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A comprehensive Green's-function calculation was performed in order to understand the recent
high-resolution Fourier-transform infrared absorption (FTIR) data of localized vibrational modes
(LVM s) due to isolated (SiG, donor, BG, isoelectronic, Sih„LiA„BA, acceptor) and pair (SiG,-SiA„
SiGa-As-LiG, ) defects in GaAs. For the defect centers with Tq, C3„, C„and Cq„symmetries, we
have considered simple perturbation models using mass changes at the impurity sites and nearest-
neighbor (NN) force-constant changes between impurity-host atoms. For the host GaAs, all the in-
volved Green's-function matrix elements are numerically evaluated by incorporating "phonons" gen-
erated by an eleven-parameter rigid-ion model (RIM11) fitted to the neutron data of phonon disper-
sions. After analyzing nearly eighty cases of LVM's in fifteen elemental and compound semicon-
ductors, we strongly argue that there exists a close relationship between the force perturbation and
the variation of the coualency of the bond Based o.n simple physical reasonings we have proposed
empirical relationships which provide correction to the force constants for closest mass isoelectronic
(i), donor (d+), and acceptor (a ) impurities carrying static charges. Such trends of force variation
are found to be important not only in studying the pair defect vibrations (SiG,-SiA„LiG,-SiG,) but
also in understanding the possibihty of the occurrence of boron antisite (BA,) defects in GaAs. Us-
ing the force perturbation parameter obtained from the Tq case, and considering tue Ga {6'Ga,

Ga) isotopic masses in different NN configurations with C3„and C2„symmetries, we have qualita-
tively explained the recent Ga-isotopic fine structure of LVM s due to 8~. To understand the origin
of the 367- and 369-cm ' bands observed in Si-doped GaAs samples, tiua perturbation models each
involving one isSi and a self-antisite defect are proposed and evaluated in terms of the Green's-
function theory. The results are compared and discussed with the existing theoretical and experi-
mental data.

I. INTRODUCTION

The increasing technological importance of defects in
II-VI and III-V compounds for optical devices has stimu-
lated considerable interest in the electronic' and vibra-
tional (phonon) properties. Despite numerous recent
experimental efforts using electron paramagnetic reso-
nance ' (EPR), electron-spin resonance' (ESR), and
deep-level transient spectroscopy" ' (DI.TS), there is
still much controversy and mystery surrounding the iden-
tification of native defects (e.g., vacancies, self-
interstitials, and antisites) which produce nonstochiometry
and deep localized levels. An alternative way of investi-
gating the behavior of impurity centers in semiconductors
is to study the vibrational spectrum through optical [in-
frared (ir) absorption and Raman scattering] experiments.
The electrical data has been used in conjunction with the

expected defect symmetries to assign the sites of defects
responsible for the observed absorption bands in the opti-
cal experiments. ' ' In most of the earlier studies,
standard grating spectrometers were used with a spectral
resolution of the order of -0.5—1 cm ' for the spectral
range -200—700 cm '. Recently, a significant increase
in the resolution' (-0.04 cm ') of the instrumental
probe has been achieved and conclusions drawn from the
low-resolution data are more rigorously tested and in
some cases put on much firmer ground.

Of particular interest in recent years have been the vi-
brational properties of C and Si in GaAs. '9 z4 Aside
from their technological importance, an additional reason
for studying these systems is to understand the role of am-
photeric defects (e.g., group-IV atoms) in III-V com-
pounds. It has been well established that Si substituted
on a Ga site ( Sio, ) in GaAs, acts like a donor (d+) and
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is responsible for the localized vibrational mode (LVM)
observed near 384 cm ', while Si substituted on an As
site ( Si&,) is an acceptor (a ) and accounts for a mode
detected near 399 cm '. Besides forming nearest-
neighbor (NN} "donor-acceptor" pairs ' in III-
V—compound semiconductors, silicon also enters into a
number of complexes, especially when other iinpuri-
ties ' (e.g., Li, B, etc.) are present. Previous ir mea-
surements with low resolution' have revealed that the
full width at half maximum (FWHM} of the absorption
line associated with SiA, is significantly higher (-2.2
cm ') than that for Sio, ( —1.5 cm '). The width of
such a band actually depends on the lifetime of the local-
ized oscillator in its first-excited state and also upon the
inhomogenities in the crystal. Using a Fourier-transform
ir (1 TIR) spectrometer with an instrumental resolution of
0.06 cm ', Theis et al. '5 have provided experimental jus-
tification to the above argument by resolving the SiA,
transition into at least three lines. The explanation of the
structure for the Si~, bands is the reduction in the sym-

metry and small frequency shifts produced by the two
naturally occurring Ga isotopes [ Ga (60.4%) and 'Ga
(39.6%%uo)] distributed in different ways over the four NN
sites to the silicon impurity.

In contrast to the two observed LVM's (localized vibra-
tional modes} due to isolated Si defects in GaAs, the ir
measurements in ' C-doped samples have demonstrated
the occurrence of only one vibrational mode ' near
582.4 cm '. An isotopically shifted band near 561.2
cm ' has also been detected due to ' C. Chemical analy-
ses of the samples provided no information about the lat-
tice location of the impurity atoms. Photoluminescence
and other measurements have, however, shown that car-
bon is a shallow acceptor with a ground state approxi-
mately 26 meV above the top of the valence band. Quite
recently, the observed LVM due to ' C in GaAs has been
resolved into four (or perhaps fiue) overlapping bands
with high-resolution FTIR spectroscopy. ' Comparison
with the Siz, case has suggested that the mode at 582.4
cm ' should be attributed to the "CA, acceptor and the
fine structure arises from the two Ga isotopes in different
NN configurations.

The first observation of absorption due to boron in
GaAs was reported by Newman et al. Besides the ob-
served lines at 540 and 517 cm ' due to isoelectronic
' Bo, and "Bo, defects, two additional lines at 628 and
601 cm ' were also observed and designated as the B(2)
centers. ' Various arguments were presented to show
that the B(2) defect has Td symmetry and has Ga NN's,
implying that the center is either a B~, antisite defect or a
B;„,boron atom in one of the tetrahedral interstitial sites.
Recent analyses have led Woodhead et al. to believe
that the B(2) centers are ' Bz„"BA,antisite defects which
have been confirmed by the observations' of NN Ga iso-
topic effects similar to Si&, and C~,. '

The splitting patterns of C&, and SiA, defects in GaAs
have been analyzed recently in the framework of the
Bethe-lattice and molecular-type models ' of the defect
interacting with its immediate neighbors. Using the sim-
plest two-parameter force inodel for the host lattice,
Leigh and Newman have argued that the observed struc-

ture can be approximated by the calculated shifts if one
increases the bend-stretch force-constant ratio at the ' C
impurity site.

