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Lattice vibrations and phonon-plasmon coupling in Raman spectra op-type Ing s4Gag 47AS
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Raman spectra gi-type In, s{Ga, ,/As with doping levels ranging fromp=2x 10" to 5x 10'° cm™2 have
been investigated. Analysis of the Raman line shape and its dependence on the free-hole density demonstrates
four-mode behavior of optical phonons. Based on the oscillator strength and Faust-Henry factors of the optical
phonons determined from the Raman data, and lattice-dynamic calculations of the phonon dispersion relations
in ordered structures of InGajswe show a relationship between the observed four-mode behavior and
short-range order phase-separation eff86163-182607)10807-4

[. INTRODUCTION cases, such as-type AlLGa _,As (x=0.1-0.9 (Refs. 13
and 14 and relaxed Ip,Ga gAs (Ref. 16§ grown on GaAs.

In piezoelectric cubic semiconductors longitudinal com-The PPM Raman line shape of lattice-matchedG¥, _ ,As
ponents of polar opti¢dipole active vibrations interact with  could be described by a two-mode model, while a three-
plasma vibrations of free carriers created by donor or accepnode model was used for lattice-mismatcheg (Be, gAs.
tor doping® These vibrations are strongly coupled when theThe additional dipole active mode in the phonon spectra of
plasma frequencyd,) is close to the frequency of longitu- InyGa gAs was identified as the vibration of a partially or-
dinal optical phononsd, o) leading to a strong dependence dered phase of InGaAs$
of the infrared dielectric function on free carrier density. At  The alloy of Iy s8Ga, 47AS, lattice matched to InP, is well
high doping levels, whemw > w| o, the electric field respon- suited for the investigation of the relationship between the
sible for the longitudinal-transverse splitting of the optical microstructure and lattice vibrations. Phase separation effects
vibrations is completely screened. In other words, neglectingn this alloy, widely used for optoelectronic devic€sare
local field effects the frequency of screened longitudinal well documented® Transmission electron microscopy of ep-
optical (LO) phonons is the same as that of transveig®) itaxial layers grown on(001) substrates shows a fine-scale
ones. The coupled modes are called phonon-plasmon modspeckle microstructure aligned along {i®0] and[010] di-
(PPM). They can be observed directly in Raman scatteringections. The period of modulation varies from 5 to 10 nm,
spectra of doped semiconductdts. depending on the growth technique and conditions. It is as-

Raman spectréRS) from PPM have been studied in de- sumed that the modulation results from variations, on the
tail in binary zinc-blende semiconductors having a singleorder of a few percent, in the average alloy composition.
dipole active phonofl.It is well established that RS from Raman scattering of undoped, 3Ga, 4/As has been in-
PPM strongly depend on the plasmon damping, light scattevestigated previously and the spectra fr@@01), (110, and
ing mechanisms, and the scattering wave vector. Such spett1l) surfaces have been reporl?éd?eln the spectral range
tra provide information about the dependence of the freeof 200-300 cm' the RS consist of several overlapping
electron gas susceptibility on the frequency and wave vectdpands. The identification of the bands was done in terms of
and can be used for measurements of density and mobility dfvo-mode behavior of optical phonoAs.?°That is, the InAs
free carriers. and GaAs-type longitudindLO) and transvers€rO) optical

