
PHYSICAL REVIEW B 15 AUGUST 1999-IVOLUME 60, NUMBER 7
Resonance Raman scattering studies of composition-modulated GaP/InP
short-period superlattices
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Resonance Raman scattering and electroreflection measurements on laterally composition modulated GaP/
InP short-period superlattices are presented. The electroreflectance spectra give the fundamental band-gap
energy of the lateral superlattice at 1.6960.05 eV, which is about 210 meV lower than the band-gap energy of
a GaInP random alloy with the same overall composition. In resonance Raman spectra measured with the
polarization of both excitation and scattered photons along the composition modulation direction, the GaP-like
longitudinal optical phonon redshifts by 4.060.5 cm21 near the resonance with the fundamental energy gap. A
comparison of the experimental data with a model calculation gives the average In composition in the In-rich
region as 0.7060.02, and the average Ga composition in the Ga-rich region as 0.6860.02.
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I. INTRODUCTION

Spontaneous lateral composition modulation~CM! in
III-V alloys and short-period superlattices~SPS’s! grown by
molecular beam epitaxy~MBE! or organometallic vapor
phase epitaxy has been studied extensively in rec
years.1–7 This phenomenon has been observed
GaxIn12xAs and AlxIn12xAs alloys; and GaP/InP, GaAs
InAs, and AlAs/InAs SPS’s. For example, when
~GaP!2 /~InP!2 SPS was grown by MBE on a~001! GaAs
substrate, it was found that the cation composition is mo
lated along the@110# direction with a periodicity of;100–
200 Å: here each GaP~InP! layer is transformed into a
Ga12xInxP(Ga12yInyP) layer where thex(y) value oscillates
along the@110# direction. The result is a lateral superlattic
with alternating~110! layers of Ga-rich and In-rich material.1

This is schematically illustrated in Fig. 1: the vertically a
eraged composition is modulated along the@110# direction,
while a vestige of the SPS structure remains.8 The interplay
between the composition modulation wave and the conco
tant coherency strain wave results in a lateral superlat
that has a band-gap energy much lower than that of the
dom alloy with the same overall average composition, a
the band-edge luminescence shows a strong anisotropy
is attributable to a lateral superlattice effect.3,7 This phenom-
enon has been utilized to grow multiple-quantum-wire las
with enhanced performance characteristics.9

In understanding the effect of the CM phenomenon on
materials properties of alloys and SPS’s, it is critical to kn
the actual extent of the composition variation. Energ
dispersive x-ray microanalysis has been used to estimate
variation of the local composition,1,10 but this technique re-
quires special sample preparation that does not preserv
integrity of the samples. Estimating the composition var
tion by comparison of the superlattice band-gap energy m
sured with optical techniques such as photoluminescenc
modulation spectroscopy with that obtained from theoret
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calculations usually does not yield a unique solution beca
many input parameters remain unknown.

Raman scattering measurements can be used to esti
the average composition of bulk alloys by comparing t
measured phonon frequencies with the known composi
dependence of phonon frequencies.11,12 Furthermore, micro-
scopic fluctuations of alloy concentrations can be estima
by monitoring the phonon frequencies near resonance
resonance Raman scattering measurements. Selaet al. used
this technique to probe composition fluctuations in the len
scale of;50 Å in AlxGa12xAs and GaxAs12xP alloys.13,14

This technique can be applied to the composition modula
lateral superlattice to estimate the composition variation
providing extra input in addition to the superlattice band-g
energy that is obtained from photoluminescence or mod
tion spectroscopy. For example, when the excitation la
energy is tuned away from resonances~off-resonance!, the

FIG. 1. Schematic illustration of the sample structu
~GaP!2.2/~InP!2 SPS grown on a GaAs buffer layer results in com
position modulation in the@110# direction.
4883 ©1999 The American Physical Society
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4884 PRB 60HYEONSIK M. CHEONGet al.
Raman spectrum of a composition modulated GaP/InP
should comprise signals from the Ga-rich as well as the
rich regions of the sample. However, if the laser energy
tuned to be resonant with the fundamental band gap of
lateral superlattice, the Raman scattering signal should c
predominantly from the In-rich region, because the grou
state electron and hole wave functions are both localize
that region, and so the optical transitions occur in the In-r
region. Consequently, the phonon frequencies would reds
towards those for In-rich compositions near the resonan
Thus, the phonon frequency shift near the resonance
good measure of composition and strain in the In-rich regi
Since the local coherency strain in the In-rich region depe
on the composition in the Ga-rich region as well as that
the In-rich region, one can estimate the compositions in
In-rich region and in the Ga-rich region simultaneously,
comparing the phonon frequency shift with the superlatt
band-gap energy.