%e use here a more sophisticated Green's-function
technique to study not only the NN isotopic shifts of
LVM's due to B~, antisite defects, but also to understand
the vibrational properties of some impurity complexes
(e.g., Si-Si, Li-Si, etc.) in GaAs. The method em-
phasizes primarily the delineation of chemical trends and
the attainment of a simple physical understanding of the
bonding situation through the general magnitude of the
impurity-host parameters. ' Starting with a brief outline
of possible realistic methods, we will present, in Secs.
II A—II C, a general Green's-function theory to study the
vibrations of impurity complexes with a maximum of
three substitutional defects in semiconductors. In addi-
tion to the mass changes at the impurity sites, we assume
that the force-constant variations about the defects are
significant only up to the first NN's. We do not consider
perturbations in the Coulomb interactions since their long
range would render the Green's-function approach in-
tractable. To simplify numerical calculations, the use of
group theory is outlined in Sec. IID and explicit expres-
sions for the impurity modes are derived for general cases
with defect centers of C3„, Cz„, and C, symmetries. Nu-
merical calculations are made for single substitutional de-
fects and the trends of force variations due to charged im-
purities are analyzed in Sec. III A. The splitting patterns
of LVM's due to NN Ga isotopes for B defects on the As
sublattice are studied in Sec. III B. The vibrational prop-
erties of pair defects are analyzed in Secs. III C—III D and
compared with the existing experimental data. The re-
sults are discussed in Sec. IV, with concluding remarks
presented in Sec. V.

II. THEORETICAL CONSIDERATIONS

To extract the nature of impurity-host bonding in semi-
conductors from the existing optical data, two equally re-
liable theoretical efforts have been made in recent years:
(a} A microscopic analysis based on a local-density-
functional approach: with the use of ionic pseudopoten-
tials, the phonon energies for perfect or imperfe:t systems
can be determined from first principles (b) A. macro-
scopic analysis based on the general treatment of the lat-
tice dynamics in terms of interatomic forces: with the use
of the Green's function for the perfect or imperfect lat-
tice, the displacement response to the sinusoidal driving
forces may be estimated. It is worth mentioning that
the former type of calculation requires heavy computa-
tional work for isoelectronic defects and presumably it
would be even more cumbersome for charged defects. Ex-
cept for the only existing ah initio calculation in
GaAs:Al, the nature of impurity-host bonding has yet to
be extracted by first principles for donors or acceptors in
semiconductors. On the other hand, the Green's-function
theory has been successfully applied over the last several
years to understand the vibrational properties of imperfect
solids, including the impurity modes, impurity-
induced ir absorption, Raman scattering, phonon
sidebands, etc. The advantage of the second technique
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over the first is that it allows the coupling of the vibra-

tions of the defect to the bulk crystal, and one can really

visualize which types of vibrational modes remain local-

ized around the defect. A comprehensive account of the

dynamical properties of imperfect lattices using Green's-

function techniques has been discussed in several review

articles, monographs, and books. ' The discussion here

is thus very brief for the purpose only of establishing the

notation to be used throughout the paper.

A. Green's-function method

det(Icoi —D) =detG '(c0)/detM, (2)

where D=M ' 4M ' is called the dynamical ma-

trix. The eigenvectors of each mode are considered to
have a sinusoidal spatial dependence allowing a unique

wave vector q to be associated with each mode frequency.
The component form of the perfect-lattice Green's-

function matrix is defined as

G p(l»;l»':co)= 1

e.(» I q J)ep(»'
I qi)

co —co (q j)

In the harmonic approximation, the lattice dynamics of
the perfect crystal in Green's-function notation is given
by39

(Mco —4)G(co)=l,

where co is the phonon frequency, M is the diagonal ma-

trix contaimng the masses of the constituent atoms M„
(»=1,2), 1 is the unit matrix, 4 is the force-field matrix,
and g(co) is the lattice Green's-function matrix. The
eigenfrequencies of the host system can be easily found by

solving the equation

defect. One therefore needs to solve the small subblock of
Eqs. (4) corresponding to the nonzero elements of the per-
turbation matrix.

B. Bulk phonons

As discussed in Sec. 11A, the numerical calculation of
the lattice Grix:n's function [Eq. (3)], and thereby the de-
fect properties, requires a detailed knowledge of phonon
energies and eigenvmtors of the host crystal from a reli-
able phenomenological model. In the harmonic approxi-
mation, invariance of potential energy with respect to
rigid-body translations, rotations, and symmetry opera-
tions of the crystal lattice results in only two NN parame-
ters (A,B) needed to describe the lattice dynamics of
diamond- or zinc-blende-type crystals. However, the cal-
culations by Grimm et al. based on this model failed to
fit the measured phonon dispersion curves of GaAs. '

This suggests the need for elaborate force models involv-

ing interaction with more distant neighbors. %e consider
here an eleven-parameter rigid-ion model (RIM11) to
treat the lattice dynamics of both perfect and imperfect
GaAs. This RIM11 includes short-range interactions up
to and including second NN (2NN) and long-range
Coulomb effects arising from the electrostatic interaction.
The choice of the model will facilitate comparison of our
results with the analogous ones obtained earlier in other
II-VI and III-V compounds.

In the RIM11, the quantities of interest for our calcula-
tions are the force-constant matrix 4 and the dynamical
matrix D(=—M ' i@M ' ~) [cf. Eq. (2)], where the
former can be expressed as

c=e+e', (5)

~here 4' and 4c correspond, respectively, to the short-
range and Coulomb terms. Because of the tetrahedral
( Tq ) symmetry of GaAs, the off-diagonal Cartesian
blocks of the short-range force-constant matrix ean be
shown to have the forin

Xexp [ iq. [x(l») —x(l'»')) }, (3)

where N denotes the number of wave vectors q in the first
Brillouin zone, x(l») is the equilibrium position vector of
atom l», and e~(» I q j) are the components of the eigen-
vector for the mode frequency co(qj). For each eigen-
value, the eigenvectors satisfy the familiar orthogonality
and closure relations.

If P is the perturbation on the dynamical matrix of the
host lattice, then the Green's-function matrix for the im-
perfect sohd U is defined as

and

8 8
4'(Ga, As) =4'(As, Ga) = 8 A 8

8 8 A

C& D& E
4'(Ga, Ga) = Di C, E,

—Ei —Ei Fi

(6a)

(Mco 4 P)U(a))=l- —

or, equivalently,

(I GP) U(ro) =6—
with the perturbation matrix

P= —LMa) +54 .

(4a)

(4b)

(4e)

Here, hM and b4 are the mass-change and force-
constant-change matrices. To make the problem tract-
able, P is usually assumed to be very localized around the

C2 D2 —E2

4'(As, As) = D2 Cz E2— (6c)

for interactions between NN's [Eq. (6a)] and 2NN's [Eqs.
(6b) and (6c)], respectively. One parameter Z (the effec-
tive charge) is used to determine 4e, giving a total of 11
parameters for the RIM. The evaluation of the 11 param-
eters involved is usually made using the neutron data of
eigenfrequencies at critical points as an input with the
three experimentally determined elastic constants as con-
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straints. For GaAs these parameters have been deter-
mined by Kunc.

In zinc-blende-type crystals, the primitive unit cell con-
tains two atoms, which produces an eigenvalue problem of
dimension 6X6 [cf. Eq. (2)]. The values of the wave vec-
tor q are restricted to lie within the first Brillouin zone of
the fcc lattice. Hence q assumes the form

(a)
kj-

wit

(qi, q2, qs), —1&qi,q»q3 &1
Qo

I qi+q2+qs I
& Yi

.