Novel aspects of phonon-plasmon coupling arise in terphonons have been identified in the spectra. An additional
nary and multinary semiconductor alloys. Here, the spectrunband, at 244 cm, which did not fit the two-mode behavior,
of the dipole active vibrations becomes more complicatedvas also observed. The presence of this band was attributed
due to disorde?, phase separation, and spontaneoudo alloy disordering.
ordering 8 effects. Investigation of the RS dependence on The goal of our study of RS gi-type Iny s8Ga, 4AS is to
free-carrier density allows for identification of the longitudi- identify the dipole-active optical modes and to establish a
nal and transverse components of the dipole active vibraeorrelation between the phonon spectra and phase-separation
tions, which in turn permits identification of specific lattice effects. The RS dependence on free-carrier density, together
distortion effects. However, while the experimental spectra with molecular modé€lcalculations of the Raman line shape,
of a variety of IlI-V semiconductor alloys with varying is used to separate out the longitudinal and transverse com-
doping, n-Al,Ga,_,As (x=0.1-0.3 (Refs. 9-13 and (x  ponents of optical vibrations in g 4/AS. Our analysis
=0.5-0.8 (Ref. 14, p-Aly,GaAs,’® n-Ing,GagAs,’® shows a four-mode behavior of lattice vibrations of
p-Ing :Ga, As,” n-Gay sIng P,18 have been investigated, the Ing 55Ga, 47As. The oscillator strengths and Faust-Henry fac-
PPM Raman line-shape analysis and identification of the ditors of I s4Gay 4AS optical phonons are determined from
pole active vibrations have been performed only in a fewthe RS. The alloy lattice vibrations are analyzed from the
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TABLE |. Parameters op-Ing s§Gay 4/As samples. respectively. In the coefficien(jzcjsj’l, S, is the oscilla-
: tor strength, andC; is the Faust-Henry coefficient normal-
Sample Free-hole density ized to the total number of bonds. The fac®y is propor-
identification (10717 cm3) tional to the ratio of the deformation potentiatl(;)and
Hall Raman electro-optic (Ig) contributions to the electronic polarizabil-

ity of the crystal.

N1 26 The phonon susceptibilities are calculated from

N2 12 8 (50

N3 100 200(900) Xi=Si(@10) [ (w10)*~ @*—iwy]] 7",

N4 500 500(350 2

&/alues of the plasma damping constafits cm™1) are given in
parentheses.

szl:(l.;.[j [(wLOk)Z_(wTOj)z][(wTOk)z

_(wTOj)Z]il(wTOj)iza
point of view of the lattice dynamics of the simplest orderedyere wTo; (wL0)) is the frequency of the transvergengi-

structures of InGaAs The possibility of a relationship be- tudinal) optical phonon and; is the phonon damping con-
tween the observed four-mode behavior and phase separatigtant.

together with short-range order effects is discussed. The expression for the free-hole susceptibility of a zinc-
blende semiconductor contains three contributions from
Il. RAMAN LINE SHAPE intra- and inter-valence-band transitions within the light- and

heavy-hole bands. In the calculation of the plasmon suscep-
The samples were grown by metalorganic moleculariibility we account only for the contribution of the intraband
beam epitaxy on(100)-oriented InP substrates and dopedheavy-hole transitions. This is justified by the low density of
with Be3® The doping levels varied fromp=2x107to 5 light holes. Good fits to the PPM line shape can be obtained
x 10 cm™3, as determined by Hall measurements. Thewith this assumptioﬁ‘.‘ The intraband heavy-hole contribu-
sample parameters are listed in Table I. The In content wation was calculated using an expressibbased on a hydro-
measured by x-ray diffraction. Room-temperature Ramaflynamic model:
spectra were obtained with a 2.41-eV argon laser line exci- 20 2 o -1
tation. Backscattering geometry in théxy)z~ polarization Xel@.q) welo”—3BrEq-Twye) @
was used, wher,y,z correspond t¢100], [010], and[001] ~ Where the plasma frequene=(4mep)/ (..M, p is the
crystallographic directions, respectively. In this polarizationfree-hole densitymn,, is the heavy-hole effective masg, is
Raman scattering from LO phonons and PPM is determinethe plasmon damping, v¢, andq are the electron charge,
by the deformation potential and the electro-optic Fermi velocity of holes, and the scattering wave vector, re-
effect?3132 The exciting light penetration depth for spectively.
INg s:Ga 4AS is equal toa™1~40 nm, wherea is the ab- The screening of the longitudinal-transverfeO-TO)
sorption coefficient® On the other hand, the surface deple-splitting for we> o follows from expressioitl). Here, for
tion layer is estimated to bedgfnm|] ~22 w>w o and w~w ), one can neglect the first term in
X101 (p[em2])%%. Thus for dye<a !, which corre- curly brackets. The remaining terms describe the scattering
sponds top>2.5x 10" cm 3, the Raman spectra contain from TO phonons under backscattering conditibii$he op-
PPM contributions from the bulk and unscreened LOtical constants irA(w,T) the electro-optic component of the
phonons from the surface depletion layer. Lorentzian contouelectron polarizability §g), and the high-frequency dielec-
modeling is used to distinguish between these contributiongric constant €..) of In,Ga _,As used in calculating the Ra-
The Raman line shape was analyzed using a moleculanan spectrum are obtained by linear interpolation of the cor-
model of the electronic polarizability of the zinc-blende responding values for GaAs and InA&virtual-crystal
structure alloy. In this model, the frequency dependence ofapproximation, which have been determined previou¥ly®
the scattering efficiency for a dipole-allowed Stokes compoWe determine the numerical value of the normalization fac-
nent of the Raman spectrum of a multimode alloy is given bytor A(w,T) by fitting the Raman spectrum of GaAs
[C2 ,=—0.55 (Ref. 37], which was measured under the
1+2 Koyi(o) 2 same conditions. The details of this procedure have been
~ i described previously.
The frequencies and damping constants of the optical
9 phonons, which determineg , were estimated from experi-
+; (Kj) XJ(“’)]’ (@) mental spectrésee Table quThe free-hole density and plas-
mon damping values were obtained by fitting the calculated
whereA(w, T) includes terms that account for the scatteringPPM Raman line shape to the experimental data. They are
and collection geometries and the propagation conditions fdlisted in Table I.
the exciting and scattered light in the crystal, and the tem- The experimental Raman spectra and the calculated line
perature. The quantity¢(w,q) =s..+2xj(®)+ xe(w,q) is  shapes for the four samples investigated Heee Table )l
the low-frequency dielectric constant of the crystal, whereare shown in Figs. (B—-1(d). The PPM are labeled;,
€x, Xj(w), and y.(w,q) are the susceptibilities of the where the subscrigtis the same as in expressi@h.
bound electrons, phonor@herej specifies the optical pho- In Fig. 1(b) (sampleN2, p=10' cm®) we show the
non type, and free carriergwhereq is the wave vectgr  contour labeledL, (dotted line with a maximum at 270

