [1.6I:

crrrr:1.7. 10-1e m'!Y', 10llo accuracy,

cr*rlcw:0.25 t 0.C1.

Fol fiee elertron contribution see Fig. 3,26,
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101s i016 1017

ELECTRON CONCENTRATION,

_1
l0lE

cm-3

2. 10-18

E

=
-7

Jio
1.10-18

0 21010 4.10'o 610' 810''

ELECTRON CCINCE|']TRATICN, cm-3

Fig. 3.26. Free eiectron contribution to third-order nonlinear susceptibilities. a - Absolute val-
ues of third-order noalinear susceptibility c11r, (3<o, to, to, o) measureC by frequency tripling of
0.5 mm radiation, vs. free electron concentration, for z-GaAs at room temperature. The anisotro-
py of susceptibility is c:(1+-3c122lcrrrr)/2:1.1110,02, Thesolidcurveis theoretical prediction
for thenonparabolicity contributioil [1.68]., - Variation of nonlinear third-order susceptibi-

lity c (az-Zar, (01, (o1, l1*6c1ps/crtt I I with carrier concentration

z-Gals at room temperature obtained by measuring the difference frequency or:2cur-<,1r, where
cor, co2 and ore correspond to wavelengths I0,6, 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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Fie.3.27. Reciprccal of the Hall coeffi-
cient times the eiernentary charge, 1/eRs,
measured at 0.5 T for n-GaAs samples
rvhose parameters are given, in Table
3.12, At low temperatures 1/eRg ,decre-
ases due to electron freeze-out to shal-
lcw donors. At high temperatitres tl.to
temperature variation of I/erRH is duc
to va.riatioli of Flall factor [3.70].

Fig. 3.28. Temperature variation of
electron Hall mobility at 0.5 T for
three a-GaAs samples with para-
meters shown in Table 3,12 13.701,
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GaAs clectrical p.

TABLE 3.12 Donor concentration ND, acceptor concentration N2 and apparent
impurity activation energy E, at B:0.5 T of samples in Figs. 3.27 and 3.28

Sample
I

I Np, cm-3
I I 

n'' '*-' | 'a'' *"v

a

b

c

d
e

4.9 . 1013

2.0. 1014

1.1.1015
2.1 . 1015

4.7 . lA15

2.1. 1013

4.1 . 1013

3.3 . i014

6.0. 1014

1.6. 1015

5.52
5.09
3.8 8

3.29
1.89
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Fig. 3.29, High temperature reciprocal of
the Hall coefficient times the elementary
charge, lleRs, as a function oftemperature
for z-GaAs. Sample parameters are shown
in lable 3.13 [3.7I].

TABLE 3.13 Electron n, total donor
samples in Figs. 3.29 and 3.30

^o I-t
.i J

TEMPERATURE

1000 1200

K

Fig. 3.30, High temperature eiectron Hall rno-
bility in z-GaAs vs. temperature. Sample para-
meters are shorvn in Table 3.13 [3.71].

N, and acceptor -l[z concentrations of

10ls

Sample
I

] rr (300 K), cm-3
I f;";;--, -[,^.

I

2

3

1.2. 1011

9.7. 1015

t.9 . 1015

2.0. 1017

1.6. 1016

4.2. L0t6

0.25
a.23
0.38
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GaAs electrical p-
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Fig. 3.31. Holc Hail mobility in Zn-doped
p-GaAs as a function of inverse temperatu-
re: 1 - Nt:1.12 ' 1015 cm-8, K:NolNt:
0,86; 2 - Nt:4.73 '1015 cm-8, K:0.94;
3 -Nr:3.63 ' 101? cm-r, K:0.75 13.721.

Fig.3.32. tlole Hall coefficient in Zn-doped
p-GaAs as a function of inverse temperature
[3.72]. For sample parameters see Fig, 3.31.
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TEMPERATURE, K

CaAs electrical p.

1.0 1.5 2.A 2.5 3 0 3.5 4 0
,lOOO/TIMPERATURE, 

K-i

Fig. 3.33. The intrinsic carrier concentration vs. inverse temperature for GaAs [3.73]. The
empirical expression: nFl.AS ' 101' f '/rexp (-9307 ff) for 300<7<475K.ntis incm-8 aod
?'isin K. At 300 K z,:1.3 ' 106 cm-g.
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GaAs eleetrical p.
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tration in z-GaAs. Points are experimen-
tal data on high purity samples. The
solid lines show typical spread of the
experimental data obtained bv [3.74,
3.75, 3.761.

Fig. 3.37. The concentration depen-
dence of the hole Hall mobilitY in
p-GaAs at 300 K [3.77].
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GaAs electrical p.
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Fie. 3.38. Electron drift velocity in (100) ancl (tll) directions vs. electric field in CaAs at 300
K [3.78]. The lines are meant as a qr.ride for the eye.

Ernpirical formula ior the electron drift velocity vs. electrical field in GaAs is s:1tE if
E<E, a:pEjV 1+@:h'm if E>80. E is the electricfielcl, p is the low field mobility, ,o"
and ,Eo are critical fields. For high-purity GaAs typical parameters: p:7500 cm':/(V.s),
E":7.07 kV/cm and Eo: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].
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GaAs electrical p.
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Fig. 3.40. Hole drift velocity vs.
electric field in CaAs at different
lattice temperatures in (111) direc-
tion, The dashed line describes
Ohm's lavr [3.81].
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GaAs electrieal p.
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Fig. 3.42. Electron dilTusion
coefficient (diffusivity) in GaAs
as a function of electric field
at 300 K [3.78].

Fig. 3.43. Wann eleclron energy relaxa-
tion time in ir-GaAs vs. Iattice ternpera-
ture. Frec elcctlon concentration: tri-
angles - ,?-5 . 101a cm-3, crosses -n:1.9 . 1016 cin-3. Curve: theory [3.83].

4681012
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TEMPERA1URE, K

Fig, 3.44. I{ot electron erlergy ie-
Iaxation time in pure GaAs as a
function of normalized electric field
at 300 K, E"x3,5 kV/crn. Dots:
experiment. Curve: theory 13.84].

Intervalley scattering times. Hot electron scetter;1ig tinres frcm I' vailey to I anC ,Y
valleys in GaAs are [3.85]:

rrr.:0.54 +0.12 ps for 0.48 eV and rrx:0.1810.04 pr fcrr 0.58 eV rl*ctrons.



TAB{,8 3.14 Fararneters for
13.321

GaAs electrical p.

electric field transport calculation in n-GaAs

I vul,r"
Parameter , ,

I 
Lattice I I valtey 

I

Ivalley lxvaltev

Density, g/cm3 5.32

trntravalley properties

Number of valley; i
Effective ritass runf mo 0.063
Nonparabclicitypararneter, et7-r 0.69
Valley separation, o"V 0

Acoustic scattering parameters

4
0.23
0.55
0.33

3

0.43
0.36
0.52

Opticai scattering paramelers

Static dielectric peLmittivity s/eo 12.8

High freque:rc;', ciielectric per-
inittil,ity e,,/:o 10.9

Po:ar cplical phJni:ir eflergy, mcV 35

Sound veiocily, cm/s
Deforn:ation pr:tentiai, eV

Tra:rsition

f -r{'l'-x
L-L
I 

- 
i'

-\ - -.Y

5.24. 105

8

Intervatrlcy properties

Coupling cons'iant

I.0. 101' e-v//cin

| .0 . l0'J eV/c;rr
i .(] . i{}s eV/crrr
f!.9 . i0u tVicrn
0.9. I0'$ eV/cnr

34.3 34.3

Phonon energ),

26 rneY

26 meV

26 meV
26 nrcV

25 nrcY

* - Tliere is no uriiver:iai
Diflerent exper;r1entll aiid

ircceptatrcc c,f' the value for
their interpretalions yieicl (()

f'-I cor-rpiilS cc,l1siai11i.

I 5 i). lOu er//em [3.86].
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3.5. GaAs piezoelectric, thermoelectric anil magnetic properties

Fiezoelectric coefficients of GaA.s at roonl tsmprrraturc are [3.87]:

Ieto l:0.16 Clm', ldr+l:2.7' 10-12 miY, I Et,-l:2.4'1A-2 n.2fC.,

I htol:1.45 ' l0e V/m, accuracy is f-10 %,.

T.dBLE 3.15 Piezoresistance coeff icr'ents of GaAs in 1/GPa. For physical i:r-
terpretation refer Table 5

Experirnental
cotiditionr

r: 8. 1016 cm

300 K

pg 1018 cm-3
:95 Ir
I tr{l }i

z-type

* 0.04)

.rr-type

I

^ i Refe-
|'t.+/!11 J- z/!1t 

i rcnce

- o.oe8 13.E8l

Ttr

- 0.022

0.01
L).1 3

0.33* li.45
a.6"---a"7 4 [3.8ej

1C0 p -'- r-

J

'l
I

l

--li
i
-1
-l

-l
l

I

I

01234s6
HYDROSTATIC PITESSURE, GPO

ts-ig. 3.45. Normatrized resistivity, p/po vs.
hydrostatic pressure for zl-GaAs at i:oou
temperature [3.90].
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Fig. 3.46. Pressuie dependence of dileci Er- (i-0.-
f*,) and indireci Er(Xo"-fr,) gap. Fuli circhs:
r-type sa-mple. Open circles: p-type sample. Data
rvcre obtained from the lunrinescence banli ril-
xinia at 3,i5 K [i.91].
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Fig. 3.47. Seebeck coefficient vs. tempera-
ture for ,r-GaAs having different excess
Conor concentrations: I - l/r:3.7'1015
cm-a, 2 - 2.4'1016 cm-r, 3 - 7,O'1018
cm-a, 4 _1.8.101? cm-3, 5- 3.1018
cm-3, 6 - 9.1, . 10's crn-s [3.92].