C. Impurity perturbation

The simplest crystal defect considered here is a substi-
tutional impurity replacing either a Ga atom (a'= 1) or an
As atom (@=2) in the GaAs lattice. Both the atomic
mass and the NN force constants ( A,B) are assumed to be
changed to (A', B') or (A",B") and the changes are
described by the parameters

ei ——(Mi —M i )/M, , (8a)

Here, the triples (qi, q2, qs) are distributed with uniform
density throughout the volume of the Brillouin zone. In
terms of the frequency co(q j} and the eigenvector
e(a ~qj) of the normal mode with wave vector q and
branch index j, the elements of the Green's-function ma-
trix [cf. Eq. (3)] can be calculated. For the most extended
defect complex with three impurity atoms interacting
with the NN sites, we require 33 independent elements of
the Green's-function matrix for the calculation of the lat-
tice response (see Table I).

FIG. 1. Impurity models for the vibrations of one, two, and
three defect centers in semiconductors: The number of atoms
1,2, . . . , 11, and their respective coordinates, are the same as
described in Ref. 46. (a) Tq case: the isolated defect IG, (IA, )
located in site 1 {2)bound to NN As (Ga) atoms at 2 (1), 3 (6), 4
{7), and 5 (8) [see Fig. 1(a)]. (b) C3„case: the pair defect
I~-I2 with the I& impurity occupying Ga site 1 and the I2
impurity occupying NN As site 2 [Fig. 1(a)]. (c) The most ex-
tended case of three substitutional defects occupying sites 1, 2,
and 6 as described in the text in the NN approximation [Fig.
1(b)]. If Ii I6, the ——impurity centers exhibit C2„symmetry; oth-
erwise, C, .

or

r =—(A —A')/A =(B—B')/B =1—a, (8b} and

u =(A —A "}/A =(B B")/B =1 —12—(8d)

&2 (M2 ™2~™2 (8c)

g) =6 (111;111;co ig}—
g2 =6 (000;000; co ig}—
g3 =6 (111;000;co' ig}—
g4 =6»{111;000;co i g}-
gq =6 (000;220; cu if}—
g6 =6~{000;220;co2 —ig}
g7=6»{000;220;co' ig)—
gs ——6~{000;220;co i g}-
g9 ——6 {111;T11;cu ig}—
g&o =6~{111;T 1 1;co —i(}
g~~

——6»{111;11 1; n& —ig}
g)2=6 {111;1T1;4o —ig}
g,3=6 (T11;220;co ig}—
g&4=6 (111;220;co —ig}
g~5 ——6»{111;220;co ig}—
g)4 ——6 (T11;220;co —ig}
g(p=G (111;220;co2 i(}—

g» ——6 (1 I T;220;co2—ig}
g,9 =6»(1 1 1;220;4o2—ig}
go=6 (111;220;cot —ig}
g2&

——6~{111;220; co ig}—
g22 ——Gz, {11 1;220; co ig}—
g23

——6 (1 T 1;311;co2 ig}—
g24 ——6~{TTI;31T;co —ig}
giq ——6,„(TT1;31T;co i(}—
g26 6~{TT1;——31T; co ig}—
g27 ——6~{11 1;311;coi ig}—
gee ——6 (1 1 1;331;au~ —ig}
g29 ——6 (1T1;331;coi —ig}
g3o=G»{111;331;ro2 if}—
g3&

—6 (TT1;331;co —ig}
g32 ——6 (1TT;13T;co2 ig}—
g33

——6~{I 1 1;13T;co if}—

TABLE I. Green's-function matrix elements 6 p{lx;l'x';
co ig} for the—most extended cases of C, /C2„point-group sym-
metries in zinc-blende-type crystals.

Number of Green's-function matrix elements

when the impurity Mi or M2 occupies the Ga (1) or the
As (2) site, respectively [cf. Fig. 1(a)]. Before considering
perturbation models to treat the vibrational properties of
more complex defect centers in semiconductors, it is im-
portant to make a few comments on the choice of Eq. (Sb)
or (8d}.

(a) For very light substitutional impurities producing
the LVM's, it may be assumed that they alone vibrate in
the lattice with all the host atoms "frozen" in their equili-
brium sites. Under such conditions, the recoil force f„
due to short-range interactions on the substituted atom for
a small displacement along one of the [100], [010], and
[001] directions (the equivalent directions of the impurity
vibrations in the F2 mode) depends upon the force con-
stants appearing on the diagonals of the coupling matrices
between NN's (A) and 2NN's (F„and C„). Considering
the only change to be in A ( A ~aA), the recoil force can
be written as

f„=4(aA+F„+2C„),
where ~ (=1,2) denotes, respectively, the substituted atom
number in the unit cell. The LVM frequency can be
calculated a proximately by the expression rot
=2m (f, /M, ) '~, and comparison with the Green's-
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function method suggest that the frequencies obtained
from the empirical relation are not -far off (cf. Sec. III A),
which supports the assumption that vibrational energy is
mainly centered on the light impurities in this I,VM.

(b) It can be noted that the force constant 8, a nondiag-
onal term of the coupling matrix between NN's is not in-
volved in the above empirical calculation of LVM's [using
Eq. (9)]. In the Green's-function method, however, our
hypothesis that 8 varies in the same way as A (i.e.,
aA =aB) will hardly affect the calculated high-frequency
impurity modes. Again, by imposing the condition
aA =aB, the perturbation matrix P satisfies the rotational
invariance requirement, which is explicitly invariant with
respect to translations and crystal-symmetry operations.
In other words, the change in bond-bending force constant
Life (in the notation of deLaunay ) must be zero in the
present case. To vary bfi arbitrarily, on the other hand,
the condition of rotational invariance should be imposed
by introducing an additional parameter which has the
form of a 2NN bond-bending interaction. In corrobora-
tion with the findings of earlier workers, we note that
the effects of rotational invariance are indeed negligible
and the bond-bending force variation plays an insignifi-
cant role especially in the calculations of LVM's. ' '

Convinced by the above arguments, we believe that the
vibrational properties of more complex defect centers can
be understood in terms of simple perturbation models. To
study the vibrations of a NN pair defect (C3„symmetry},
for example, we need a minimum of two ( t or u } parame-
ters, whereas for a complex defect with three impurity
atoms (cf. Sec. II D), an additional parameter is required.
Following Eqs. (8a)—(81), the mass change and force-
constant change parameter for an impurity to be on a Ga
site (6) can be defined as [cf. Sec. II D and Fig. 1(b)]

e6 (M6 M——6)/M6—I (10a)

U =(A —A'")/A =(8 —8"')/8 =1—c . (10b)

and

F&z—= 1 ah+I ii ——u+t—ut+I', z— (1 la)

F26=1 bc +I 26=u—+U —uU+I 26 . (1 lb)

The term Fi2 (or Fz6) &0 (or &0) corresponds to the
stiffening (or softening) in the bonds 1-2 (or 2-6), respec-
tively. Although no explicit consideration of the
Coulomb interactions between the charged impurities oc-
cupying site 1, 2, or 6 has been made, their effects cause
changes in the electronic charge densities (cf. Sec. III) and
hence the variation of forces in the 1-2 and 2-6 bonds are
contained in the F&2 and Fq6 parameters. A complete
perturbation matrix P (33X33) is formed for a special
case of an impurity complex with three impurity atoms at
the 1, 2, and 6 sites, respectively.