|(w)=A(w,T)(dE)2lm{ —e(w,q) "
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TABLE II. Parameters of optical phonons ofyl§Ga, 4,/As ob-

. . . ' T T 1 M 1 T T

Ezgﬁdzg.om Raman spectra. Heavy-hole effective nmagsis 0.5 L p-lng o,Gag 47AS LO,
LO, 4

Phonon type GaAs type InAs type
Primitive cell (phase A B A B
Transverse 260 250 240 225 )

frequencywro; (cm™?) z
Longitudinal frequency 268 255 242 230 ;

wioj (cm™) &
Dampingy; (cm™?) 2(15)** 15 15 15 =
Oscillator strengtls;; 0.28 055 0.27 0.88 *5)‘
effective charge? 1.68 24 171 272 S
Faust-Henry facto(a)C; -0.08 -0.12 -0.1 -0.3 € L
(b) COP -0.47 -0.79 —-0.31 —-0.84 c L L ba  LO,
Effective charge of binaries 2.2 2.53 g i Les i
Faust-Henry factor of binaries —0.55 LSE“ § C

1 1 1 1 1
8/alues used in calculation of the phonon-plasmon spectra for o L
samplesN2—-N4 are given in brackets. 7 Lie Lia
bvalues normalized to the number of bonds of a given type.
d
1 L 1 L 1 L 1

cm 1) It corresponds to the PPM contribution obtained from
Lorentzian contour modeling. It is used to fit the correspond-
ing part of the calculated PPM line shaflid line). Our

analysis shows that in the frequency range of 200-300

Cm.il INo.5652.4AAS has four types Of.Optical phonons inter- Ing s:Ga 4AS. The doping levels arés) 2.6x 10Y, (b) 1.2x 10,
acting with free-hoile. plasmg V|brat|on§. We dgnote thesgc) 1x10' and(d) 5x 10 cm 3. The spectra were measured in
phonons by subscripf andjB and usgj=1 andj=2 10 packscatteringxy) polarization with a 514.5-nm Ar-laser line ex-
denote GaAs- and InAs-type vibrations, respectively. We asgitation at 300 K. The dashed curve (i) is the PPM contribution
sume that the lattice of JrGay 4As has two types of local to the spectrum obtained by Lorentzian contour modeling. The ar-
atomic arrangemenighases A andB, and that each phase rows indicate band maxima obtained from RS line shape modeling.
has one GaAs- and one InAs-type polar optical vibration. The asterisk marks a plasma discharge line.