Recently, resonance Raman scattering was used to
mate the alloy composition fluctuation in composition mod
lated lateral superlattices. However, in this earlier work15

the polarizations of the excitation laser or the scattered p
tons were not specified, and the effect of the coherency st
was neglected in the analysis. As will be shown later, it tu
out that the resonance behavior of the phonons is stro
dependent on the polarizations of the probing photons,
therefore, important details are obscured inunpolarizedstud-
ies. In this paper, we combinepolarized electroreflectance
with polarizedresonance Raman scattering measuremen
estimate the average alloy compositions in the Ga-rich
In-rich regions of composition modulated GaP/InP SPS l
ers.

II. EXPERIMENT

The samples were grown by a single-step gas sou
MBE process on~001!-oriented, on-axis semi-insulatin
GaAs substrates. Elemental Ga and In sources were use
group III fluxes, while P2 cracked from phosphine was use
as the group V flux. The substrate temperature was kep
;530 °C with a growth rate of; 1 mm/hr, as calibrated by
reflection high-energy electron diffraction intensity oscill
tion measurements. The layer structure consists of a 0.2mm
undoped GaAs buffer layer, followed by 80 pairs
~GaP!2.2/~InP!2 short-period superlattice~SPS! layer. The
thickness ratio of the GaP and InP layers, 2.2/2.0, gives
overall composition of Ga0.52In0.48P, which is nominally lat-
tice matched to the GaAs substrate.

The room-temperature polarized electroreflectance~ER!
spectra were measured using a contactless electroreflec
technique16 where the sample is mounted between two p
allel conducting planes as in a parallel plate capacitor
SnO2-coated glass slide provides the transparent front c
ducting plane necessary to enable reflection measuremen
the presence of a modulating electric field. The polariz
electroreflectance spectra were measured in a near-no
incidence geometry using a scanning monochromator wi
broad-band tungsten-filament bulb as a light source. The
larized probe beam was focused to a;0.5 mm32 mm spot
on the sample and the reflected light was refocused into
photodiode detector. A lock-in amplifier was used to me
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sure the change in reflectance due to a modulating voltag
6750 volts at 400 Hz. Properly normalizedDR/R spectra
are obtained by simply dividing the modulated signal by t
dc signal. The spectral resolution was 3 nm, or 7 meV at
eV.

Resonance Raman scattering measurements were
formed at room temperature in a quasibackscattering ge
etry. The excitation source was either a Ti:sapphire la
~1.58-1.82 eV! or a dye laser with Rhodamine 6G dye~1.94-
2.17 eV! 100 mW of the excitation laser beam was focus
with a cylindrical lens to a line of dimensions 5 mm
3100mm. The scattered photons were dispersed by a SP
1877 0.6-m triple spectrometer and detected by a liqu
nitrogen-cooled charge coupled device detector array.
spectral resolution was about 2 cm21. In order to measure the
phonon-peak positions accurately, we calibrated the spe
using the frequency of the longitudinal optical phonon pe
~292 cm21! of the GaAs substrate.17 The absoluteaccuracy
of this frequency calibration is about61 cm21 due to the
scatter in the GaAs LO phonon frequency data found in
literature, but therelative accuracy between our spectra
estimated to be better than60.5 cm21.

III. RESULTS

~002! dark-field transmission-electron-microscopy imag
taken in (1̄10) cross section shows alternating bright a
dark contrast, corresponding to In-rich and Ga-rich region1

along the@110# direction with a period of;120–150 Å. We
take the average period of the CM wave to be 135615 Å. No
lateral contrast variation is observed in the~110! cross sec-
tion. Figure 2 shows two ER spectra taken with the polari
tion aligned along the@ 1̄10# and @110# directions. Here, we
takeX5@ 1̄10#, Y5@110#, andZ5@001#. The sharp feature
near 1.42 eV is due to the GaAs substrate. The broad fea
near 1.69 eV is due to the optical transition across the f
damental band gapEg8 of the lateral superlattice in the SP
layer. This feature shows a strong polarization anisotro
the signal is much stronger in theX polarization than in theY