Fig. 3.48. Seebeck coeiTiciont vs. tempeia-
ture forp-GaAs having various excess accep-
1r-r concentiS-tions: 1 *- nr:3 ' 1016 cm-3,
2 * 7.5. i6iii cm-s, 3 _ 2.j . 1017 cm*3,
4 -_ 5.1 . 101? cm-s, j _ fl.3 . 1018 crn-v,
6 -_ 2.1 . 101e cm.-3, 7 _- 3"3 . l{ils cm-3,
S * 6.2 . 10re cn1-3, 9 _ 1.34 . 1020 cin-B
[3.!2].
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Magnefic susceptibility. GaAs lattice contributiofl to the magnetic susceptibilit-v
yrtr at roorn temperaturs and risprctivs tcmporaturo coefficient [1'89]:

X-:(- 15.4 tA.25). 10-s,

dX*ldT:(A.42 r 0.02)' i0-s K-1.
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GaAs piezo", therm., magm" p.

Fig. 3.49. Hall factor vs.
inrpr.rrity conceniralion in
z-GaAs at room (cilcles,
crosses) and liquid nitrogen
(triangles) temperatures.
Solid Iines: iheorr', Ratio
of donor to acceptor con-
centrations: triangles,
circles - N2iAi:9.5-6.3
[3.93], crosses -' ,Vp/N, -
0.7 [3.941.

lnp-GaAstheHallfactorisintherangcl.T -2.21-orherle cr.rrcentr-ationl:=,3.9'1014-8.6'
1015 cm- 3 and the Iattice temperature T:78 K [3.94].
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Fig. 3.50. Hall factor vs. magllc-
tic field induction in Pure r-GaAs
at 300 K. Triangles: Nr:'1.8"1013
cm-3, No* Nz:7'1013 cm-3
[3.70]. Circles: N2-,&1: (.1'l$ta
cm-3, No* Na:2.6 . 1014 cm-3.
Solid linc: theory [3.95].
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Fig. 3.51. Transverse magnetoresistance [p (B)-
po]/po of n-Gai^s at room tempera',ure vs. square
of the magnetic induction. I - n--8J ' 1016cm-3,
2 * n:3.1 . i01? cm-s, 3 _ n:1.6. 1018 cm-s
[3.e3].
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3.{i" GaAs inrpnrit.y properties

T:{.Btr E 3.L6 Dtnor aiid acceptor ioniza';ion energies associaied \'vith
iinpuritio:; in CaAs. IJonor ioriization erlergy is rel'eret:ced relative to
d';lclion bai:d ecige r-" ,rhile acceptor ir:nization energy is referenced
to the valencc barci eCge E,
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GaAs impurity p.
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T'ABLE 3.17 tsinding energios of tltc energy ievcis of strrall*w donors (silicon,
germanium, seienium, suiphur) in CaAs [3.109, 3.110]

Flydrogenic
model

Ijitl" 3.51. J:nergy level scherue
of shallolv donot's ancl acceptors
in GaAs within effective mass
approximaticn. lonization ener-
E! & is different for different
chemical species (see Table 3.17
anC 3.18).

ls state ionrza-
tion ener-ey .8, 5.76

2s, p 1.4

3s, p, d
4s, p, d, f
5,s, p, d, f, g

-t1'- ]

o.l
1.45

5.95

1.31

s.83
1.37

5.79
1.45

a.64
0.36
0.23

Electron capture cross section by shaliow single-charged donors in GaAs at tho
lattice temperature f:10 K is ol(2-4) '10-14 cmz [3.111]'
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TAEI-E 3.tr8 Binding energies
b*n, zinc. riiiccn, germanium)
iheory - [3.112j

GaAs impurity p.

the energy levels of shallow acceptors
GaAs. Experiment - [3.99]. Effective

(car-
ma55

Level

1S.12, icrnizatic,n
energy E,
.D

2P5,: (rs)
2P5E(T?)
3Sr/r"
45"'"^

26

i0.E
7.6
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F-ig. 3.55. Catalogle of inversc election thr:rtniil clni$sion rales tntlltipli.d hy 'l'z vs. r:eciprocal
temperatuls, l lT,for different elcclron traps in relatively pure v;tpour-phrse epitaxial (VPE), mo-
lecular bearn epitaxial (MBE) anrl bu.lk-grorvn (jlAs rneasured rvith cleep lcvel transient spectro'
scopy (DLTS). For detaiis see Te,ble 3.19 [3.114].

TABLE 3.19
e!ectron traps

Trap
leve!

Ionization
elrergy, mev

!

I

i Material
I

Ionization energy E, arld thermal capture cross section o, of
calculated from Fig. 3.55

CTOSS

cu12

ELl
EL2
EL3
EL4

EL5

EL6

Ex-7

EL8

EL9

ELlO

EL1 1

EL12

EL14

EL16

780

825

575

510

420

350

300

275

225

170

17A

780

215

370

320-380
300-370
2t3-255
193--222
167 -193
136-167
142-167
125-150
i l0-125
93- 100

88-97
27A-310
1i0-130
240-285

1.0. l0-14
(0.8-1.7). 10-13

(0.8_-1.7). 10-13

1.0 . l0-12

(0.5-2.0). 1o-13

1.5.i0*13
7.2. 70-r5

7.? . t0-15

5.8 . 10-15

1.8. 10-15

3.0. 10-1(

4.9 .10-12

5.2. 10-16

4.0. 10-18

Cr-Coped buik 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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Fig. -1.56. Catalollric ol iuvcrsc holc
theniral emissioi-t rales l'iultipiicd by
j-j vs. recirrrilcal tcrt!peratuic fot'
t.lit'iercnt hclc tialis in VFE, MIlF.,
liquid-phasc epitaxial (LI'E) anrl bu-lk-
grown Gar\s measurcd rvith ]ILTS.
Iror cletails scc 'labie 3.20 [:].1151.

T;{BLIr,3.?0 Ionjzu.lion energy l, ailtl ihcrtnal cili)itlls cl'tiss sei",li,,ril r;? ol
hole traps calcuiated frorn Fig. 3.55. VP}j - \'apLauf phare cpitaxy; 1-?E -'li-
quid phase epitaxy; l?iBE -- tllolccular i:eani cpitaxl'
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Irig. 3.57, Depcnrience of tiie iilrpact iolization coefficient lr of sirallolv donors it't a-GaAs on thc
eleitr:ic fielcl itrerrgth .8. l)ots: exFerimental rlata at 10 K. Solid line: c;rpirical formula Af l.5 '

t0-i exp (-3SlE),,4t is in cmS/s and E is in V/cm [3.ii1, 3.115].
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4. Fhysical data for indium phosphide

4.1. InP lattice properties

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

ry of InP lattice is nr:t exact)

113 Jn . ....... 4.3 %

115 fn ........ 95.7 %

3r P .. 100 ?;

2. Ave:'ago atornic weight: 145.8

3. InP har cubic sphalerite (zincblende) latrice. Space group is {+lmejy.

I-atiice :i),rninetry forrnula is 3L24L6P, which means that there are 3

syinincl.ry exes of the seconcl-ordsr, 4 symmetry axes of the third-order, and

6 sy;nrnrtry plancs. The inversioil symmetry is absent, and by this reason

the rlireclionr iTiIl antl Illl] ar,' not equivnlent

4. Lattice consiallt: c-0.586 94-5 rrm at 300 K

5. Density: 4.8i g/cni3

6. Number of In or P atoms in I crns is 1.98 . 1022

7. Melting temperature frrr stoichiometric Inp at2.7B Mpa is 1335 K

8. Transition to metallic phase occut.s at the pressure 10.65 Gpa

9. InP cleaves nrost readily on {ll0} family planes

[3.1]

[4.1]

13.11

t4.4

[4.3]

tt.7l

r89



TAELE 4.1

fnP Iattice p.

parameters of InP at temperature 296 K {4.41

Paraileier
I 
u,,,.

Elastic constauts:
c11, GP&

cp, GPa
c44, GPa

Sound velocity in the clirection [100]:
Iongitudinal oL, anlls
tr"ansverse zl.r, cnl,/5

Sound velocity in the direction Ii11]:
longitudinal ar, cmis
transverse 2:r., ct1l/s

Elastic a.nisotropy iactcil rl
Foiison retio v

Young',; lnrliiulus E. GFtt:
ciirection [001
ciireetion I I l0l
clircction [1 I l]

Ilrilk m,rduirr: Bu. CPrr

Ii'u: tJ Bold p

101.1

56.1
4s.6

4.6.t05
3.09 . 105

5.25 . i05
2.5i.105

0.493
0.35 7

61
.i3

t12.7

7 t.l
4.59

TABLE 4.2 TnT'phonon energies in meV ior high symmetry points I [4.5],
X and L {4.61 in the Brillouin zone at 300 K

I

I i'holorr encrgy, ureV
Pitrxti'r, hr';tnclt , ---'"""'""l1' lr lLl_

LO
TO
LA
TA

42.82
:\7 .6

0

0

4r"1t0.4
40.1 t 0.8
24 t 1.2

8.5 + 0.4

42.2 t 1.2

39.3 t 0.6

20.7 tA.4
5.8 i 0.08

190



fnP lattice p.