The spectra of samplddl andN2 [ p=2.6x 10' and _ .
1018 cm 3, Figs. 1a) and b)] are similar. They consist of the oyera_ll RS _shap_e qf samﬁ}m is characterized by de-
a sharp intense line of the L@ phonon at 268 crm and ~ Creasing intensity with increasing frequency. _
three weak broad overlapping bands, O LOs, and It is clear that the changes in the Raman line shape in the
LO,,, in the frequency range of 230—260 ¢ The peaks srf)eclfra shown in F'gs'lfal)_l.(d) arg dge to |?t;aract|ons of
of the LO,5 band are clearly resolved, at 233 chwhile the LO components of lattice vibrations ofoliGay.4AS

_ with the plasma vibrations of free holes. The contribution of
those of the L@, and LOg bands at 242 and 255 cth not PPM modes in samplddl andN2 is quite small because of

seen in tkée spe_ctra, r_nust be separated by L_ore_ntzi:_:m contojfe conditionsddeprva*l and w_ > w,. This contribution
modeling: 'I_'he |nten§|ty qf the L@, phonon line is slightly g seen only in the spectrum dF2 [Fig. 1(b)] as a broaden-
lower and its half-width is larger for sampl2, as com-  j,q of the LO,, band. After accounting for the contribution
pared with sampléN1. of the unscreened LO phonons from the surface depletion
The intensity distribution changes considerably for|ayer, the calculated PPM Raman line shape for samples
samplesN3 andN4 [p=10" and 510" cm™, Figs. 1c)  N2-N4 are in good agreement with experimental spectra.
and Xd)]. This is due to the strong decrease in the;hO  The deep minimum, at 260 ¢y in the calculated Raman
phonon line intensity and the appearance of a hgyband  line shape of sampld1 [Fig. 1(a@)], as well as a low value of
at the low-frequency side of L. In sampleN3 theL, the LO,, damping constar®2 cm2), are due to interference
band has the same intensity as the,s®and in sampledll  effects'® These features could be possibly eliminated by ac-
andN2. We can also see the appearance of new features tounting for the frequency dispersion of the model oscilla-
the spectra. They are the weak low-frequency shouldgr tors, i.e., nonhomogeneous broadening.
at 262 cm® and a long tail on the high-frequency side of the  The values of free-hole concentrations used in the fits are
LO1, line. In sampleN4, the shouldelL;, and the high- in good agreement with the carrier concentrations deter-
frequency tail disappear and clear maxiing andL,, be-  mined by Hall measurements. For samil&, we satisfy the
come resolved at 240 and 252 Ch At the same time, the condition of full screening of the LO-TO splitting, i.ew,
frequency of thel,g andL,, become resolved at 240 and > w, . The intensity distribution of the RS for this sample
252 cm L. At the same time, the frequency of theg maxi-  coincides with that obtained previously for TO phonons in
mum band shifts to 225 cit and its intensity doubles. Thus Ing 5dGa, 47As .2

200 220 240 260 280 300 320
Raman shift (cm™)

FIG. 1. Experimental and calculated Raman spectra-tfpe
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The oscillator strengthg0S) and Faust-Henry factors
(FHF) obtained for the four optical modes ofylesGa, 47/AS
are given in Table Il. These values are normalized to the total
number of bonds and thus include a factor equal to the rela-
tive content of bonds contributing to a given phonon. The
values of OS and FHF for th&j phonons are considerably
lower than those for th&j type, which indicates a lower
content of theA phase. The notation& and B, as defined
above, refer to two types of possible local atomic arrange-
ments, each of which has one GaAs- and one InAs-type polar
optical vibration. The frequencies of tig-type phonons are
higher than those dBj.