FIG. 2. Polarized electroreflectance spectra taken with the
larization orthogonal~X! and parallel~Y! to the CM direction@110#.
The signal at;1.69 eV comes from the band gap of the late
superlattice. The expanded higher energy portions show additi
transitions at higher energies.
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polarization. This polarization anisotropy is a direct result
the lateral superlattice effect: if the structure were a per
lateral superlattice with the superlattice axis along theY di-
rection, the lowest-energy optical transition would be forb
den for theY polarization.18 Since the lateral superlattice
not perfect, and a vestige of the vertical SPS persists,7 a finite
signal is observed even in theY polarization. The broad line
width of this feature reflects the imperfect periodicity of t
CM wave and the possibility that the amplitude of the CM
not uniform throughout the sample. From these spectra,
superlattice band-gap energyEg8 is determined to be 1.69
60.05 eV, which represents a 210 meV redshift relative
the band-gap energy of the random alloy whose average
composition is 0.52. These results are similar
those obtained from earlier polarized photoreflecta
measurements.3 In addition, closer inspection of the ex
panded spectra indicates that there are additional spe
features at higher energies up to;2.05 eV. We attribute
these features to higher-energy transitions of the lateral
perlattice. The strongest of these higher-energy feature
the one at 1.9–2.0 eV, markedE1. This one appears stron
ger in theY polarization than in theX polarization, which is
opposite to the behavior of the feature near 1.69 eV att
uted to the lowest-energy transition of the lateral superlatt
This difference will be discussed in the next section.

Figure 3 shows two series of Raman spectra taken
quasibackscattering geometry with~XX! and ~YY! polariza-
tions, where~XX!, for example, refers to a configuration wit
polarizations of both the excitation and scattered phot
aligned along theX direction. The ‘‘off-resonance’’ spectra
~the top spectrum of each series!, taken with the 5145-Å line
of an Ar-ion laser as the excitation source, are similar to t
of a typical random alloy Ga0.52In0.48P:19 a sharp GaP-like

FIG. 3. Series of polarized Raman spectra for~XX! and ~YY!
polarizations, where polarizations of the excitation laser and
scattered photons are both along theX or Y direction, respectively.
The excitation energies are:~a! 2.410, ~b! 2.008, ~c! 1.768, ~d!
1.712,~e! 1.625, and~f! 1.602 eV for the~XX! polarization; and~a!
2.410,~b! 2.008,~c! 1.789,~d! 1.696,~e! 1.668, and~f! 1.602 eV for
the ~YY! polarization. Each series is separately normalized with
factors on the right.
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longitudinal optical~LO! phonon peak at 381.8 cm21 (A), a
relatively broader InP-like LO phonon peak
;364 cm21 (B), and a weak and broad transverse opti
~TO! phonon peak at;330 cm21 (C) are observed. In addi
tion, an LO phonon peak at 292 cm21 and a much weake
TO phonon peak at 269 cm21 from the GaAs substrate ar
seen. In the~XX! polarization, as the excitation energy
lowered, the Raman spectrum changes dramatically.
three phonon peaksA, B, andC move toward lower frequen
cies. In addition, the intensity of the InP-like LO phono
peak~B! increases relative to that of the GaP-like LO phon
peak ~A! with decreasing excitation energy and the peakA
becomes unresolved at the lowest excitation energies. On
other hand, in the~YY! polarization, the changes are le
dramatic. The phonon peaks redshift initially with decreas
excitation energies, but blueshift back toward the ‘‘o
resonance’’ frequencies as the excitation energy is lowe
below ;1.7 eV. Also, the InP-like LO phonon peakB does
not completely dominate the spectrum as in the~XX! polar-
ization at the lowest excitation energies, but the GaP-like
phonon peakA is always resolved. We note that the signa
to-noise ratio of the spectra is significantly lower for th
lower excitation energies in this polarization due to the mu
weaker signals~see Fig. 4!.

In order to examine the dependence of the Raman spe
on the excitation energy, we have analyzed the intensity
the frequency of the GaP-like LO phonon peakA in detail. A
similar analysis can be done for the InP-like LO phon
peakB, but the broad linewidth of the peakB would result in
much larger uncertainties. Since the total thickness of
SPS layer is only 100 nm, we ignored the absorption effe
Figure 4 plots the intensity of the GaP-like LO phonon pe
as a function of the excitation energy for the two polariz
tions. At;1.72 eV, near the superlattice band-gap energyEg8
observed in the ER measurement, a strong resonance is
served in the~XX! polarization.20 In the ~YY! polarization, on
the other hand, this resonance is very much weaker,
occurs at 1.69 eV. This polarization dependence is consis
with what is observed in the ER measurements. Near 2.0

e

e

FIG. 4. Intensity of the GaP-like LO phonon peak as a funct
of the excitation energy. A strong resonance at;1.72 eV is seen for
the ~XX! polarization. This resonance is much weaker for the~YY!
polarization. At;2.0 eV, a moderately strong resonance for t
~YY! polarization and a weak resonance for the~XX! polarization are
seen.