To make the perturbation models more appropriate, we
have also considered direct interactions in between the im-
purities by two additional parameters I ii and I'i6. The
force variations are given by

D. Group-theoretical simplifications

I T, =A, @E@F&e3F,. (12)

The A
~ coordinate consists of a "breathing"-type

motion in which the impurity atom remains stationary
and the NN host atoms move radially. Again, in the Fi
and E coordinates, the impurity remains at rest while the
NN atoms move. It may be seen [cf. Table II(a}] that the
impurity vibrates only in the triply degenerate Fi mode
and we expect LVM's of this representation. With force-
constant changes, "quasilocalized" modes can possibly
occur for each type ( A ~, E, F~, F2) of vibrations. 5 ' The
forms of block diagonalization of the Green's-function
and perturbation matrices belonging to each irreducible
representation have already been reported and several
cases of isolated point-defect vibrations are discussed else-
where. ~-4s

2. Nearest-neighbor pair defect: Cs, symmetry

The NN pair defect is assumed to consist of an atom of
mass defect ei ——(M~ —M i )/M~ at Ga site 1 and an atom
of mass defect e2 ——(M2 —M2)/M2 at As site 2 [cf. Fig.
1(a}]. The point-group symmetry of this defect center is
C3 with the axis along the bond. The vector spaces
formed by the displacement of the impurity molecule and
its neighbors transform according to the following irredu-
cible representations [see Table II(b)]:

I c, ——6Ai2A2SE . (13)

Again in the Cq„symmetry, the impurity center does
not move in the Az representation and only Ai and E
types of modes are expected to be optically active. For
very light impurity atoms four LVM's are to be detected
[two because of their movement along the line of joining,
co&(A+i ) ~~ and c04(A i ) ~ ~, and two as a result of
movement perpendicular to it, cot(E+) t 1 and co3(E ) T t,
generally with cot &c02&c03&c04]. However, if one of the
pair atoms is relatively heavier than the replaced host
atom, only two vibrational modes are to be observed ex-
perimentally. For this case, the block-diagonal G and
P matrices in different irreducible representations are ob-
tained using the symmetry coordinates of Table II(b).

3. Impurity complexes: Cq, or C, symmetry

A more complex model with orthorhombic symmetry
can be considered assuming an atom of mass defect
ei ——(M, —Mi)/Mi at a Ga site (i.e., 1) and a second
atom occupying the nearest Ga site (i.e., 6) in the [100]

l. Single substitutional defect: Te symmetry

Single substitutional defects in zinc-blende-type crystals
retain the full point-group symmetry Td. It is convenient
to express the full-size G and P matrices (15)&15) in
terms of a basis of "symmetry coordinates" which
transform according to the irreducible representations of
the tetrahedral group. It has been shown [see Table II(a}]
that the 15-dimensional irreducible representation I' of Tq
symmetry given in terms of Cartesian coordinates can be
reduced to
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TABLE II. Unnormalized symmetry coordinates for (a) a defect with Tq symmetry, (b) the NN pair
defect with C3„symmetry, (c) a defect center with C, symmetry, and (d) a defect center with C2„sym-
metry.

Atom
site E(l) F(1)

1
F(2) F(3)

1
F(1)

2
F(2)

2
F(3)

2

—C —C

—C

—C

—a
2a

—C

—C

—C —C

—a
—a —a

—a
—C

—C

—C

—C

Atom
site

(b)

E(1) E(2)

a
—2a

C

C

d

C

d
C

c —e
—C+e

2e
c+e
—2e

—c —e

f h-f+h—

—c —e
—c —e

d
2c

—C+e

2C

d
—c —e

f —h-
f —h-
—2g

2h
f+h
—2h

2ff+h—
2f

f+h—
direction with mass defect e6 ——(M6 —M6)/M6. The
point-group symmetry is Cz„ if e, =@6;otherwise it is C, .
If the force-constant changes are confined in the NN ap-
proximation, the size of the defect space will increase to
33 X 33 and the vector spaces formed by the displacements
of the impurity molecule and its neighbors may transform

according to the following irreducible representations [see
Tables II(c) and II(d)]:

I c, = 108,+68,~88,~9g,
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TABLE II. ( Continued).

Atom
site

Atom
site

b
—b

—C

—e

m

I
f-f—h

g

—h

10

f-
h —h

—C

I c ——19A)@1432 . (14b) III. NUMERICAL COMPUTATIONS
AND RESULTS

The impurity complex with Cq„point-group symmetry
can give rise to Ai, B„and 82 types of vibrations,
whereas in the C,-symmetry case both A~ and A2 types
of modes will be optically allowed. Since the degeneracies
are lifted, six impurity bands are expected in each ease of
the impurity centers with light defect atoms. A special
case of C, symmetry with a vacancy at site 6 (say) and

impurity at site 1 will lift the degeneracy of the impurity
oscillator at site 1 and one thus obtains three nondegen-
erate modes. Again the block-diagonal 6 and I' matrices
in each of the irreducible representations of point groups
C2„and C, are obtained using the appropriate symmetry
coordinates given in Tables II(c) and II(d).

~e have computed the bulk Green's-function matrix G
by incorporating phonons (eigenvectors and eigenvalues)
obtained from RIM11. ' The hypotheses adopted in de-
fining the perturbation matrix (cf. Sec. II) are those of
Refs. 44—47. The first case with one substitutional defect
involves five atoms with Td symmetry. The solutions of
Eq. (1) belonging to A i, E, Fi, and Fz irreducible repre-
sentations were carried out with t (or u) varying between
+ 1 and —1 (see Figs. 2 and 3) for cases when the defect

occupies the Ga and the As site, respectively. In most
cases with very hght impurities Eq. (1) gives only solu-
tions corresponding to vibrational modes of F2 symmetry.
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700

600-
E

TABLE III. Comparison of the calculated LVM's due to
several isoelectronic (i), donor (d+), and acceptor (a ) isolated
defects of comparable masses in various III-V and II-VI com-
pound semiconductors.

LVM's (cm)

500 System Expt. '
Calc. in
MDA

toru
relative change

in force constant

400
N

~~

300

0
FIG. 2. Calculated frequencies of the LVM's in the F2 ir-

reducible representation for various isolated defects occupying

Ga sites in GaAs as a function of the force-constant —change

parameter t; ~ represents the experimental data.

In Table III we have compiled the experimental data of
LVM's along with the t (or u) values for which the solu-
tions of Eq. (1) in the F2 representation occur in III-V
and II-VI compounds. This we believe will serve as a
good starting point to analyze the existing ir data of
LVM's for complex defect centers and also help obtain a
set of best-fit parameters which are physically realistic.
We consider the following cases.