Table Il presents effective charges/) and FHF CY)
normalized to the number of bonds contributing to a given
phonon. These values have been calculated assuming thatthe 5, ¢
A andB phases correspond to an average alloy composition
x~0.5; i.e., the crystal can be described by a structural for-
mula of InGaAs andx,=Xg, wherex, (Xg) is the content
of phaseA (B). The fitted values are close to the corre- n @
sponding values for the binary compounds, also given in
Table I, thus confirming the InGaAsformula for both _ _ ) _ _
phases. For further analysis we need to determine the specific ;'G' Zd Schematic drawings illustrating symmetrical cells of
type of atomic arrangement, i.e., the cluster typeXa@ndB UAU an CuPt-type InGaAwrdered structures in a zinc-blende

. . . . . - lattice.
phases. This will be done in the following section, using the
transmission electron microscogyEM) dat&® and the lat-
tice dynamics calculations for 1lI-V compounds. <wgc(ABZC), etc. The phonon frequencies of the ordered
ternaries can be deduced from the folding of the zinc-blende
phonon zone, having negative dispersion, and the relative
magnitudes of the frequencies must be reversed.

The simplest choice of clusters characterizing the multi- It can be shown that for the appropriate choice of the
mode behavior of optical vibrations in the ternary IllI-V force constants, i.ek;(1)>k;(2)>k;(3)>k,(4), the VB
semiconductor alloys is that proposed by Verleur-Barkemodel yields anticlustering, in agreement with theoretical
(VB).% They described lattice vibrations of #3B;_,C al- predictions. However, in spite of the fact that the VB model
loy by the internal vibrations of five weakly coupled molecu- can correctly predict the SRO effects, it does not account for
lar complexes(elementary tetrahedron#\,B,_,C (where the anisotropy of the short-range forces or phase-separation
n=0-4). This description leads to eight optical modes, foureffects. Moreover, due to a strong long-range Coulomb con-
of which are the vibrations ofA-C bonds and four are of tribution to interatomic forces, the description of polar opti-
B-C bonds, in different types of molecular complexes. Thiscal vibration in -V alloys by a set of strongly localized
model has been used to estimate the relative content of difsibrations of the simplest molecular complex&sB,,_,C is
ferent elementary tetrahedrons in GaRs , (Ref. 3§ and  questionable.

In,Ga,_,As (Ref. 27. In both of these studies, the applica- A different description can be formulated on the basis of
tion of the VB model gave an excess AjC andB,C tet- detailed analysis of TEM results. It is well known that the
rahedrons as opposed to a random distribution, i.e., a strortgpnds of binary constituents of lll-V alloys are “relaxed,”
short-range orde(tSRO effect of the clustering type. This i.e., the alloy values of the bond lengths are close to those of
result, however, is in contradiction with all theoretical mod- pure binaries?® The atoms of an alloy lattice are thus shifted
els of the SRO in Ill-V alloys, which predict anticlustering from their exact zinc-blende positions. This means that each
(i.e., an excess oA;BC, A,B,C, andAB;C tetrahedrons elementary tetrahedron may be deformed along some crys-
for alloys of binaries with dissimilar bond lengthsOur  tallographic axis but lattice matched in some other direction.
analysis shows that the prediction of clustering arises in th&he directions of the deformation are different for different
VB model from the following relation between the nearest-types of tetrahedrons. For=0,2,4 strains occur along the
neighbor force constantk;(1)<k;(2)<k;(3)<k,(4) (in {001 and {110 directions, and along th¢l11} and {110

the notation of VB, where the subscript 1 is associated with directions forn=1,3. Experimentally, plane view TEM mi-
the BC bond and the numbers in parentheses correspond wographs show that phase separation, and thus the principal
n+1 in the structural formula of a tetrahedron, ilk,(1)  strain in the (00D-oriented I sGa4AS layers, lies in
=Kgc(B4C), ki(2)=kgc(AB4C), etc. The same relation the growth planes along thl00] and [010] directions?®
was chosen foA-C bonds. Such a choice of force constants,Cross-sectional TEM data are available only for
however, is not consistent with the lattice dynamics of lll-V In, _,GaAs,P, y, which shows phase-separation effects
compounds. Indeed, these VB force constant relations implgimilar to those of 1ps:Ga 4As. In the images of th€l10)

that the phonon frequencies of tiBC binary zinc-blende cross section fine-scale modulation is observed for the
compounds should be lower than the frequencies oBtie  (—220) operating reflections. The modulation contrast is not
type phonons of perfectly ordered ternaries, iugsc(B4C) observed for th€004) reflection. The absence of modulation