Optieal 1rllonen lifetirne. At thr,r :iyml-ilotry poilt I iho half-widths of Raman lines
for LO and TO phcnors at 3C0 K are 1.!l cm-1 and 3.3 crn-l. These half-widths
yield phon,rn lifetinres 2.8 ps areci 1.6 ps, respoctively [4.5].

Ramap activity. L:P iras trvo first-orcler P.aman-active phonons, IO (I) and 7O (f),
rvhich are located a.l the Br"iltrouin zons c*nter and ha-.,e energies [3.9]:

aO(f) E:42.77 meV at 300 1{,

43.33 m;V at 4 Fi,

r0{l) E:37.65 meV at 300 K.
38.21 nieV ai 4K.

TABLE 4.3 Griineison pararneters for rlifferent phonolr blanches in InP at X,
K, I anil I criticai points. 7:300 K {3, 4.71

; Griineisen palaineter
Phonorr
branch

LO
T',{)

TA
q1
ttll
,i,4,

lx ln L
I
I

I

I

I .,'11 : il. I

-- 1 r)q r-.i! i

1.24 t 0.02
1.44 :rj fi.02 1.42 *0.1

- 2.0 1 0.1

-- 1i. -'I

--2.1

tr-attice dieiectric pcrr.rittivig'.
Relutivc strllic [3. ] l]:

e/:,,--- i2.5
12.2

RcX:rtivc high fi',-'qucircy [4.5] :

: , leu is.52 ai .t00 K.

l)cpendcucc of the high frequoncy riiel.ectric purnrittivity or iemperature p.18]:

(l/e,)(rJ e,"ltl'l'),-,- 1.1. 10-4 K-r at 300 K.

ai 300 I{,
rrr 77 K..

19r



ltP lattice p.

l4l
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Il,.\

C 0.2 0{ 05 08 i.C 0.E iu C,l t)2 {) AZ l1
tq'"rCl iCirl) iqqql

REDUCED WAVE VECTOR

Fig. 4.1. Phonon rlispersiol curves for IIP i:r the m.rin symlnetry directio,rrs. The soiirl straigtit li-
nei show thc slcrpes ior sountl t'elclcity in variotrs rlircctions. For [qr10] dilcciion titc data cxtt:nd

beyoncl the Ilrillouin zorie Lrounrl:rry ih.rr.',r b-v a i,er:iic:rl dashed iine. Ihe path l-iorn -K to -61 i::

cquivatent t6 the path fi'om [/ ttr X on lhe ]lrilli-'uin zortc bcundary (see ltrig. 1). For Ar, t12and O,

bianches the polaiization is ellipticrl. Oiher rnodes rre eiiher sfrictly lllgittrciinal (1,) or transveise
(r) t4.61.
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192

> lu
E

;
C2EUZu

:i
tlt'lr
I

!

r L____L:



InP Iattice p.

Fig. 4.3. Heat capacity C, ol InP as a func-
tion of tenperature [3.1].

Selected values:
Cp:3.6 'i0-3 Ji(g'K) at i2 K,

aJ45 J lG' K) at 77.4 K,
0.306 J/(e 'K) at 273.2 K.
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Fig. 4.4.InP Debye temperature vs. Iattice ternperature [3.1].

193

ic'

300



InP lattice p.
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Fig. 4.5. Thermal conductivity X
of InP crystal rvith electron con-
centration n:2 ' 10rc cm-3 as a
function of temperature [4.9]. The
dashed line is from [4.tr0].

Seiected vatrues:

x:19 W/(cm'K) at 30 K,
5.2 W/(crn . K) at 77.4 l<,
0.?0 W/(cm ' K) at 295 1(.

Fig. 4.6. Thermal expraltiurt,
(lr - l*8.2)llz7s.2 as a function
of temperature lbr InP [4.1lj.
/rrr.2 is a length at T:2i3.2 K.
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fnP lattice p.
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Fig. 4.7. Differential thermal expansivity u=(ll12.".) (d//d")
for InP. Full circles - [4.11], crosses - [4.1].

Selected values:
a:0,2 .10-0 I(-1 at l0 K,

-0.019.10-o K-l at77.4 K t4.1ll,
4.48 . 10-6 K-1 at 300 K [4.1].
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4.2. [nP banrl properties

lli0l

>0

>-' ao_,
U,
U

c
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-'tc

r T XU,K
WAVE VECTOR

;
O
tl
LLI.Z
U

LArlx
IVAVE VECTOR

Fig. 4.9. Band structure of InP vrith spirr-orbit interaction included. a - General view [1.28].
, l Enlarged portion with main interband optical transitions near I point{.80, Eo*Ao, E'", Eit 4'i,
alo1g.4. direciion (E'1, El+AJ and near Xpciut (E:) are shown by vertical lines. The forbidden
energy gap E* is equal to Eo t4.1,21.

iifan.r iot poisess inversion syirmetry, as a result the bands in the general point of the Bril-
louirr zone are not degenerate. Thc exceptions a:-e (100) axes, 1, and [- points.

Critical points associated rvith banci-band transitions in InP which art: important
in oprical measurelnents coincidc with those for GaAs (see Table 3.4).
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In l'band p.

TABLE 4.4 Energetic distances betrveen experimentally
points in the energy band of InP at room tcltlperature and
static pressure coefficients. For transition aud critical poi:rt
Fig. 4.9,b and Table 3.4

iitportant critical
respective hydro-
nomenclature see

Pnergy separation and
pressure coefficient

Er = Eo: U (IuJ -,8 (I",), eV

Erx:E(Xa,)-E(fu"), eV

Err": E (Lt") - E(lu"), eV

Ao:E(I*,) - E(Tr,), eV

Er, eV
Er, eY
Ar, ev

dErldp, eVTGPa

dE*f dp, eV/GPa

dE7*ldp, eV/CI'}a

dErf dp, eV/GPa

dEyrldp, eV/GPa
dErldp, eV/GPa

Direct forbidden [4.13]
energy gap

t4.141
[4.15]

Spin-orbit spliltin.g 14.16)
in the valence band
at 5K

14.121

t4.tzl
14.t21

Gap increases with [4.171
the pressure

X valley reiatlve to [4.3]
the valence band
edge,7:10 K
InF becomes an in-
direct gap sernicon-
ductor at hytlrosta-
ticpressure > 12 GPa 14.31

Z valley relative to [3.90]
the valence band
edge

[3.e0]
t4. i 8l

I

I 
vatuc

I
I

I Cornrnent
I
I

1.344

0.96
0" 86

0.108

3. 16

5.04
0.16

0.085

- 0.017

- 0.1

0.02s

- 0.07
0.07

Reference



InP band p.

TABLE 4.5 InP conduction band principal vailey parameters

Parameter lrrau.v lrvarrev
I

X valley I Reference
I

Valley location in Iu,, the lowest Lu", in ( 11 1) Au,, in ( 100)
the Brillouin zone valley in the direction on direction clo-

center of the the zone se to X6c
zone boundary

Number of valleys | 4 6

Valley separatiou
relative to I valley,
eV 0 0.5 0.96 [3.90, 4.14]

Electron masses:

Scatiet mnfmo

at 300 K 0.0781 0.4* 0.56x [4.19, 3.90]
at 10 K 0.081 l4.Z0t

density-of-states
ruaf mo 0.07E I

Nonparabolicity pa-
rameter *, eV-l 0.83 [3.32]
Uniaxial deforma-
tion potentialE,, ev 9.5 [4.15]
g"-factor 1 .3 I t4 .211

* - Deduced from the dependence of transport coefficients on hydrostatic
pressure and assuming three X valleys.



trnP band p.

TABLE 4.6 InP valence band parameters

_]:::::|'u""Parameter

Light anrtr heavy mass band at Ir,
Luttinger parameters:

Tr

a^

g,,-faclor: 2lc

q

Vaieoce hand nolisphericity I

Average heavy hole mass for "spherical"
bends inrlmo

Average light hole mass f,or "spherical"
bar"yJs m,fmn

Density-or-stafes mas$ malmo

l-Jliaxial tlefbi:ttatiott potcntials al I'r,, eV

I)u 2.7

D',il 4.24

Spin-orbit split-off valence bantl at 17,

Ar='E(I'r,)-r1'(Ir,), meV 0.108

Mass m"olnto 0.21
g.r-factor - 1.9

5.0

1.6

2.1 +0.1

1.94

0 - 0.05

0.1

0.83

0.11

0.86

t4.221

14.221

14.221

14.211
1,4.217

[4.23]

14.231

[4.15]
14.241

14.241

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

( 100) plone lito) ptone



fn P band p.

InF valence band splitting under uniaxial compressive stress is similar to that of
Ge (ree Tabk 1.8). Iror InP the valence band uniaxial deformation potential and
elaslic corlstant values can be found in Tables 4.1 and 4.6.

0 20c 400 600 800

TEMPERATUR:-, K

Fig.4.11. Temperature dependence of the energy gap Eo=E, and interband critical point
ei:ergies ol InP. The corresponding vertical tiansitions are shown in Fig. 4.9,6. The solid
lines represent t1,e best fits with empirical formulas and parameter values listed in Table 4.7

[4.12]. The dashed lines are tl1e experimental values from [4.25].