A. Single substitutional defects

From the existing experimental studies in GaAs, there
is considerable evidence that silicon behaves like an am-

photeric defect: donor behavior when substitutional on
the Ga sublattice and acceptor behavior when it occupies
the As sublattice. In each case the point-group symmetry
is Td and the ir spectroscopy provides triply degenerate
LVM frequency near -399 cm for SiA, and near

GaAs:Al (i)
GaAs: Mg (a )

GaAs:25Mg (a )

GaAs:26Mg (a )

GaAs: Si (d+)
GaAs: Be (a )

GaAs 08 (i)
GaAs Li (a )

GaAs: Li (a )

GaAs P (i)
GaAs: Si (a )

GaAs 2C (a )

GaAs:"B (a )

GaP: Al (i)
G~P»Si (d+)
GaP C (a
GaP N (t)
GaPO (d+)
GaP"B (a )

ZnSe: Li (a )

ZnSe:Be (i )

ZnSe: Mg (i)
ZnSe:Al (d+)
Zn Te: Mg (i)
ZnTe:Al (d+)
ZnS: Mg (i)
ZnS:Al (d+)
CdTe: Mg (i)
CdTe:Al (d+)

361.6'
331.2'
326.2'
321.7'
384.0
482.0
540.2
482.31
449.61
354.8'
398.61
582.4
601.4
~A. 7
464.9
606.2
496.0

—199.0
624.5
412.0
450
334
358.91
260.5
313
377.5
438
245.0
299.0

389.42
411.01
403.37
396.20
382.51
659.04
624.07
850.10
816.07
314.51
324.02
443.10
457.61
484.71
478.11
515.05
485.03
461.54
531.02
695.03
553.05
333.35
327.80
253.26
245.90
358.90
356.81
286.11
275.91

'References 5—7.
'This work.
'High-resolution measurements (our data).

0.18
0.50
0.50
0.50

—0.03
0.63
0.33
0.89
0.89

—0.31
—0.54
—0.61
—0.607

0,23
0.08

—0.374
—0.03
-0.90
—0.37

0.97
0.51

—0.05
—0.30
—0.10
—0.51
—0.20
—0.76

0.36
—0.23

600—

E
500—

~ 400-I
~~
lg
V0

300—

0.6-1.0 0.0
U

FIG. 3. Same key as Fig. 2, but for defects occupying As
sites in GaAs as a function of force-constant —change parameter
Q.

-384 cm ' for Sio, in GaAs. Isotopically shifted
peaks have also been detected due to Sio, and Sio, (cf.
Table III). In the mass-defect approximation (MDA)
(neglecting changes in force constants, i.e., t =0 or u =0),
our calculations of the LVM due to a Si donor or acceptor
provide values smaller than the experimental ones. This
requires stiffening in the NN impurity-host bonding to
bring the local-mode frequencies into agreement with the
existing data. Table III also reflects a large variation of t
or u parameters, when we pass from isoelectronic (i) to
charged [donor (d+) or acceptor (a )] defect substitu-
tion of comparable masses in various semiconductors. A
comparison with the existing experimental data shows
clearly that there exists no correlation with the signs of t
or u and the size of the impurity-host atoms. After
analyzing more than eighty cases of LVM's due to substi-
tutional defects in fifteen semiconductors, we, however,
find the foBowing behavior for closest mass a, i, and
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d+ occupying III, (II) and V (VI) sites in III-V (II-VI}
compounds:

~ r [a iu (rr)
—r m (u) I & 0, softening

~r [dru (rr)
—iur (rr) j &0 stiffemng

5u [av ~vr~ iv—~vi~ I &0, stiffening

(15a)

(15c)

b, u [d v+
~ vr ~

i—v ~ vr ~ I & 0, softening . (15d)

(a} I I

Ge e+eGe Gae--@eAe Zn e--.-@y$e

Gay-. .....gp d

FIG. 4. Force-variation correlation with bond ionicity (co-
valency) in semiconductors: (a) perfect systems (Ref. 59). (b)
Imperfect systems (our observation). (c) Calculated electronic
charge-density contours for GaP and GaP:0 (Ref. 61).

Again, these trends are found independent of the long-
range Coulomb forces and we strongly argue that the
charged impurities in semiconductors affix:t only the
short-range forces uia redistribution of the electron charge
density. ss ~ To further stress this point, let us examine
the bonding mechanism in unperturbed host lattices. For
compounds from the same row, Ge-GaAs-ZnSe (or
Sn-InSb-CdTe), the covalent bonding is apparent in Ge,
where the charge is centered midway between the two
atoms. For partially coualent GaAs, the bonding charge is
displaced towards the As atom and, in partially ionic
ZnSe, nearly all the charge is centered near the Se atom
[cf. Fig. 4(a)]. If Al (i) is substituted for Ga in GaAs,
the Al—As bond is represented by a cloud of valence elec-
trons located near the As region. Replacing Al by an
acceptor 2 Mg (a ) will cause the electrostatic forces to
shift the electron cloud towards the As core, the bond be-
comes more ionic, and we observe its softening. On the
contrary, if Al is replaced by a donor sSi (d+), its addi-
tional positive charge will attract the electron cloud, in-
creasing the covalency of the bond and consequently we
observe its stiffening (see Table III). It can be noted that
for a, i, and d+ defects occupying the V (VI) site in
III-V (II-VI) compounds, the shift in the electronic charge
density and thus the change in the covalency of the bond
occurs in just the opposite way —a result in complete cor-
roboration with our calculated trends of force variations
[cf. Fig. (4b) and Table III]. To the best of our

knowledge, the only work where the electronic charge-
density contours are obtained both for the perfect and im-
perfect systeins is the recent calculations by Baraff
et al '. The authors of Ref. 61 have clearly shown the
shift of electron charge density towards the 0 donor in
Gap, causing softening in the Ga 0 bond [cf. Fig. 4(c)],
in full agreement with our observations. The present sim-
ple physical understanding of the bonding situation in
terms of the general magnitude of the "impurity-host pa-
rameters" ( t or u} will hopefully provide us with the most
productive means of establishing and identifying the rni

crostructure features of the defects and their relationship
to the optical experiments.

B. Ga isotopic fine structure of LUM's
due to B antisite defects in GaAs

Van Vechten was the first to predict theoretically the
existence of both self- (Aso„Gaz, ) and foreign (BA,) an-
tisite defects in GaAs. Using EPR measurements on sam-
ples grown from As-rich or stochiometric melts, Wagner
et al. have provided support for the As&, centers. Now,
there is a general consensus that As-rich GaAs materials
are electrically compensated by negatively charged CA, ac-
ceptors and by positively charged deep donors (AsG, ). In
recent years, ' ' ' a great deal of effort has been made in
seeking experimental evidence for the Ga antisite defects
and to examine the role of B impurities.