As

Ill. DISCUSSION
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in the growth direction has been attributed to contrast comédistortions as a function of the Ga-As bond angle, which are
pensation for th¢111] and[111] directions. The differences calculated assuming bulk GaAs and InAs bond lengths for
in local deformations produced by different elementary tetthese two structures. The CuAu-type structure produces
rahedrons account for the corresponding TEM contrast andmaller deformations and thus is favored. The minimum de-
fine-scale modulation. Regions of the alloy in which theformation corresponds to dilation, i.e., the volume of the unit
[100] and [010] strain modulation is observed contain an cell is smaller than that of zinc-blende InP. This structure can
excess of appropriately oriented,@&As tetrahedrons. An  have an excess of Ifa larger atomon Ga sites for strain
excess of InGgs/In;GaAs tetrahedrons results in modula- compensation. On the other hand, the CuPt-type structure is
tion in the[111] and [111] directions. The SRO thus pro- compressedhigher volume of unit cellto produce a mini-
duces anticlustering. We conclude that the phase-separatighum deformation. It can also accommodate strain produced
effects occur in 1ps3Ga 47As not only due to alloy compo- by the CuAu structure, as well as having an excess of Ga on
sition fluctuations but also due to the SRO. This SRO phasg sites. These two structures can thus coexist in epitaxial
separation is naturally connected with the observed fourtn, Ga, ,-As and can determine the type of SROf&NdB
mode behavior of optical phonons. phases. We identify phaseas having predominantly CuPt-
The SRO can be thought of as an order-disorder transitiofype SRO, and phas® as having mostly CuAu-type SRO.
of the perfectly ordered structure. Thus the lattice vibrations The spatial and directional phonon dispersion curves of
of the SRO phase can be analyzed using phonon dispersi@yAu and CuPt InGaAsstructures are presented in Fig. 4.
curves of perfectly ordered compounds. The simplestrhe calculations were performed using a valence overlap
InGaAs, ordered structures givingp0L and{111} deforma-  shell model with the parameters of bulk GaAs and InAs ob-
tions that are lattice matched to InP are the CuAu- and CuPfgined from fitting neutron scattering ddfs'* The bond
type structuregsee Fig. 2 The tetragonal CuAu structure angles correspond to deformations indicated in Fig. 3. The
has the space grouPj; and corresponds to 400L-  [001] off-axis directions correspond to the wave vectors of
(InAs);(GaAs), monolayer superlatticéMSL). It consists the two types of ordered structures, excited in Raman back-
of In,GaAs tetrahedrons. The rhombohedral CuPt structurgcattering geometry. The frequencies of LO components of
has the space grouﬁlgv and corresponds to §111}- lattice vibrations of the alloy are indicated by arrows in Fig.
(InAs);(GaAs), MSL. It consists of INGgAs and InGaAs 4. Each of the ordered phases has four atoms in the primitive
tetrahedrons. In Fig. 3 we plot the tetragonal and trigonaktell and thus nine optical modes. For both structures there
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FIG. 4. Spatial and directional phonon dispersion curve@pof100]-CuAu and(b) [111]-CuPt structures. The zone center polarizations
are indicated for thé'-Z direction. For the CuPt structure the polarization directions, late#led,y’ are parallel td111], [110], and[112]
crystallographic directions.