1.3

1.2

1.1

TABLE 4.7 Yalues ol tire parameters a, b and O in equation
E(n:a-bl1*21@@tr-l)1, which have been obtained by fitting the critical
point energies vs^ temperatuie 7 by solid lines in Fig. 4.11

Critical point
1,, 

ev eV
I

lb,-:_ 1,, K

Eo== fi, (encrgY ;l:rP)
I,, + l,
El
E6

1.63

t.5s
3.3 s
Aa1

0.217
0.061
0.068
0.1 63

697
374
))a
77s

Eo+30

.0- .,

200

52

5.1

aa

-1?o
Eu1-^.bJ.l

t.f,
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band gap edge on the doncr concentration iYo for n-IriP. Arrorvs on the energy scale intli-
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4.3. trnF optical properties
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InP optical p.
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Fig. 4.14. optical low-iotensity absorption rlear band edge of IrrP. a * Geocral view.
The enlarged portion of the edge at the excitonic peak [4.271.
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Fig. 4.1,7. Refiectance of InP lattice in the reststrahlen
region due to LO ancl 7O phonons at room tempe-
rature. Arrows indicaic TO and .I-O phonon energies
t4.2.e1.
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Fig.4.18. Lattice absorption ol 0.01 cmthickness
InP sanrple at 300 K [4.30].
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Fig. 4.20. InP free electron absorptil,n cross section defined as 6:aln, where cr is the abserrpii.;rt
coeft'icient and r is the free eleciron concentration, as a function ofphoton energy (or wavelength)
attwolatticetemperaturesT:a* T:300K, I -n:4 '1016crrr"s,2 * 2.101rcm-3, J - 4'10r?
ern'-o [ri.30]; lt - T-77 K, n-- (0.35-"9.f,'i018 cm..' [4.31].
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TABLE ,{.8 Luminescence and related properties of some quasiparticles in InP

Froperty

Free exciton, X

Ground state lumines-
cence energy 1418.50 + 0.05 meV

1418.6710.07 meV

5.1 10.1 mev

Exeiton bound to shallow donor, [DX]

14.321
1.6 K, (0.28 - 8.6).
1014 cn-3, splitting of
0.17 meV is caused by
exchange interaction

14.321

2 K, p 3 . 1014 cm-3 14.331

t1.331

t4 331

2-4 K

tlonor, [D* X]

2K, &j' 1014c'Il1-3

[4.33]
[4.34]

[4.33]

[4.33]

impurity Bi, lBixtr

1.9 K, (s - 500). [4.351
1015 cm-3

[4.3s]

Binclirig cnergy

Luminescence efielgy:
grotind state
lst excitcd sinle
2rrd excilcd statc

Di:soci*iion eneIE)' :

lD.Xl"> D l-e-! ir
lDxl ,/) I .Y

i,ilei in rc

1416.93 meV
1411.18 meV

1417.3ii nteV

6.7 meV

1.6 nte"t/

I n'r

2.37 meV

tround to isoeletronic

1396.2 meV

200 ns

Elxciton b,ound to ionizei!

I-urriiliesce:icc eilergy l-l I 6. l 3 liicV
Dissociatioc etierg,y :

[D I "Y] .. J] F -l',Y'

Exciton

Lumine scencc cilergy

Lifetirle

Exciton bound to acceptor, [lXi
Ground state triplet
Iuminescence energy of
lAXj 1415.4 meV

1415.5 meV
1415.8 meV

1.6 K, unidentified ac- [4.36]
ceptor of -concentra- V.36j
tion 3. 1013 cm-3 

t4.36I
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TAtsLE 4.8 (Continued)

Property

Dissociation energy:

[,{X]-r A 4- X
lMgxl

lznxl

Luminescence energy:

e-NIg
e-Be

e-C
e-Zx.

e-Cd
e-I1g

I-uminescence etiergy:

Luminescence energy:

D-A
D-Mg
D-Be
D.C
D-Zn

--t-
I Reference
I

I

I Value
I
I

Comment

3.8 meV
1415.5 meV
1415.2 meV
1414.3 meV

Free electron-acceptor transitions, e-l

2K
14.37)
t4.381

[4.38]
t4.3el

[4.3 8]

[4.40]
[4.40]
14.411

14.4t1
[4.4 r]

1383 meV
1382.7 meV

1379.7 meY

1380 meV
1360 meY
1330 meV

2K
11.6-20.9 K
I 1.6 - 20.9 K
77K
77K
77r-

1.7 - 6.2 K
4.2K
1.7 - 11.6 K
1.7- 11.6 K
r.9 K

liree hole-tlonor transition, h-D

2 K, & 3 . l0u r'nl-r' [4.33]

trausitions, D-l

1416.27 neY

Donor-acceptor

1378.8 meV
1380.5 meV
1378.8 meV
i375.1meV
1373.5 meV

14.42i
[4.4i]
v.Aatr
14.40j
14.441
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Fie. 4.22. Typicei photolumirrescence spectra of InP. a - Spectrum obtained at 1 .6 K rvith a high-
purity epitaxial layer having the resitlual free eleclron concentration 3 ' 1013 cm-B at 77 K L4.361.
The following luminescence lines in the order of increasing energies are shown: [AoXj - excitons
bound to neutlal acceptors, lD+X) - excitons bound to charged donors, Do-h - free hole to
neutral donor transiticn, ID0X] '- excitons bound to neutral donors, X - free excitons. [loXl
and [DoX]consist of triplets. D - Photoiuminescence spectra associated with acceptors at two lat-
tice tempeiatures, 7: tr.7 and ?0.9 K. e * A0 is the free electron to neutral acceptor transition an<l

Do-A0 correspor-rcls to donor-acceptor transition. n (77 K):6.3 .16te qrn-3 [4.42].

Temperature depenilence of the refractive index in the wavelength range fiom 1 to
9 pr,m at the room ten')Lrorature [1.181 :

(t I n)l(1 nld,I'): s.s . l0-5 K-1

T.\BLE 4.9 Elecfiooptic (Pockels) coefficient /14 and refractive index of InP

i:y: "1" ":11"* " 
1"_ 

" 1111:1il_:t*sln' Y_1t 
l

Ir
Radiation wavclength, prn j rr*. m/V 

I 
Relractive index

1.06

I.35
1.45. l0-u
1.3 . 10-1'l

3.29
3.20
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4.4. InP electrical properties

TEMPERATURE, K

100 25 10
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TAELE .{.10 Sample parameters in Fig"i. 4.24 and 4.25. ND aud rY, ;u'e thc
donor and accelr'"or concenirations. pH is the electron Hall mobility. -L; is tile
activation energ_y alre'[ ,( is the conlpeflsiiition clegree founcl from theoretical
iittings

Sample I ,0,- trat.. K),

I 
cm-3

Fig. 4.24. Reciprr:cal of the rr-InP }{all
coelf.icient tinres the eleinentary charge,
1/e.fl1i, vs. invelse tenrperatule, i l1'.
Points are experimentai data. Solid cur-
ves are theoretlcal fittings. Sainple pa-
rameters areIisted in Table 4.10. Circles-
[3.74], squates - [-1.43].
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Fig, 4.25. Temperature variations
of electron Hall mobility for the
sanre z-InP samples as inFig. 4.24,
Solid curves are theoretical fittings.
Sample parameters are listed in
Table 4.10. Circles - [3.74], squa-
res - [4.48].
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Fig, 4.27. Intrinsic concentration a, vs. reciprocal temperature in InP. Dashed line: zr:
8.4' 1015 78/' exp (-77751n,n; is itt cm-3 and 7 is inK. n,:t.2 '108 cm-3 at T:293 K
t4.501.
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Fig. 4.?8. Resistivity vs. shallorv impurity concentration fbr inF ai the lattice ten'rperature
300 K. The data were compiled frorn the following sources: fbr ,?-typc - [4.33, 4.37, 4.51--
4.581, for r)-type '- [4.49, 4.59-4.631.
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Fig. 4.31. Electron drift velocity at 300 K
vs. electric field for z-InP having diffe-
rent low electric field mobiiities in the
region of the positive differential mobili-
ty 14.641. The low-field mobility |t. is in
cm'9/(V's).
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Fis. 4.32. Electron drift velocity vs. electric field in z-InP at different lattice temperatures in the re-
gion ofnegative 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. Experirnental data are Dot presently available, and solid line
is meant as a guide for the eye 14.661.
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TABLE 4.11 Pararnelers for high electric l'ielcl transport calculati<tn in ru-InP

13.321

Value

Parameter

Density, g/cm3

Number of valleys
Effective nlass m,,l ntn

Nonparabolicity' parameter,

Valley separation, eV

Intravalley properties

I
0.078

eV-r 0,83

0

4

0,26
a.23

a.54

0.325
0.38

0.77

Acoustic scattering parameteis

Sound velocity, cnr/s 5.1 3 . 105

Deformation potential, eV 8

Optical scattcring pat'antctcrs

Static dielectric pr:rmittivity e/eo 12.5

High frequcncy diclectric
permittivity e*/eo 9.52

Polar optical phonon etrergy, treV 43 42.3 41.6

T-'ransition

I'* /.
1'--x
L- {-
L_X
x*x

Intervallcy properties

C-ou 1rl i ng crt n.qta tt{

I .0' l0!' cV/cnr
L0. 1O'0 eV/cnr
1.0 . l0e eV/crn
0.9. 10e cV/cnr
0.9. l0o cV/cnr

Phonorr ellergy

27.8 iircV
29.9 nteV
29.0 meV

29.3 meY
29.9 meV
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4.5. InP piezoelectric, thermoeleetric and magmetic prcperties

Fiezoetrectric eoefficicnt of InP ai rocm i.olllperature 14.691:

I drol =. 1.8. 10-12 rn/V.