Detailed ir measurements and its analyses have led
Woodhead et al. 3 to argue that in addition to isoelectron-
ic Bz, defect lines (540 and 517 cm ') in GaAs, the
LVM's detected earlier (at 628 and 601 cm ') due to B(2)
centers actually arise from defects with antisite '

BA,
( BA, ) structure. Another experiment that supported the
analyses and provided direct evidence for the Bz, centers
iq the work of Gledhill et al. ,

' where the 601-cm
(628-cm ) transition has been resolved by t I'IR into
four or possibly five fine-structure lines. Comparison
with similar measurements by Theis et al. ' for Si„,and

CA, in GaAs concluded that the line at -601 cm ' ori-
ginates from "BA, and the fine structure arises from the
Ga isotopic masses in different NN configurations.
Again, the relative band strengths of the lines are directly
proportional to the natural abundance of the Ga isotopes
involved in various arrangements (see Table IV).

Considering an isolated impurity I (say B) on the As
site, IA„ there occur fiue isotopic combinations on the
four NN sites. From group-theoretic arguments, it can be
shown that there are nine lines —all allowed by the ir
selection rules (see Table IV). The probability of LVM
strength appearing in each line of different configurations
is also given in Table IV. The Green's-function theory
developed in the preceding section is applied to under-
stand the observed Ga isotopic fine structure in the
GaAs:"B system. The shifts in the LVM's due to Ga iso-
topic masses in GaAs:"8 are calculated considering ap-
propriate symmetry properties for each of the arrange-
ments confined to fiue atoms and using one perturbation
parameter value u = —0.607 (Table III). The results are
displayed in Fig. 5 and compared with the experimental
data of Gledhill et al. ' Despite the simplicity of the per-
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TABLE IV. Ga isotopic masses involved in different. NN configurations of the GaAs:"8 system. Considering the abundance of
the Ga as 60.4 at, %, the probability of the LVM's appearing in each configuration is also given.

System'

69 11Gag- BA,

69 11 71Ga3- BA,- Ga1

69 11 71Ga2- BA,- Ga2

69 11 71Ga1- BA,- Ga3

71 11Ga1- BAS,

Symmetry'

Td

C3„

C3„

Td

A1,E

A1,81,8P

A1,E

3 C (1—C), 3 C (1—C)

2C2(1 C)2 2C2(] { )2 2C2(1 C)2

3 C(1—C), 3 C{1—C)3

(1—C)'

0.116,0.233

0.114,0.114, 0.114

0.05, 0.10

0.0246

Probabihty factor for each of the LVM lines with C=0.604

0.133

'See the text and Fig. 6.

turbation models, the magnitude and the strength of the
calculated isotopic shift of nine lines coalescing to fiue
bands is in good qualitative accord with the t i'IR data.

C. "d+-a "silicon pairs in GaAs

The NN "d+-a " silicon pairs in GaAs exhibit C3„
symmetry and four LVM's are expected, two being longi-
tudinal and nondegenerate and tue transverse and doubly

lO
C
05

I ()

degenerate. The displacement of the pair atoms is sym-
metric in one longitudinal and one transverse mode
( A+, ,E+ ) and is antisyrrt metric in the other two
(A, ,E ). Earlier ir measurements have identified two
symmetric modes near 464 cm ' (Ai ) and 393 cm
(E+), while it is speculated that the bands observed near
367 and 369 cm ' belong to two other unidentified but
Si-related defects which shall be considered later in this
section. Although antisymmetric modes were not ob-
served, it was, however, erroneously thought 9' at one
time that the line near 367 cm ' was another Si-pair
mode.

In Fig. 6 we have displayed the results of our calcula-
tions for the LVM's in the MDA for Sio, paired with
other impurities on the As site in GaAs. It clearly shows
the possibility of the occurrence of four [cot(A+i ),
r02(E ), co3(E ), and ai4(Ai )] LVM's, if the impurity
masses are much smaller than the host lattice atoms (e.g. ,
28 jlSio,- B~„etc.). However, if one of the pair atoms is
heavier, the antisymmetric modes will fall into the band
continuum and only two modes are expected. At e2 ——0,
cot(A i ) =co2(E+), which provides the LVM frequency of
the isolated case (2 Siz, ) in GaAs. The effect of Fi2 on
the LVM's is also shown in Fig. 6. As expected, it mainly
affects the impurity modes related with the movement of

Ct "Si B

tv)

+~ &Ta
I

602 601 600
a&e number (cm')

E 520

480

g~ 440

400

360

o 320

QaAs: Si
C,=as

FIG. 5. Isotopic fine structure of LVM's in GaAs:"8 ob-
served under high-resolution FTIR spectroscopy (Ref. 16). Cal-
culated results [panels (i)—(v)] of LVM's based on the Green's-
function theory with models of Table IV. In the lower panels
the numbers 1,2,3, . . . , 9 represent the position and the relative
heights of the lines according to their probability of occurrence
(see Table IV): O, Ga;0, 'Ga;, "B.

i i I I I I

-Q6 -04 -02 0 G2 0.4 0.6 Qa

FIG. 6. Calculated LVM's due to Si occupying Ga sites and
paired with other impurities occupying As sites in GaAs. (a)
MDA ( ), (b) F12———0.24 ( ———), and (c) I", =+0.4
( —- —- —), t =u =F12——0.
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atoms along their line of joining, while the modes related
with the movement of atoms perpendicular to it remain
almost unchanged. All the vibrational modes are, howev-
er, affected with the variation of impurity-host parame-
ters (r and u).

Perusal of Fig. 6 reveals that there should occur four
LVM frequencies in the MDA for a 2 Si-pair defect in
GaAs. Because of the very high frequency of the ob-
served LVM at 464 cm ', it seems clear that this corre-
sponds to the A i mode and it is inferred that the force
constant associated with the bond-connected Si pair is
stronger than the bonds from the Si to the Ga or As
neighbors. Using the same values of force variations for
the isolated cases of Si defects (cf. Table III), one may ob-
tain Fi2 ———0.59, and with this stiffening in the Si-pair
bond we are able to reproduce the A+i and E+ modes in
excellent agreement with the observed ones. Again, the
same value of Fi2 provides results for the shift of the A

~

mode for Sio,- Si&„MSio,- Si&„and SiG,- SiA,
pairs at 455.2, 457.3, and 448.7 cm ', in good accord
with the recent high-resolution measurements of Theis
and Spitzer, which reported the values 455.8, 457.01,
and 448.7 cm ', respectively. With the present choice of
perturbation model, our calculations predict the E mode
near 323 cm ' and an Ai mode close to the maximum
phonon frequency of GaAs.