are three distinct phonon zones—one acoustic, in the freFor the CuPt structure, the frequencies of Ih& near zone
quency range 0—190 cm, and two optical, in the frequency boundary GaAs- and InAs-type phonons are 266—264 and
range of 210-240 cit (InAs type, and 240-275 cmt  235-241 cm?, respectively. These values are in good agree-
(GaAs-type. The acoustic zone includes low-frequency op-ment with the values 268 and 242 chmeasured for thé |
tical modes, denoted as InGa, which can be treated as folddd phonons in RS of IpsdGa, 4/As. For the CuAu structure,
zinc-blende acoustic phonons. The frequencies of the medhe frequencies of thé&-Z near zone boundary GaAs- and
sured optical phonons of the alloy fall in different frequencyInAs-type phonons are, respectively, 258—-254 and 228-225
regions of the corresponding calculated optical zones. cm L. These are close to the values of 255 and 230'cm
Figure 4 shows that the frequencies of polar optical zoneneasured for th8j LO phonons. Thus our calculations and
center phonons and spatial dispersion along the crystal axi@nalysis of the phonon dispersion of perfectly ordered
are very close in these two structures. This is expected sindaGaAs, structures show that thAj-type phonons are the
in our calculations we use the same set of parameters fqyolar optical modes of the CuPt SRO phase, while Blje
both structures and because, for both structures, the phontype phonons are the equivalents in the CuAu SRO phase.
frequencies for the wave vector parallel to the crystal axis ar@his supports the statement that the four-mode behavior of
only weakly dependent on the short-range force anisotropythe In, s4Ga, 4/As optical phonons originates from the CuAu
In the CuAu structure the InAs-typ&; phonon is nonpolar. and CuPt SRO phase separation.
It corresponds to the antiphase displacement of two basis As In conclusion, we have carried out an experimental and
atoms in a unit cell, which do not induce a dipole moment.theoretical investigation of the Raman PPM line shape in
Due to the absence of contributions of long-range forces, the-type In,s{Ga, 4,As and have shown that its optical
zone center frequency of this phonon is considerably lowephonons exhibit four-mode behavior. We demonstrate that
than that of a corresponding InAs-type poksy phonon in  the observed four-mode behavior of optical phonons in
the CuPt structure. Ing 54G& 47/AS can be explained by SRO phase-separation ef-
The main difference in the dispersion curves is seen fofects. Our results illustrate the high sensitivity of lattice vi-
the[001] off-axis phonongI'-Z part of the dispersion curves brations to the specific microstructure features in the semi-
in Figs. 48 and 4b)] with the near zone boundary wave conductor alloys and show excellent consistency between the
vectors. For these phonons, the amplitude of the atom dissibrational spectra and structure data provided by transmis-
placements in neighboring cells is considerably different angion electron microscopy.
the contribution of short-range force anisotropy becomes im-

portant. It is expected that these forces are responsible for ACKNOWLEDGMENTS
phonon frequencies of the SRO clusters.
Figures 4a) and 4b) show that near th€-Z zone bound- Work at Texas Tech University was supported by Office

ary, the CuPt structure exhibits higher frequencies for GaAsef Naval ResearckN0014-93-0008and the Maddox Foun-
and InAs-type phonons than for those of the CuAu structuredation Office of Naval Research.



55

LATTICE VIBRATIONS AND

1B. B. Varga, Phys. Rev137, A1896(1965.

2R. Boneville, Phys. Rev. B4, 1987(1981).

3A. Mooradian and A. L. McWorter, Phys. Rev. Left9, 849
(1967.

4G. Abstreiter, M. Cardona, and A. Pinzuc, lilght Scattering in
Solids 1V, edited by M. Cardona and G. Guntherodt, Topics of
Applied Physics Vol. 54Springer, Berlin, 1984

5R. Boneville, Phys. Rev. B9, 907 (1984).

6A. Zunger and S. Mahajan, idandbook on Semiconductoigol.
3 (Elsevier, Amsterdam, 1994

“A. M. Mintairov, D. M. Mazurenko, M. A. Sinitsin, and B. S.
Yavich, Semicond28, 866 (1994.

8A. M. Mintairov, T. S. Babushkina, B. N. Zvonkov, I. G.
Malkina, and Yu. N. Safianov, Solid State Physi8g, 50
(1995.

9T. Yuasa, S. Naritsuku, M. Mannoh, K. Shinozaki, K. Ymanake,
Y. Nomura, and M. Mihara, Appl. Phys. Le##6, 176 (1985.

10T Yuasa, S. Naritsuku, M. Mannoh, K. Shinozaki, K. Ymanake,
Y. Nomura, M. Mihara, and M. Ishii, Phys. Rev. 83, 1222
(1986.

11D, Kirillov, Y. Chai, C. Webb, and G. Davis, J. Appl. Phys9,
231(1985.