'IABLM.IZ Pie,zarcli:{arce cceliicients of [nP in l/C]'a. Fol physical inter-
pi:etation refor Table 5

Experimental
conditrons

tt -2.5. 1016 ctl1-3

77 K, 300 K

I

* J,- L-
I /!11 r i;lt i.'44

l)
t___-

r-type

-- 0.013 - 0.082 14.7a)

'100 [--- r--rF]
l. r:-'r? 

I

-[:"cK]ir l-lai I;r /* i?."|/
'- ,.1- / -)i, i / ii..i l.::i,/Igi / lzl / l'-/l

rl*-*A--L-=-,----=''.---l Fig. 4.38. Nornralized rcsistivity p/po

0123/.5t,7
f l'itiRiSTr\Tl0 PilE.llSURE, 0Po

vs. hydrostiitic pressure for z-InP at l'oom
ternperature [3.Q0].
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InP piczo., thernr,, magn, p.
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Fig. 4.39. Seebeck coefficient vs. tempera-
ture in n-InP for different electron con-
centrations: 1* n:2.1016cm-} [4.91,2 -
7.7 , l0to crn-3, 3 - 2.2 . 101? cm-3, 4 -
9 .101? cm-8, 5 - 3.2 . 1018 cm-3,6 _7.3.
1018 cm-a, Z - 1.8. lgts srn-r [4.511.

Fjg. 4.40. Sc'":beck coeificicnt vs. tcmperature
in p-InP for different hole concentrations:
l-p:l .1016 crn-3, 2-3.1017 cm-S,
.t_3.19rs"6_s[4.621.

Magnetic susceptibility. [nP lattice coutribLrtioll to il]e ,uagnctic susceptibilit;r
Zn at room temperaturo and resp:lctive temperaturc coclficienl 14.711:

'X*:-1.9.10-5,
dx*ldT:0.74. 10-e K- 1.
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Fig. 4.41. Hail factor for electrons as a func-
tion of temperatue for samples of z-InP
with different ionized donor concentration
tr/r. Open circles: Nr:5 ' 16tr sa1-a, full
circles: |'/r:1.4'1015 crn-4, Iines: theory
[4.58].

Fig. 4.42. Hall factor vs. rnagnetic field
induction in pure n-lnP at 290 K. Cros-
ses: z:2.4 . 1014 cm-3, points: n:6.7 .

1013 cm-3, dashed lirie: theory [4.53].
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4.6. trnf impurity properties

TABLE 4.13 Donor (D), acceptor (,4) and trap (I) ionizai.ioi: energy associ-
ated with various irtrpurities in trnl'. I)onor (acceptor) enorgy is rel'erenced
relative to the conductio:r (vallrce) 

i:1, :i::
r ,1,r,iry 

1 

,r,,,. 
l [;;;-r, l [:i;
ti,1- 41 .3 [4.4u]
3 r 14.131
[,-]^41.5 [4.74]
li,, -r 44.6 [.1.40]
1i,,1- 56 i'1.4I1
ti, i-210 14.751
!i,, + 940 14.7 61

i',, +.260 14.771

ii,,t 640 11.71]
i'" * 300 [4.781
,; *65u [4.'.7,31

li"--7* 1,,t,731

fl,, -l E ii L4 .,i 1l

li, L .{t,.6 [4.3 8l

li,. t-2?,A [4.7ii]
E" - I BO i4 .'/ t)1

E" -. "1 't' 14 _'1 
"31

E, *-7 * 14.7 3i

E"-7* t4.73)

E"-7', 14.731
E 

" 
-- 7 't' 14.7 31

.L'. - 630 [3. 107]

E, + 2La [4.80]
8,,-i 48 14.7 41

Dn, An - In-site donor or acceptor,
Dp, Ay - I)-site donor or acceptor.
i' * For details see Table 4.14.

llc
lri
C
o
Cd
(]",
('r
cuo
Liu,
Irol (5 7'r)

Fer, (;li)
(le
i{g
Mg
[,hr
o
Ii
Sc

si
Sn
T'e

l'i

Zn

A
,1,

A
,'l

A r,,

l.)

I lr,
,!

,!

Ar,,

At,,

D
I

;l
A
.Jr n.)

Dp
DP

D
rl
!)
D

D
Au
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2P!/2lG)

2PrrrlCl
tJ3.2

hig. 4.44. Energy level scheme
of shallow donors and acceptors
in hP rvithin elfcctive mass ap-
proxinration. ionization onetgy
Zj is different lbr different che-
mical species (:;c-e 'l'able 4.14 antl
4.1 5).

t{:
I

ACCEPTORS

TABLE 4.1.4 lorization and transition energies I'rotn the grounrl ls state to
exc;ted stcte:; i:crr sllallow donors in InP

,E, or trausition
I energy, mev

1 
Experiment ' I{ydrogenic ntodel

trteference

1s state ionization
energy I'r 7.43
ls-->2o 5.6
1s->3s, p, d 6.32

7.4
5.55

6.5 8

[4.33]
[4.8U
14.821

Electron capture cross section by shallorv single-charged donors at the lattice
perature T:4.2 K is o:(l .3-4.7). 10-14 cm2 [4.83].

lnP

I s,p.d, f
3s,p.d

2s,p
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TABLE 4.15 lanization energy E,
energies betr,veen lSrl, and excited
shallow acceptor iinpurities (zinc,
Effective mass theory - [4.841

In P impurity p.

of the ground state 1SB/z and the transition
states 2Psp, 25312, 2Ps12(f8), 2PEl2 (Ir) for
carbon [4.74], magnesium t4.381) in hf.

E1 <tr

Ionization energy E, 48
7s312-->2Ps12 30.5
1S3y2+2S312 32.8
l,s3i2->2P5l2 (I8) 35.2
t&t2*>2P5ft(l?) 39.2

41.5

24.0
27.s
29.0
32.0

40.6

25.2
27.8
29.6
31.0

+3, I

23.7
30.2
31.1

JJ.O

E,I

36
'zu5
zat

N3
zo
-1
o
O'oo

e
t50
0
E

aLa
'z
O
tr30
tl
3zo
q
o
ItoU

101( 1or 1016

t10N0R C0NCEIiTRATI0N, cm'l

1c16 1017 loll
ACCEPT0R CONCENIRAll0l{, cm-3

Fig. 4,45. Dependence of si'rallow dor.ror
thermal ionizatioir energy Er on electrically
active donor concentxation Nf in a-InP.
Full circles * t3.741, open circles - 14.851.
Solid lilie isan empirical formula Et:1.4-
2.3' 10-5 N$tiu, u' is in meV and Nfi is
in crn- r,

Fig. 4.46. Dependence of shallow acceptor
(zinc) thermal ionization energy Er on elec-
trically active acceptor concentration .Nj in
p-InP. Solid line is an empirical forraula
h--50-2.5. 10-5 Nrrls, & is in n.reV ani.l
Nj is in cm-3 [4.49].
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Fig, 4.47. Catalogue of inverse thermal
emission rates multiplied by T, vs. re-
ciprocal temperature for di{ferent traps
found by DLTS in relatively pure bulk
and vapour phase epitaxial InP. The aba-
cus drawn in dashed lines is composccl
of vertical isothermal straight lines and
curved lines of constant emission times.
The parameters of traps are given in Table
4.16 14.861.

TABLE 4.L6 lonization energies and
from Fig. 4.47

InP impurity p.

48
lOO(J/TEMPERATURE, K.I

thermal capture cross sections cnlculated

107

106

10s-
a

f,

102

3
/!!

l.-1

tl-
t-,
[-l
/-

I ':'-tl
'f-l
l! lr

_ l*

/ tir

-h#- -z , /t,'t I

t lr J*.L :/roo IJ-/'. // -/1 
I!-/!H -/_,,^ lI llt- --l -' 

ru 
it{-L_1 . i

-/L7- t,' It/4tr I -lor l/-y_ -. 
I' al - I ..-10.01 'l

1 *-l it/ 
- t i

' o -"-lnni, l
6-5

Level label ] Ionization energy,

i 
mev

I

I Capture cros'
lemperature. K | .ecijon, cm,

t'
PI
P2

P3
P4
P5

P6
P7

2t0
t90
330
500
410

630
330

95-209
112-380
145-316
169-292
185-420
24A-470
123-228

3 . 10-16

7 . l0-1e
4. 10-16

2. t0-12
I . 10-16

2. 10-14

5 . 10-14
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InP impurity p.

E

10'

103

102

46810
lOOO/TEMPERATURE, K-1

Fis. 4.48. Inverse thermal emission
raie multiplied by I'z vs. reciprocal
temperatuie for deep impurities indi'
cateh at the curves as obtained with
DLTS on doped InP samples. For
details see Table 4.17.