Let us now return to the absorption bands (at 367 and
369 cm ') which are believed to originate from separate
centers, each involving one silicon and a native (vacancy
or antisite) defect. Although there are no definitive inter-
pretations for these modes, the earlier ir data (low resolu-
tion) showed that the FWHM for the 367-cm ' band is
significantly smaller ( —1.5 cm ') than that of 2 cm
for the 369-cm ' line. By correlating the absorption
strengths of these lines to pre:ompensation values of car-
rier densities, the 367-cm ' line was best-fitted by assum-
ing it to be a donor, whereas the 369-cm ' line was fitted
by assuming it to be an acceptor, although this evidence is
felt to be statistically inconclusive. M Recent high-
resolution I" i'IR measurements of Theis and Spitzer
find no splitting in the former (367 cm ', A band) line,
which retained a width of about —1 cm ', while the
latter band is split into three resolved components (368.31
cm ', B line; 369.53 cm ', C line; and 370.7 cm ', D
line). From a variety of evidence, including the large
FWHM of the A band near 367 cm ', it was concluded
that the SiA,-Aso, defect was the most probable, as this
would create an (unresolved) broadening of the A line due
to combinations of the three NN Ga isotopes to such a
center and, furthermore, would have a donor behavior.
Newman has, however, claimed very recently that he has
resolved the 367-cm ' band into a doublet which is com-
patible with its identity being SiG„-GaA, with two isotopes
of Ga creating the two features in the doublet. Contrary
to the observed electrical nature, such a pair would have a
net acceptor behavior. Finally, very little has been specu-
lated about the identity of the B-C lines (the former Si-Y
center at 369 cm '), except that since they occur only in
electron-irradiated or Cu-compensated silicon-doped sam-
ples, involvement of native vacancies is possible. (The
367-cm ' LVM appears in all samples, regardless of com-

As 28).

520E

c 480

K 440

o 400
' 360

320

GaAs:5i

$2= 0.626

~ A
~ ~ ~ a ~ el o ~ ~ + ~+ ~ +'+

-06 -0.4 -02 0 02 OA Q6 08 1

FIG. 7. Same key as of Fig. 4, but for 'Si occupying As sites
and paired with other impurities occupying Ga sites in GaAs.
(a) MDA ( ), (b) F&2 ———0.3 {———), and (c) F» ——0.3
( ———), t =u =F)p ——0.

TABLE V. Ga isotopic fine structure of LVM's (bands
B,C,D) observed {see text) in the high-resolution FTIR measure-
ments (probably) due to the Si&,-AsG, pair defect in GaAs.

Defect
center

LVM's {cm ')
Expt. ' Calc.b

Gap- Slg -ASG

69 28Ga2- Si&,-Aso,
+

7IGa

'Ga2- SiA,-AsG

+
Ga,

'Gag- SiA,-AsG,,

D: 370.7

C: 369.53

8: 368.31

370.3

370.12, 369.91

369.69, 369.50

368.94

'Reference 30.
See text for details of this impurity modei.

pensation method. )

Using the Green's-function theory (cf. Sec. II), we have
evaluated the possibilities of the occurrence of impurity
centers with antisite defects, proposed to be responsible
for the 367- and 369-cm ' bands. In the MDA our re-
sults for the impurity center Sio,- Ga&, provide two
nearly identical frequencies (Ai Eat =3—8—3 cm ') (cf.
Fig. 6). The Ai mode shifts on the high-frequency side
with stiffening in the "pair bond" (i.e., with F&2 g0),
while with softening (i.e., Fti & 0) it lowers with respect to
the E mode which remains almost unchanged. With
Fii ——0.13, a softening in the "pair bonding, " the A+&

mode matches exactly to the 367-cm ' band while the
E+ line remains close to the 383-cm ' frequency (the
LVM frequency for the isolated Sio, in GaAs). Chang-
ing Ga~ 'Ga in the above pair defect lowers the A~
mode frequency by 0.12 cm ', supporting the observation
of a doublet for the 367-cm ' LVM. Similar to Fig. 6,
the impurity modes due to Si~, paired with other defects
on the NN Ga site are also displayed in the MDA (see
Fig. 7). Assuming a self-antisite-defect Aso, in the pair
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SiA,-Aso, will leave four possibilities of random popula-
tion of three NN Ga sites to SiA, by the two Ga isotopes
corresponding to Ga3, Ga2+ 'Ga&, Ga~+ 'Ga2, and

Ga3 For the defect ( Gai- Si&,-Aso, ), our calculations
in the MDA provide two modes with nearly identical
values ( A+, =E+ at 323 cm '). The A+, -mode frequency
shifts to the higher value with stiffening in the pair bond-
ing, leaving the E+ mode nearly unchanged at 323 cm
With Fit ———0.56, our results for the Ga isotopic effect
in the above pair-defect vibrations are reported in Table V
and compared with the ir (high resolution) data of Theis
and Spitzeric for the 369-cm ' features.

D. "Si-Li"pairs in GaAs

When Li is used to compensate $i-doped GaAs, LVM's
due to "Si-Li" pairs have been observed. M The Si and Li
atoms are assumed to be on the second-neighbor Ga sites
and the pair defect has a C, symmetry. Six LVM's are
observed by ir spectroscopy and are attributed to three
(405, 379, and 374 cm ') predominantly Si modes and

three (455, 448, and 438 cm ') Li modes, as determined
by the isotopic frequency shifts when 7Li~6Li and

Si~ Si. It should be noted that the Li modes in the
"Si-Li" pair are at higher frequencies than the Si modes,
but not as high as one would predict in the MDA (see Fig.
2). With a perturbation relationship v = —,

' g,. , v;, one
can approximately calculate the perturbed frequency v of
a defect in terms of its split frequencies v;, and this pro-
vides values at 385.51 and 446.49 cm ', respectively, for
'SiG, and LiG, in GaAs to be compared with the experi-

mental data at 383.68 and 449.64 cm
From Fig. 2 we have estimated the NN force-

constant —change parameter (t =0.89) for GaAs: Li, and
with this value it is found that the LVM frequency shifts
to 482 cm ' for Lio„ in close agreement with the experi-
mental results of Theis and Spitzeric of 482.13 cm '. To
describe the vibrations of Si-Li pairs in GaAs, we find
that only three ( t, u, u) out of fiue parameters are necessary
to provide the best fit to the observed LVM's (see Table
VI). Included in this table are experimental values for
other isotopic combinations in addition to the previously
reported ( Lio,- Sio, ) LVM's.

TABLE VI. Localized vibrational modes due to Li-Si pair
defects of C, symmetry in GaAs at 80 K. The results of the
Green's-function theory (see text) are also given for comparison.

System

Llctt- S1Ga

LVM's (cm '}
Expt. Calc.~

454.19
447.39
437.75
404.84
378.19
372.72

453.20
449.61
441.50
405.01
379.63
372.10

A)
A2

A)
Ap

Llo~ SlGa

L1G, - Slo

Lit-,- SiG,

454.19
-447.0

437.73
391.67
369.56
364.37

487.11
479.88
469.47
404.88
378.23

-374.0'

487.11
479.88
469.47
393.79
367.92
362.47

453.17
449.43
441.48
392.31
371.03
365.13

484. 13
480.01
474.81
405.70
379.81
374.0

484.07
479.96
474.70
392.82
371.30
365.20

Ai
A2

Ap

A)
A2

A)
A)
A2

A)
A2

A)
A2

A2

Al

'Reference 30.
"Interference from SiG,- SiA, makes exact determination im-
possible.
'Interference from SiG, line.
See text for details of this pair-defect model. The parameters

fitted were t =0.91, u = —0.70, and U =0.11. Alternately, this
can be expressed as t =0.91, E&2 ——0.847, F26 ———0.513, and
U =0.11.

