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Long wavelength lattice dynamics of the quaternary alloys Ga;_,InP,_,Sb, and

Al xGal _ xAS },Sb 1

-y

have been investigated. The optical phonons show a four mode behavior in

Ga,_,In,P,_,Sb, and a three mode behavior in Al,Ga, _,As,Sb,_, over the composition ranges -
investigated. An average random cell model is used to describe the behavior of the optical
phonons of both systems. The calculations of the dependence of the long wavelength optical
phonon frequencies on solid composition are in good agreement with the experimental results.

1. INTRODUCTION

The behavior of optical phonons in disordered systems
is of special interest in view of the many fundamental as-
pects of lattice vibrations involved. Until now, most well-
studied disordered systems were ternary alloys of the type
AB,C; . .| Investigation of the phonon modes for quater-
nary alloy systems leads to a better understanding of pho-
non behavior in general. In this article, we describe for the
first time the phonon behavior in the quaternary alloys
Ga,_,In,P,_,Sb, and Al,Ga;_,AsSb;_,

The III-V quaternary alloys Ga,_,In,P,_,Sb, and
Al,Ga,_,As,Sb,_, have been grown by organometallic
vapor phase epitaxy.”® The lattice dynamics of these two
quaternary alloys have been investigated using Raman
scattering measurements.*® The Raman spectra for
Ga,..,In,P;_,Sb, show a four mode behavior. Table I

summarizes the experimental result of the phonon frequen-
cies for the Ga,_,In,P;_Sb, system extracted from the
measured Raman spectra in Ref. 4. The Raman spectra for
Al,Ga;._,As,Sb;_, show a three mode behavior over the
composition range investigated. The phonon frequencies
extracted from the measured Raman spectra in Ref. 5 for
Al,Ga, ,AsSb,_, alloys are shown in Table IL.

Several models have been proposed in an attempt to
explain the observed phonon behavior of mixed alloys. The
theoretical calculations are based on phenomenological
models such as the virtual crystal,6 linear chain,’ cluster,®
coherent potential approximation,” and random element
isodisplacement models. 10 Most of these models have
been proposed for ternary alloys. The generalization to
quaternary systems is limited by the increase of complexity
and the lack of experimental data. Thus, only a few models
have been generalized to quaternary systems. The cluster
calculation has been done for GalnAsSb by Redfield and
Dow.!! However, no comparison to- experimental data
was given. The linear chain calculation was done for
AlGaAsP by O’Hara et al.'* Again, no comparison to ex-
perimental data was given. Self-consistent coherent-
potential approximation calculations have been done by
Kleinert for Al,Ga,_,AsP;_,, Ga._,clnl_xPyAsl,_y,]3 and
Al Ga,_ xAs}Sbl_y.H No comparison between calculated
results and experimental data was given. The average #-
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matrix approximation has been applied to the
Al (Ga;_,In,), ,P system by Sen and Hartmann.'> The
agreement between the calculated results and the data from
infrared reflection measurements is not very consistent.
The random element isodisplacement (REI) model calcu-
lation for Ga;_,In,As,Sb,_, was done by the present au-
thors.'® Good agreement with the experimental results was
demonstrated. However, the direct generalization of the
REI model to four mode systems is difficult. A modifica-
tion of the REI model, the random cell isodisplacement
(RCI) theory, has been proposed by Zinger et al'?
and Inoshita'® to treat the lattice dynamics of
Ga,_,In,PAs,_, alloys. The results are in good agree-
ment with the experimental data. In this article, a2 modifi-
cation of the random cell isodisplacement model is used to
treat the phonon behavior of the Ga;_,In,P,Sb; , and
Al,Ga,_,As,Sb,_, quaternary alloys.

Il. THEORY

The random cell isodisplacement model begins by ran-
domly dividing the crystals into different cells similar to
the crystal bonds. Each cell has one group III atom and
one group V atom. For the A,B,_,C,D,_, type quaternary
alloys, there are four different types of cells corresponding
to the four different binary bonds. The model assumes that
the displacements of the same types of cells are the same,
independent of the position of the cell in the crystal. The
displacement of the group III atom in cell i is denoted
U,y and the displacement of the group V atom is denoted
U,v. We now consider the equation of motion for a group
III atom in cell i. It can be written

4
MmUm=F{(Uyy— Uy + 'zx PF;m(Uym
=

4
— Ui + 21 PFyv(Uiv—U;m),
J=

where the first term is due to the force of the group V atom
in the same cell. The second term is due to the average
results from group III atoms in cell type j. The coefficient
P; is the probability of cell j occurring in the crystal. The
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TABLE 1. Measured phonon frequencies for Ga,_,In,P;_,Sb, alloys (units: cm™').