TABLE 4.17 lonization energy atld capture cross sections of deep impurities
in InP as deternlined bY DLTS

Capture cross
section, cm2 | 

*.r.,",""

t

CoD
Cu 'l

Cu?
F-e A
VD

E,+2.40 102-110 6,,:2.10-1r V.751
E,t-260 89 -128 dp:1.3. l0-13 t4.771
E, + 640 227-330 6'e: 6 ' 10-15 14.771

.&'" -- 630 265*320 6n:3.5 ' 10-14 14.871

!:*2_r0 ___- 109_128 __op: 
7' 10-ro __q.:9]__ _
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lmP impurity p.

01020
El-ECiRiC FIELD, V/cm

Fig.4,49, Dependence of the impact ionization coelficient l1 of shallow donors in r-InP on the
electric field strength E Dots: experimental data at 4.2 K, Solid line: empirical formula
Ar:5 'l0-6 exp (-1,9,51E),1; is in cm3/s an<l E is in V/crn [4.88, 3.116].
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2. Subject index

Definition Ge si GaAs InP

A

A, B, C parameters

Absorption coefficient
at high photon
energies
by free electrons
by free holes
by lattice
neau band gap edgo

Absorption cross section
acceptor
ampiroleric inrpurity
donor
free electron
free hole

B

Band structure
Brillouin zone

high symmetry points and lines

diamond Iattice
zinc blende lattice

Bulk modulus

C

Capture
time, rate
cross section

acceptor
donor
trap

Cleavage

Compliance tensor
Compressibility
Concentration Ys. temperature

electron
hole
intrinsic

15

17

t7

98

102

t02
101

t00

46

49
47,48

7'3

74

73

50
50

r58 202
151, 163 205

161 2M
163 20s

159,161 203,204

13t
131

130, 136

103 164 206
164 206

10

13

t4
10

25
25

19615091

13

84

38

l3

32
t4
144

l4
190

78, 80 137,139 226

78, 80 137, 139 I83 223

I85,186 225
31 83 143 189

9
10

ltI
113

tt4

170, t7t 2lt

173 213

247

58



Subject intlex

Definition Ge Si CaAs InP

Conductivivy vs. temperature
(see alsoresistivity)
n-type
p-type
intrinsic

Conduction band parameters

Constant energy surface
spherical
ellipsoidal
warped

Critical points
energetic distances
nomenclature
pressure coeft'icients
vs. temperature

1)

D-,{ transition
Debye temperature

Defnrmation potential

ucoustic rcattering

optical scattering

uniaxial

ctxduction birnd

valetce band

Density

I)ielectric permittivity
high frequency

static

vs. pressure

vs. temperature

Diffusion coefficient (see diffusivity)
Diffusion length

Diffusivity
electron
hole

Dispersion curves

electron
hole
phonon

Dispersion relation

electron
hole

Drift velocity

electron

hole

t2

14

14

15

4l
16, :1.3

t4
l5
9

14

15

2t

58

40

42
11,i

39

38

3e

41

110

112
114

93

95

94

92
9l
92

96

9-i

9:l

8l

86

86

86

155

t52
151

152
156

t5-l

154

143

145

145

145

145

199

197

196

v7
200

208

1Si

218

218

199

189

191

19t

191

r98r53

t8
1? 35

t66
88 111

r2l 178

121 178

22

22

65

ri5

,+0

4t
ll

33

33

33

61

62

91

9l
150

155

146

217

196

t96
192

62

62

38

42

34

119 177

1,20

117,1t9 175

118, 1r9 176

2t5
216

248



Sulrject index

Definition Ge

E

e-r{ transition
llffective mass

electron
conductivity
density-of-states
Iongitudinal
scalar
transverse

hole
density-of-states
heavy
lieht
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

1E

t5
I5
t4
t4
t4

15

l5
l5

10

9
9

19

ZS

20

26
26

40
40

40
40
40

41,

4l
4l
4l
32

32

53

53

79

79

44

44

81

58

77

93

93

93

93

93

94
94

94

94
84

84

i06

107

138

138

100

11,4

96
90
118

96

ll4

l3s
135

83

115,

99

121

122

t2r

153

153

153

153

ts4
154

154
154
144

144

t67

167

I85
186

156

175

156

187

173

184

184

I60

177

177

208166

198

198

199

199

199

199

190

190

20t)

225,226
225, 226

200

2a0

227

zt.t

224
)'rL

116

23

63

64

63

63

64

217

217

249



Subject index

Definitioo Ge

Energy levels
acceptor
donor

Exciton l8
bound to acceptor
bound to donor
free
Iifetime

bound
free

Inminescence spectra

s'

Fermi anergy

Forbidden energy gap

prossure coefficient
vs. impurity concentratiou
vs. temperature

75,
74

51

50
50

50

-5:

45

39

45

44

40
4l
4t
4l

3t
JJ

184

Iu3

t65
16s

165

165

165

166

224

223

207

2a7

207

207

?09

:UI

lL)7

20r
200

198

199

199

199

l9l
195

212

221

221

193

77 133

132, 136

105

104

104

104

I04
106

e7

92

97

96

I.s7

152

157

r56

C

g- factor
conduction band
split-off band
valence band

?,, ?2, ?: Parameters
Griineisen parameter

average
phonoa branch

H

&-D transition
Hall coefficient

vs. temperatrrre
electron
hole

Ilall factor
electron
hole
vs. magnetic induction

Eleat capacity
Hot electrons (holes)

t

fmpact ionization
band-band
coefficient

16

I6
l5

11

1l

93

94

94

90
86

109,

112

128
128

I -s3

r54
I54
154

1,49

145

172

18I
181

181

147

19

22

208

22

55

s6

7a
71

35l2
23
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26

t,J 120 176 216



Subject index

Definition Ge

acceptor
donor

Impermeability tensor
Intervalley relaration time
Intervalley coupling constants
Intravalley scattering parameters

Ionization energy
acceptor

vs, concentration
omphoteric impurity
donor

r,s. eotcentration
tIilp

K

Kerr coefficient

L

Lattice
atomic, molecular weight
cleavage
constant
density
isotopes
rnelting temperature
number of atoms
phase transition
space group
symmetry formula
tensorial properties

I-uttinger parameters

M

Magnetic permeability
Magnetic susceptibility

Magnetoresistance

electron

hole
Melting temperature

Mobility
electron

vs. concentration

vs. temperature

hole
vs. concentration

t9
23

81

81

64
65

65

t)

74
73

77

31

31

31

31

3l
31

31

3I
31

3l

4l

227

217

2I8
218

)))
aa^

))1
a1,t

225

140 t87

177

178

178

1,82

184

182
184

185, 185

t22
123

123

131

135

131

130

135

20

26
15

83

83

83

83

83

83

83

83

83

83

94

143

143

143

143

143

1,43

143

143

1.43

143

1s4

189

189

189

189

189

189

189

t89
189

lBs

199

189

214
212

214

25
25

25

221

220180

t8l

12870

71,72 129

72 129

31 8i 143

174

170, 171

174

59

56, 60

60

115

109, 116

115

251



Subject index

Definition Ge Si CaAs InP

vs. temperature 56, 60 113, 116 172 212

lattice limited 60 116 170

l\{urnaghan equation l0

N

Nonparabolicity parameter

conduction band
valence band

I{onspherieiiy parame{cr

o

Optica'l absoiption spct'{nt

acceptor
band-band
donor

Optical transition nomenclature

b:rnd-band
impurity

t6
65 123 I53, i7tt 19s, 218

4l
15 41 94 l.s4 t99

76 r 3-l

46. .1ll 9s, l(X) l-5S, 'l59 2()2, 20.1

76 t3,+

38 9l I51 l!)6

14.75 132, 1-ll 183, 184 22t,224

P

P:rrameters for high clt'i:tric field
fransport calculation (r-5 i 2l lTtl 2l!i
Phonon

branches 9 3'1 S7 146 192

llrillouin zcne I
dispersion relation 9 34 87 146 192

energies for high symmetry points 33 85 144 190

energy vs. temperature 33 86

high symmetry points and lires I
intervalley f-, g-type 95 85

lifetime 33 86 145 191

R.aman rctivity 33 86 145 I91

Physical constants 28

Fiezoeiectric tensor (coefficient) 24 66 121 179 Zl9

Fiezooptic coefficient (tensor) 19 53 106

Piezooptic effect 19 53 i07 168 210

Piezoresistance tensor (coetficient) 23 66 124 179 2L9

Pockels coefficient 20 53 107 167 209

Poisson ratio l0 32 84 144 190

Polarization (dielectric) 20

Pressure coefficient
band gap 39 92 152 197

critical energy points 39 92 152 197

dielectric permittivity 33 86 145

relractive index 52 106 167

q(o



Subject index

Definition Ge

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. tempcrature

S

Seebeck coefficient
electron
hole
intriusic

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. clectrorr corrccrltlatiorr
vs. hole concerrtration
2nd, 3d order

Symbols of particles and complexcs

Symmetry points and lines

T

fempcrature dependence

critical energy points

dielectric permittivity
forbidden eoergy gap

refractive index

9E

99, 106

99

106

r06

145

153

161

167

160

t67
t67

173

181

179

179

202
205
209
204

221

219
?lo

180 220
180 220

144 190

143 189

154 199

1,91

t8
17

17

il

.1-3

4l
95

9

20
2t

20

18

46

<,

48

52 2A9

213

24
at

59 114

71,72 129
72 1,29

66 124
68 126

68 126
55, 56

69

69

7A
o1

3l
41

43

43

126

127

127

ti4
DJ

f.i

9.5

95

lorJ

l0s
1ori

lOrJ

I3

54
a,

s4
<A

l3

44

33

44
\)