IV. DISCUSSION AND CONCLUSIONS

In contrast to the earlier findings of Gaur et al. , we
have noted that the relative variations of NN forces are
large even for isoelectronic defects and quite appreciable
for charged defects in compound semiconductors. Bello-
monte has suggested a possible size effect for the
large softening in GaAs:8, as the covalent radius of 8
(0.88 A) is much smaller than the replaced Ga (1.26 A)
atom. Although we do find appreciable softening for 8 in
GaP and GaAs, stiffening is indicated for 8 in InP. Fur-
ther evidence that the size of substitutional atoms does
not dominate bond strength can be found for N and C in
III-V compounds, both of which have radii smaller than
B. Vfe, on the other hand, propose empirical relationships
[Eqs. (15a)—(15d)] which provide correction to the force
constants for closest mass isoelectronic defects and impur-
ities carrying static charges. Typically, the absolute
values of the relative variations of ht and bu for single
charge (a,d+) and isoelectronic (i) defects producing
LVM's in all the II-VI and III-V compounds are found to
lie well within 15—35%. On the other hand, for double
charge (a, e.g., Li) and isoelectronic (i, e.g., 8) defects,
we find that the value of the force variation b,t is approxi-
mately twice as large as for the single-charge Be and
isoelectronic 8 occupying Ga site in GaAs (cf. Table III).

From Eqs. (15a)—(15d), it can be noted that there is a
net correlation between the force perturbation and modifi-
cation of the bond ionicity (or covalency). It is already
shown qualitatively that the increase or decrease of the
force variation due to charged impurities varies in the
same sense as does the increase or decrease of the covalen-
cy of the bond. The impact of the increasing or decreas-
ing bond ionicity on the interatomic forces may be deter-
mined from its comparison with the short-range coupling
between first neighbors (parameters A and B) as obtained
from the lattice dynamics. In Fig. 8 we have plotted A
against the interatomic distance rc for various elemental
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FIG. 8. Variation of the NN force constant A of RIM11
versus interatomic separation ro for various I-VII, II-VI, III-V
and IV-IV crystals.

and compound semiconductors. Similar behavior is no-
ticed if 8 versus ro is plotted. From Fig. 8 it is apparent
that the two parameters are important for characteriza-
tion of the coupling: bond ionicity and bond length. It
can be noted that (a) in groups II-VI, III-V, and IV-IV the
coupling decreases slowly with increasing bond length,
and (b) for compounds in the same row, e.g., Ge-GaAs-
ZnSe-CuBr, the bond length is practically constant but the
coupling A decreases slowly with increasing ionicity or
decreasing covalency. This behavior provides added sup-
port to the fact that the increase or decrease of force per-
turbation due to charged impurities varies in the same
way as the increase or decrease of the covalency of the
bond.

In Fig. 5 the calculated splitting pattern of LVM's in
GaAs:"B is compared with the WI'IR measurements of
Gledhill et al. ' Despite the simplicity of the perturba-
tion models, the magnitude and the strength of the calcu-
lated isotopic shifts of nine lines coalescing to five bands
are in good qualitative accord with the ir data. This not
only shows the reliability of the Green's-function method,
but also demonstrates its superiority over the perturba-
tion and the cluster-Bethe —type calculations3s where ad-
ditional force-variation constraints are used (sometimes
with no physical meaning) to match the observed isotopic
shifts. Although Woodhead et al. have provided con-
vincing evidence that the LVM frequency at 601 cm
(628 cm ') originates from the "BA, (' BA, ) antisite de-
fect in its single negative charge state, the BA, defect,
however, can have B~, or BA, states, depending upon the
position of the Fermi level. As pointed out earlier for sin-
gle charge (a ) and isoelectronic (i) defects in GaAs, the
relative variation of hu should be of the order of ——0.3.
Table III indicates that this is indeed the case for "B~„
'

CA, (acceptors), and Pz, (isoelectronic) impurities.
Again, it has been found that the LVM's for BA„'BA„

Cz„and CA, form an almost linear sequence with the
mass-defect parameter. The implication of all this is that
the impurities in the tue centers (Bz, and CA, ) are present
in the same charge state, providing added support to the

arguments by Woodhead et al. From our analyses of
force variations due to charged defects, we expect LVM's
to occur at -663 and -533 cm for B~, and BA„
respectively. Because of the low background absorption,
the mode of BA, (should it exist) should be detectable,
while the line due to "BAs would be obscured due to its
probable occurrence in the region of high lattice absorp-
tion.

From the ir measurements in Si-doped GaAs, it is ap-
parent that the linewidths and peak frequencies of the
bands at -464 and 393 cm ' are not influenced by any
charge compensation, suggesting that the modes are relat-
ed with the NN "d+-a " Si-pair vibrations. Our calcu-
lations have suggested that the band near -464 cm ' is a
singly degenerate axial stretching mode with A

~
symme-

try and the one at -393 cm ' is the doubly degenerate
mode with E+ symmetry. As stated earlier, the lines near
-367 and 369 cm ' do not correlate in strength to the
known pair absorption bands at 393 and 464 cm
respectively, and therefore cannot be related to the Si
pairs. From the analyses of recent high-resolution ir data,
it is believed that the modes at 367 and 369 cm are ori-
ginating from separate centers, each involving one silicon
and a native defect presumably SiG;GaA„SiA, -Aso„
or Si vacancy center. With E&z ——0.13, a softening in the
"pair bonding" in the defect center Sio,- GaA„our
Green's-function calculations provide an A+~ mode at 367
cm ' in close agreement with the ir data and give the E+
line (at 383 cm ') near the LVM freeIuency of the isolat-
ed ~sSio, in GaAs. Changing 6 Ga-+ 'Ga lowers the A &-

mode frequency by -0.12 cm ', which provides for a
doublet when the 367-cm ' band is completely resolved
If the defect center SiA,-Aso, is considered responsible
for the 369-cm band, there will be four possibilities of
random population of three NN Ga sites to SiA, by the
two Ga isotopes which will provide shift in the A+& band
(see Table V). With F&z ———0.56, the Ga isotopic shift in
the A+& modes are in good agreement with several of the
features of the resolved 369-cm ' band. 3 We further
predict the possibility of another band (E+ line) to be
detected near -323 cm '. Except in a unique Li-
diffused sample where a line does appear near 328 cm
the measurements performed by Theis and Spitzer on
the other thirteen samples have failed to reveal any related
structure near this frequency region. Although the simple
models proposed here to understand the origin of 367- and
369-cm ' bands do explain most of the features observed
in the high-resolution I lIR measurements, there still
remain, however, some questions to be answered. One ob-
vious problem is the electrical character: Correlations of
absorption strengths after compensation to precompensa-
tion carrier densities have indicated donor behavior for
the 367-cm ' band and acceptor behavior for the 369-
cm ' band, which is exactly counter to the identities of
these centers being Si&,-GaA, and Sih,-As~„respectively,
as indicated by the Green's-function calculations. A
second problem is the apparent absence of the line (near
323 cm ') proposed in the theory but not found in the ab-
sorption spectrum. Careful irradiation and annealing in-
vestigations are therefore very much needed to clarify the
above points. Finally, to accept the theoretical models
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proposed for the 367- and 369-cm ' bands, we believe
that ir measurements regarding the influence of uniaxial
compression will further help in assigning at least the
symmetry of the defect centers.
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