x ¥ GaP-LO InP-LO GalnP-TO GaSb-LO InSb-LO 1nSb-TO
0.19 . 017 385 347 236 222 —
0.24 0.16 383 362 340 235 184
0.32 0.14 382 364 339 234 196 181
0.42 0.17 379 359 333 229 199 —
0.61 0.05 375 353 320 223 201 —
0.66 0.08 370 353 319 221 199
0.65 0.24 354 344 322 222 196 -
0.69 0.26 353 339 310 220 193 187
0.70 0.27 354 344 313 -
0.93 0.42 330 313 194 181
0.39 0.02 388 368 333
0.43 0.07 385 365 332 232 201
0.81 0.12 342 314 217 194
0.84 0.18 344 313 195
0.80 0.21 341 308 196
0.75 0.22 382 366 328 233
0.22 0.88 322 230 —
0.92 0.93 297 204 188

third term is due to group V atoms in cell j. To simplify the =~ mode, can be decoupled from d;, which describes the opti-
equation, we introduce the center of mass coordinates D;  cal mode. We rewrite the equation of motion for d; as
and d,

4
wid=—Fidi— X P;Fyd;

V=Dt ri__
LI — & (Mi,II[ +Mi,V) i 4
— Zl PJF‘Z,(Z',—*—@, Eeﬂ"
j=
U= ___.(M_m)_ d: where the last term is included to represent the long range
b Y (Mpn+ M) Y Coulomb force due to an effective field induced by the

lattice vibration, which gives rise to the LO-TO splitting. ¢;
where M,y is the mass of the group V atom in cell /. D;is  is the effective charge of the atoms in cell / and E.4 is the
the center of mass for cell / and d, is the relative displace-  effective local field, which can be expressed by the atom
ment of atoms from this center of mass. After substitution  displacements as'®
into the equation of motion, we have

Eeﬁ-=k z P{é{di.

4 4
Mi,lllbi+#i di= —F?d:—‘ zl Pngj dj— zl PjF:Z'ij k is a constant given by
j= j=
4N (e +2
4 4 =3 ( 3 ) for TO modes,
— 2 BFydi— X PF; D,
=1 =1 8N (e, +2

) . =—"3" ( 3 ) for LO modes.

where the F”s are the renormalized force constants. Now, €o

we assume the motion of D;, which describes the acoustic By substituting these expressions into the equation of mo-
tion for d, we obtain the secular equation:

4 4
TABLE II. Measured phonon frequencies for Al,Ga, . ,As,Sb, _, alloys —o’u;d= —f?di~ > P F 31 di— z PjF?j d;
(units: cm™"). J=1 J=1
4
x ¥ AlAsSb-LO  AlAsSb-TO  GaAsLO - GaSb-LO + E kPye e, d,.
074 098 391 359 260 =1
0.66 092 386 358 258 240 A similar expression has been obtained by Inoshita'® by
0.63 076 374 347 252 234 spatially averaging over the harmonic Hamiltonian for
G46  0.53 - 338 245 229 ixed all
037 032 347 330 244 230 mixec alloys. . .
02 0 323 233 The force constants needed in the calculation can be
obtained from the boundary conditions. Assuming P,=1
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TABLE III. Parameters used in the random cell isodisplacement calculation.

Lattice constant 1O TO
Compound {A) (em™Y) {em™h) €,
GaP 5.451 403 367 8.5
GaSh 6.09 237 227 14.4
InP 5.869 347 #0306 9.79
InSb 6.479 197 165 15.7
AlAs 5.66 402 364 8.5
GaAs 5.653 292 268 10.9
AlSb 6.136 340 319 9.88

Impurity mode phonon frequency {units: cm ™' )*

GaP@InP:390 InP@GaP:330
GaP @ GaSh:324 GaSb@ GaP:240
GaSb@InP:220 GaP@InSb:317
AlSb@ GaSh:317 GaSb@ AlSb:215
GaAs @ GaSh:240 GaSb@ GaAs:242
GaAs@ AlAs:242 AlAs@GaSb:317

GaSb@ InSb:199 InSb @ GaSb:185

InP @InSb:294 InSb@InP:196
InP @ GaSh:322 InSb@ GaP:184
AlAs@GaAs:356 GaAs@ AlAs:252
GaAs@AISb:215 AlSb@GaAs:364

*(GaP@® InP means the GaP impurity mode in the InP host crystal.)

and P;=0 for other cells j+, the equations can be solved,
yielding four solutions. The first one has the form
o F{+FitFitke]
Oy~ - ’
H
which represents the optical phonon frequency for the bi-
nary compound I. The other three solutions have the form
0, 3
2 FIJ +F

W=
1 b
¢ Hi

which represents the impurity mode induced by adding
impurity cell j into the binary compound 7.