169

169

168, 169 210

25

200t55

14t4

156

r45
156

167

200
191

200
209

otra

si GaAs InP

8633



Subject index

SiGe

Tensors in cubic semiconductors

Thermal conductivitY
Thermal expansivifY

differential
Thermal velocitY

Thermoelectric power (see Seebeck

coefficient)
Translation from CGS to SI units

U

Ultrasounrl acoustic wave attenuation

Y

Valence bond parameters

Yalley energy separation
Yallel's l', -\ /,

w

Warm clec(rons (holes)

Ioung''s modulus

26
12

12

25

29

35

36
36

148

148

149

ts4
152
.153

194
194
195

199

197

198

89

89

90

192146873411

94
92
93

t5 4l
39

40

23

Y

8432 144 190

254

Definition GaAs

l0



3. Subject index in Lithuanian

Rodykle

ApibrdZi- Ge
mas

si GaA,s InP

A

A, B, C parametrai

Absorbcijos koe f icientas
prie draustinds energijos tarpo
didel6s energijos fotonq
gardel6s

laisrujq elektronrl
laisvqjq skyliq

Absorbcijos skerspjfr vis

akceptoriq
amfoteriniq prienraiirg

donontr
laisvqjq elektronq
Iaisrujq skyliq

Atskilusios valentin6s juostos tarpas
AtspindZio koe f icientas

didelEs energijos fotonq
liktiniq spinduliq srityjc

Atstumas tarp sl€niq

B

Brillouino zona

aukitos simetrijos ta3kai
cinko blizgio gardelei

deimilnto gardelei

l5
17

47,48
46
49

73

74

13

50

50

-+l

46

39

100

98

101

rc2
ta2

13t
l3l
lr0, 135

103

91

93

0')

l.l

ttu

1:_1

123

93

94

159,

158

163

161,
161

I6.1

164
r54

l;qli

161

1s2

141

178

t78

153

154

166 208

2a3, 204
) t\')

205

2a5

2A4

:0{;
206
199

202
205
197

t4

!93

218

2tft

199

I51

163

17

t0
ir a51's

t4
l3

D

D-l Suolis 18

Daleliq ir kompleksq simboliai 18

Debye temperatiira 12

Deformacijos tcnzorius (koeficientas) ()

Deformacinis potencialas

akustinds sklaidos
optinds sklaidos
vienaa(is

laidumo juostos

valentinds juostos

35

43

16" 43

65

65

40
41

255

l.{



Rodyk16

Apibr6Zi- Ge
mas

GaAs InPSi

Dielektrin6 skvarba
aukitojo daZnio

priklausomyb6 nuo sl6gio
temperatiiros

statinE
Difuzijos koe ficientas

elektronq
skyliq

Difuzijos nuotolis
Dispersijos kreiv6s

elektronq
fononq
skyliq

Dispersijos sary5iai
elektronq
skylirt

[)raustin6s errergijos larpas
priklausonryb6 nucr

priemaiSq koncentracijos
temperatDros

sldgio koeficientas
Dreifo greitis

eiektronq
skyliq

IJ

r:-l iuolis
.Efektind mas6

elektronq
iSilgin6
Iaidumo
lygmenrl tankio
skaliarin6
skersind

skylig
atskilusios juostos

lengvqjg
lygmenq tankio
sunkiuju

Eksitonas
gyvavimo trukm6

laisvojo
suri5tojo

laisvasis
suri5tasis su akceptoriumi
suristasis su donoru

Eksitonu liuminescencijos spektras
Elastooptinis koeficientas

22

,,

14

9
15

t4
15

33

33

33

62
62

38
34
42

45

44
39

6l
62

145
86 t4s
86 145

86 t4s

119 177

120

9l
87

91

150

146
155

97 157

96 ts6
92 152

117, 119 175
118, 119 176

93

93

93

93

93

94
94
94
94

104

IM
I04
105

104

106

106

153

153

153

ts3

154
ls4
1s4
154

165

t65
165

165

r65
166
167

I9I

l9l
191

217

196
192
196

20t
200
197

2ts
2t6

198

198

199

t99
199

199

2t)7

207
'207

207

209

2t

l8

14

15

1s

t4
t4

15

l5
15

l8

208t66

t9

40
40
40
40
40

41

41

4l
4t

50
50
5l
50
{,
53

256



Rodykl6

Apibr€Zi- Ge
mas

Elastovarios tenzorius (koeficientas)

Elektrooptinis koeficientas (tenzorius)

Emisijos sparta

elektronq
skyliq

Empyrin6 formul6
absorbcijos koeficiento
diferencialinio pldtrumo

donorq smr-rgin6s jonizacijos koe-
ficiento
clreifo greidio
gardel6s konstantos
jonizacijos energijos

akceptoriu
donory

judrumo
juostos tarpo
kriziniq ta5kq energijos

laidumo
ItrZio rodiklio
savosios koncentracijos

Energijos lygmenYs

akceptoriq
donorq

Energijos relaksacijos trukmd
elektronq priklausomybd nuo

elektrinio lauko
koncentracijos
temperattiros

skylirl priklausomyb6 nuo
elektrinio lauko
koncentracijos
temperat[ros

Erdvin6 gfup6

F

!"ermi energija

Fizikin6s konstantos

F'ononai
aukStos simetrijos ta3kai ir aSys

Brillouino zona

dispersijos s4rySiai

energija auk$tos simetrijos taSkuose

f ir g tipo
gyvavimo trukme
Rarnano aktyvumas

Sakos

53

23

2a

79

79

26
26

107

138

138

100

90

It8
83

t35
135

lt5,
96
96
t14
99
II4

133

132,

122
121

121

121

83

87

85

85

86

86

87

167

18-5

185

209

225, 226

225, 226

224
224

200
200

213

224
2?3

211

217

192

190

t9l
191

192

77

44
44

5tt

7<

74

64
63

63

64

6l

31

34

33

J.'

33

34

184

184

ts6
156

160

173

184

I83

177

117

t46
144

l4s
t45

146

fi6

t36
23

189143

2011579745

9

9

I

28

95

257

Si InP

227



Rodykl6

ApibrdZi- Ge
mas

Si GaAs InP

G

g faktorius
atskilusios juostos

laidumo juostos

valentin6s juostos

?r, ?2, ?a Parametrai
GardeI6

atomin6, molekulin6 rnasd

atomq kiekis
erdvind grup6
fazinis virsmas
izotopai
konstanta
Iydymosi temperatr=rra

simetrijos formul6
skalumas
tankis
tenzorin6s savyb6s

Garso greitis

Griineiseno parametras

fononiniq Saktl

vidutinis

16

16

15

4t
40
41

4t

31

31

3l
31

31

31

31

31

31

31

J/

94
93

154
153

154

154

143

143
143

143

143

143

143
143

t43
143

144

I45
l4e

199
198

199

199

189

189

189

I89
189

I89
189

189

189

189

190

195

19l

26
ll

ll
1l

33

37

94

83

83

83

83

83

83

83

83

83

83

84

86

90

H

&-D Suolis

Hallo faktorius
elektronq

priklausonryb0 nuo ma gnetines

indukcijos
skyliq

Hallo koeficientas
prik'lausomyh6 nuo temperatiiros

z tiPo
p tipo

I
[tempimo tenzorius (koeficientas)

l9
11

70 128 IE1

181

l8t

221

))t

22
7l

.s5

56

t26

109, I I ()

112 t72 212

Y

Youngo morlulis 32 144 I90

J

Jonizacijos energija

akceptoriaus
priklausomyb6 nuo koncentracijos

t3l
135

182

184

1't)
aa,

l0

73

258

84



Rodykl6

.dpibreZi- Ge
mas

Si GaAs InP

amfoterin6s priemaiSos

donoro
priklausomyb6 nuo koncentracijos

spasto
Judrumas

elektronq priklausomyb6 nuo
koncentracijos
tempel'atUros

gardelds ribotas
skyliq priklausomybd nuo

koncentracijos
temperattiros

Juostin6 sandara

K

KarBtie.ji elektronai (skyl€s)

Kerro koeficientas
Koncentracija

elektroml
savoii
skylirl

Kriziniai taikai
energijrl tarpai
nomenklattira
pr:iklausomyb0 fluo temperatiiros
sldgio koeficientai

74

73

77

131

130

135

182

184

I 85,

174

1.70,

1,70

174
172
i50

)))
224

186 22s

zt4
171 212

214
212

196

2t

59 lt5
.56, 60 109,

60 116

60 I15
56,60 113,

38 91

116

1t6

23

20

58

Iil
I14
I t3

92
9'l

96
t)2

l7a, 171

173

t52
r51

1-56

1s2

211

21_1

197

196
200
1q7

39

38

44
3f)