12R. D. Becker, P. F. Leuhrmann, and D. W. Langer, Appl. Phys.

Lett. 47, 513(1985.

3A. M. Mintairov, K. E. Smekalin, V. M. Ustinov, and V. P.
Khvostikov, Fiz. Tekh. Poluprovodi26, 610(1992 [Sov. Phys.
Semicond26, 347 (1992].

MA. M. Mintairov, K. E. Smekalin, V. M. Ustinov, and V. P.
Khvostikov, Fiz. Tekh. Poluprovodn24, 1539 (1990 [Sov.
Phys. Semicond24, 962 (1990].

15T Yuasa and M. Ishii, Phys. Rev. B5, 3962(1987.

16a. M. Mintairov and D. M. Mazurenko, Int. J. Electro@7, 303
(1994.

M. Qi, M. Konagui, and K. Takahashi, J. Appl. Phy&8, 7265
(1995.

PHONON-PLASMON . . . 5123

V. G. Keramidas, Phys. Rev. B85, 6614(1992.

21T, P. Pearsal, R. Charles, and J. C. Portal, Appl. Phys. #att.
436 (1983.

22K Kakimoto and T. Katoda, Appl. Phys. Le#t0, 826 (1982.

23K, Kakimoto and T. Katoda, Jpn. J. Appl. Phy&, 1022(1985.

243, Emura, S. Gonda, Y. Matsui, and H. Hayashi, Phys. Re38,B
3280(1988.

257, C. Feng, A. A. Allerman, P. A. Barnes, and S. Perkowitz,
Appl. Phys. Lett.60, 1848(1992.

26J. P. Estrera, P. D. Stevens, R. Glosser, W. M. Duncan, Y. C.
Kao, H. Y. Liu, and E. A. Beam lll, Appl. Phys. Letf1, 1927
(1992.

27S. Yamazaki, A. Ushirokava, and T. Katoda, J. Appl. Pi§/k.
3722(1980.

28M. H. Brodsky and G. Lucovski, Phys. Rev. Letl, 990(1968.

2A. S. Barker, Jr. and A. J. Sievers, Rev. Mod. Ph4g, S1
(1975.

30M. B. Panish and H. TemkirGas Source Molecular Beam Epi-
taxy (Springer-Verlag, Berlin, 1993

3IM. V. Klein, B. N. Ganguly, and P. J. Colwell, Phys. Rev.68
2380(1972.

32D, T. Hon and W. L. Faust, Appl. Phy4, 241 (1973.

33semiconductors. Physics of Group IV Elements and Ill-V Com-
pounds edited by K.-H. Hellwege and O. Madelung, Landolt-
Bornstein, New Series, Group Ill, Vol. 17, Pt(8pringer, Ber-
lin, 1982.

34, M. Mintairov, V. P. Khvostikov, V. R. Larionov, E. V. Pale-
eva, and S. V. Sorokina, 1994 IEEE First World Conference on
Photovoltaic Energy Conversion, Record of the Twenty-Fourth
IEEE Photovoltaic Specialists Conference - 1994, Vol. II, 1803.

35U. Nowark, W. Richter, and G. Sachs, Phys. Status SolitiDB
131(1981).

36Ww. A. Harrison, Electronic Structure and Properties of Solids
(Freedman, New York, 1980

S7A. Anastassiadou, Y. S. Raptis, and E. Anastassakis, J. Appl.
Phys.60, 2924(1986.

18K, Sinha, A. Mascarenhas, Sarah R. Kurtz, and J. M. Olson, J*®H. W. Verleur and A. S. Barker, Jr., Phys. Rav9, 715(1966.

Appl. Phys.78, 2515(1995.

19G. P. Agrawal and N. K. DutteSemiconductor Laser®an Nos-
trand, New York, 1998

20T, L. McDevit, S. Mahajan, D. E. Laughlin, W. A. Bonner, and

393. C. M. Mikkelson, Jr. and J. B. Boyce, Phys. Rev. L 4%.1412
(1982.

40K, Kunc and B. Bilz, Solid State Commua9, 1027 (1976.

41p. H. Borcherds and K. Kunc, J. Phys.1@, 4145(1977.