With the knowledge of the phonon frequencies dis-
cussed above, the diagonal part of the secular equation can
be rewritten as the combination of the phonon frequencies.
The secular equation becomes

4
( > Pﬂ”?k_mz)éii‘{'Pj(
Ko 1

This is the equation used in this article. The force constants
F,f, are obtained by fitting the calculated results to the ex-
perimental data for the boundary ternary alloys. All pa-
rameters needed in the calculation are listed in Table III.

Det

F}j—ke,- ej)

i

. RESULTS
A. Ga,_Jn,P,_ Sb,

Due to the two degrees of freedom in composition for
quaternary alloys, it is not possible to represent the phonon
frequencies over all compositions of the alloys in a single
two dimensional figure. To simplify the task, samples were
selected having a linear relationship between the com-
positions x and y, i.e., the samples lie near a straight line in
the square composition figure. For Ga;_,In,P,_,Sb, al-
loys, the samples are collected into two groups. The first
group is grown nearly lattice matched to GaAs substrates.
Thus, the compositions follow the linear relationship y
=0.22-x/3.4. The frequencies of the optical phonon
modes as functions of the composition, x, are shown in Fig.
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1. The curves generated from the. RCI model follow the
experimental results quite well. The second group of sam-
ples has compositions following the equation y=0.627x
—0.157. The curves of phonon frequencies versus alloy
composition for these samples are shown in Fig. 2. Again,
the agreement between the calculated results and the ex-
perimental data is excellent. The random cell isodisplace-
ment model is demonstrated to be a useful model for in-
terpretation of the phonon behavior of the
Ga,_,In,P;_ Sb, quaternary alloy system.

B. Al,Ga,_,As,Sb,_,

The Al,Ga,_,As,Sb,_, samples were chosen so that
the compositions x and y satisfy the relationship x=0.55y
+0.2. The relation between Raman peak frequency and
sample composition is plotted in Fig. 3. Because the pho-
non behavior of AlAsSb ternary alloys has not been re-

400
————— GaP-LO
8 g\ﬂx
T y —___®—mP-LO
§ . i
= 39 GalnP-TO
=
[72}
z GaSb-LO
8 A £
3 1Y
g 200 g = B
I ———— 8¢
c InSb-LO
:
@
100 —_——
0 02 04 06 0.8

Composition X,

FIG. 1. Optical phonon frequencies vs composition for Ga,_ JIn,P,_ Sb,
with the compositions x and p related by y=0.22—x/3.4. Solid curves
are calculated by the random cell isodisplacement model. Discrete nota-
tions denote the experimental results extracted from the Raman spectra
in Ref. 4.
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FIG. 2. Optical phonon frequencies vs composition for Ga, _ In,P,_ Sb,
with the compositions x and y related by the y=0.627x—0.157. Solid
curves are calculated by the random cell isodisplacement model. Discrete
notations denote the experimental results extracted from the Raman spec-
tra in Ref. 4.

ported, a few assumptions are needed to calculate the pho-
non behavior of the AlAs and AlSb modes. Raman spectra
over all available samples show only one LO peak in the
wave number region between the AlAs and AlSb modes.
Thus, we assume that AlAsSb is a one mode system; or at
least has only one mode over the observed area. We treat
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FIG. 3. Optical phonon frequencies vs composition for

Al,Ga;_,AsSb,_, with the compositions x and y related by x=0.55y
+0.2. Solid curves are calculated by the random cell isodisplacement
model. Discrete notations denote the experimental resulis extracted from
the Raman spectra in Ref. 5.
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the RCI model for a one mode system in the following
way: First, the impurity modes are assigned as the lowest
LO and highest TO modes between the two boundary bi-
nary compounds. The phonon frequencies for the one
mode system are chosen as the highest LO and the lowest
TO modes calculated by the random cell model. A similar
method in the random element model is discussed by
Chang and Mitra.! The results calculated by this method
are found to agree well with the experimental data.

IV. SUMMARY

The random cell isodisplacement model has been
used to calculate the behavior of the optical phonons
in the quaternary alloys Ga;_,In,Py_Sb, and
Al,Ga;_,As,Sb,_,. The model is applicable for both four
mode systems, such as Ga,_,In,P, Sby, and three mode
systems, such as Al,Ga;_,AsSb; , The predicted fre-
quency dependencies of the long wavelength 1.O and TO
phonons on solid composition agree well with the experi-
mental data for both systems.
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