I,

Laidumo iuostos parametrai

Laidunas (taip pat ir.
savitoji varZa)

n tipo
p tipo
savasis

Lydymosi temperatflra
Luttingerio parametrai

L[.Zio rodiklis
draustin6s juostos srityje
priklausomybd nuo

sl€gio

tomperat0ros

12 .10 9l

110

11:
Lt4
83

94
99, 106

99

106

106

r53 196

I5
t7

58

3l
4l
57

48

52

52

143

1s4

167

160

I t,7

1$7

I89
199

209
204

209

M

Magnetin6 skvartrra

Magretinis jautris
25

25 70 128 tB0 220

259



Rodykl6

ApibrdZi- Ge Si GaAs InP
mas

Magnetovaria
elektronrl
skyliq

Murnaghano Iygtis

71,72 129 I8l 22t
72 129

N

Nesferi5kumo parametras 15 41 94 154 199

Neskvarbumo tenzorius 19

NeparaboliSkumo parametras 16

laidumo juostos 65 123 153, l7B 198, ?18

valentin6s juostos 4l
Netiesinis optinis jautris 20

anizotropija 21 54 108 169
priklausomyb6 nuo

elektronq koncentracijos 54 108 169

skyliq koncentracijos 54 108

2-os, 3-os eil6s 20 54 108 168, 169 210

o

0ptin6s absorhcijos spektras

akceptoriq 76 134

donory 76 134

tarpjuostinis 46. 48 98, 100 158, 159 202, 20-3

Optiniq Suoliq nomenklatiira
priemaiSiniq 74, 75 132, l3l 183, lli4 223, 224

tarpjuostiniq 38 9t I 5t 196

P

Pagavimo skerspjiivis 25

akceptoriais 78, 80 I37, l=19 226

donorais 78, 80 I37, 139 18,1 221

spastai$ | 85, I 86 225

Pagavimo fruLm6, sparta 25

Parametrai stipraus elektrinio lauko
kinetiniams reiBkiniams skailiunti 65 ll.l l Tti 2l N

Pastoviosios energiios paviriiai
elipsoidiniai 14 42 95

gofruotieji 15 42 94 155 199

sferiniai 14

Pjezoelektrlnis tenzorius (koeficientas) 24 66 124 119 219

Pjezooptlnls efektas 19 -s3 I 07 I (;8 ?llt
Piezooptlnis koeficientas (tenzorius) 19 53 106

Pjezovarlos tenzorius (koeficientas) 23 66 124 179 219

Pockelso koeficientas 20 53 107 167 209

Poissono koeficientas 10 32 84 144 190

Poliarizacija (dielektrin6) 20

25

10

260



RoilyklS

Apibr6Zi- Ge
mas

GaAs InPsi

R

Ramano aktyvumas
Rekombinacijos kanalai
Ry5ys tarp C6S ir Sl sistenrg

S

Savitoji vartt (taip pa, Zr. laidumas)
priklausomyb6 nuo magnetines
indukcijos

elektrontg
skylitl

plikia*o:nybJ nuo priernai54 kon-
cen1racijos

priklausonrybc rtutl slegio

hidrostatinir'r
vienaaSio

priklausomybe nuo teurperatr-rros

Seebecko koeficientas

elektronrl

savasis

skyliq

Simetrijos taikai ir alys

Sl<alumas

Skilimas veikiant vienaalitrn sl6giui

Z sleniq

X s16niq

valentines juostos

Sklaida

sl0nyie

tarp sl€niq

Slankumo tenzorius

Slegio koeficientas

dielektrin6s skvarbos

kriziniq ta5kU energrjos

draustin6s juostos tarpo
luZio rodiklio

Sl6niai F, X, tr
Smiigin6 jonizacija

koeficientas

akceptoriq

donory
tarpjuostin6

Sp[dumas

SpEdumo modulis

8633

u
24

l8
29

26

22

10

10

t29
129

lr4
124

126

126

126

127

127

t3
8l

95

95

123

123

86
o,

92

106

93

140

t20

84

l8r

173

179

t'l9

111

2t3
219

2t9

200

218

218

t97
197

198

227

216

190

71,72
1',r

59

66

68

68

55, 56

69

70

69

l3
3l

43

43

65

65

JJ

39

39
<)

40

8I
8l
63

32

180

180

l4
143

220

22a

14

I rl9

25

43

95

43 155

178

178

145

152

1s2

167

153

187

t76

1M

261



Rrdyk16

Apibr6Zi- Ce
mas

Si GaAs InP

s

Siltieji elektronai (skylts)
Silumin6 talpa
Siluminis greitis

Situminis laidumas

Silunninis pldtrumas

dilerencialinis

23

12

25

12

12

-1J

35

36

36

B9

B9

90

147

148

148

119

l9l

1 91.

194
t95

T

'lamprumo aniz.otropijos koeficientas
'['amprumo k0nstantos
'l'enkis
'l'emper:ltlirind priklausomybB

dielektrines skvarbos

dr*ustines juostos tarPc'r

kriziniq talkq encrrgijos

loZio rodiklio
'llenzoriai

Termoelektrovaros jdga (2r. Seetrecko

koelicientas)
1larpsl6nd relaksacijrrs trukrn&
'l'arpsl6n6s sklaidos konstanlos

U

Ultragarso slopimas

v
Valentin6s juostos paranoetrai

IU

I
-1i
1a

3l

ti,+

t:l
!il

114

l4:l
r.1',}

I.1-5

156

l5("
i67

190

l9t)
159

Iel
200

2U0

2r)9

33

44
44

"52

,9(r

96

96
106

26

64
(r5

t22
r 11

17"1

t78

217
lr(

1l -)+ 87 l'!i.;

t5 .11 94 t 5-f

Brt

:,1
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Parameters of Ge, Si, GaAs and InP at room temperature

Atomic, molecular weight
Lattice constant, nm
Density, g/cm3

Melting temperature, K
Longitudinal sound velocity:

[00] direction, cm/s

I I l] direction, cm/s

Heat capacity, Ji(g.K)
Thermal conductivity, W/(cm.K)
Differential thermal expansivi-

ty, K-'
Lattice dielectric permittivity:

relative static e/eo

relative high frequency e*f eo

Forbidden energy gap, eV

Intrinsic carrier
concentration, cm-3

Intrinsic resistivity, O'cm

Conduction band edge:
axis of the energy minimum
(valley)
valley symmetry
number of valleys
electron mass m"lm,
electron mobility, cm2/(V. s)

density-of-states .l[". cm-3

Valence band edge:

spin-orbit splitting Ao, eV

heavy hole mass m1,fmo

light hole mass m1fm,
hole mobility, cmz/(V.s)
density of states N,, cm-8

72.59
0.5658
5.327

12t0

4.9 . 105

5.5 . 106

0.32
0.60

5.9. 10-6

15.94

0.665

2.3 . 1013

47

28.08
0.s431
2.329
r 685

8.4. 105

9.3 . 105

0.7 t

1.56

2.6. l0-6

I 1.9

1.124

1.0 . 1010

3.2 . 106

144.63

0.5654
5.316
l5l I

4.7 . 105

5.4. 105

0.33

0.5 8

5.7. l0-8

12.8

10.92

1.429

1.8 . 106

3.9. 108

I 45.8
0.s869
4.8 r

1 335

4.6. 105

5.2. 106

0.3 r

0.70

4.5 . 10 -6

12.5

9.52

1.344

1.2 . 108

1.0 . 107

(ilr)
L
4

o.t2
3900
1.0. lore
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Translation of electricel quantities from CGS to SI units

Quantity

Relative dielectric permittivity

Relative magnetic permeability

Electric field intensity

Eler-ric induction

Magnetic field intensity

Magnetic induction

Electron charge

Charge

Current density

Current

Voltage

Vector potential

Polarization vector

Magnetization vector

Resistance

Conductivity

Capacity

Inductance

Mobility

Dielectric susceptibiiity

Magnetic susceptibility

Bohr magneton

Light velocity in vacuum

'ir

+ E.(4;:eo)1i2

--> D.(4;fes)1"2

'-> H' (4uru.)tiz

-> B.(4;l ,ta)t 2

--+ ef (4r.t)t z

"> Qf(4ns)t'2

-> J f (4rz)ti2

-, Il(4rei1'2

--> U '(4i.0)r'2

-> A.(4*ls)1'2

-> Pf(4rz)tiz

--> M l(4rlur)t 2

-+ R.(4neo)

---> of(4res)

-> C l(4reo)

-> L.(4xly.n)

--> ,pi(4res)r'z

'-> Ll(4r)
--+ 7*l(4n)

-+ ;r"/(4:r/p)

c: 1/(eo Fo)li 
2

E*

i1*

E*

D*

H*

B*

e*

Q*

J*

I*

u*

A*

P*

M*

R*

o*

c*

L*

i/*
.,*
l-c

xL

i*B





Handbook on the physical properties of Ge, Si, GaAs and InP.
A Dargys, I Kundrotas (Vilnius, Lithuania: Science and
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 andmajor
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-BoÈ rnstein{, 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 ofGe, 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.

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 bemade 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 SiO2

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 thematerial 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 A3B5 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

Uspekhi Fizicheskikh Nauk 166 (6) 807±808 (1996)

Translated by E G Strel'chenko

BIBLIOGRAPHY PACS number: 01.30.Kj
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byA Dargys and J Kundrotas
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scattering. Each chapter is written by experts in the ® eld,

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

® t onto one DOS diskette, so in many cases they represent

truncated versions of the state of the art. I had no di� culty

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 ® gures 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 de® nition, 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 ® eld of semiconductor device

technology. It will be bene® cial as a laboratory reference

guide and will serve as the ® rst 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 DiŒerential 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

diŒerential equations, covering many diŒerent approaches.

There are the very practical approaches of speci® c 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 di� cult 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-diŒerential operators. This approach includes many

powerful techniques for dealing with PDEs in a more

general setting.

An Introduction to Partial DiŒerential 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 diŒerential 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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