rg
on
ro
e
4
.
y

n
on
za

o

o

ar
se

e
in

th
d.

a
e
ta

tro-
om
on
the
de-

non
ergy
his
nd
ce
h-

ce

d by
nce
hift
ci-
ch
with
bu-
m
This
e
tion

of

as
of

nce,

hat
ons

the
tly

the
the

LO
n-
n
so-
ion
the

o
-
w
r

-
at
on
tio

4886 PRB 60HYEONSIK M. CHEONGet al.
a moderately strong resonance is observed for the~YY! po-
larization, while a weaker resonance is seen for the~XX!
polarization. We attribute this resonance to the higher-ene
transitionE1 observed in the ER spectra. The polarizati
behavior is consistent with the ER spectra that show a st
ger signal in theY polarization in this energy range. W
checked for additional resonances between 1.82 and 1.9
and observed no other resonance in either polarization
Fig. 5, the excitation-energy dependence of the frequenc
the GaP-like LO phonon peakA is plotted for the two polar-
izations. In the~XX! polarization, the GaP-like LO phono
peakA shifts to lower energy monotonically as the excitati
energy is lowered, as seen earlier in Fig. 3. In this polari
tion, for the lowest excitation energies where the peakA is
not resolved in the spectrum~see Fig. 3!, its peak frequency
was extracted from a double-Lorentzian fit of the portion
the spectrum that contains both the peaksA andB. At 1.72
eV, where the phonon intensity is maximum, the phon
frequency is 4.560.5 cm21 lower than the ‘‘off-resonance’’
phonon frequency of 381.8 cm21. As the excitation energy is
lowered further, the phonon peak moves further tow
lower frequencies, and at the lowest excitation energy u
~1.59 eV!, this phonon peak redshifts by almost 16 cm21

relative to the ‘‘off-resonance’’ phonon frequency. In th
~YY! polarization, the phonon peak frequency reaches a m
mum near 1.69 eV, where it is lower by 4.060.5 cm21 rela-
tive to the off-resonance frequency. At lower energies,
peak blueshifts as the excitation energy is further lowere

IV. DISCUSSION

The striking difference between the two polarizations
regards the behavior of the excitation-energy dependenc
the GaP-like LO phonon frequency is intriguing. The exci

FIG. 5. Frequency of the GaP-like LO phonon as a function
the excitation energy. In the~XX! polarization, the phonon fre
quency varies monotonically with the excitation energy. At the lo
est excitation energy measured, the phonon frequency is lowe
;16 cm21 relative to the ‘‘off-resonance’’ frequency. In the~YY!
polarization, the phonon shifts;4 cm21 towards lower frequency
near the resonance at;1.69 eV.@Inset: Comparison of the depen
dence of the phonon frequency on the excitation energy, calcul
using Eq.~1!. The plots reproduce the difference in the excitati
dependence of the phonon frequency between the two polariza
observed in the experimental data#.
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tion dependence of the phonon frequency in the~YY! polar-
ization is consistent with the scenario presented in the in
duction: the phonon frequency is similar to that of a rand
alloy with the same overall composition when the excitati
energy is away from the resonance, but is redshifted near
resonance at 1.69 eV. On the other hand, the excitation
pendence of the phonon frequency in the~XX! polarization is
anomalous in that even at low-excitation energies the pho
frequency decreases monotonically as the excitation en
is lowered, i.e., moved away from the resonance. T
anomaly results from the inhomogeneity of the sample a
the very strong resonance effect in this polarization. Sin
the period and the amplitude of CM are not uniform throug
out the sample, there exist regions where thelocal In con-
centration is higher than theaverageIn concentration of all
the In-rich regions,̂ xIn&. In these regions, the resonan
occurs at alocal band-gap energythat is lower than the
spatially averaged band gapEg8 of 1.69 eV. When the exci-
tation laser energy is in resonance with thelocal band gap of
these regions, the Raman spectrum would be dominate
contributions from these regions due to the strong resona
in this polarization, and consequently, the phonons reds
to reflect the higher In content in these regions. As the ex
tation energy is further lowered, the volume fraction of su
regions where the local band-gap energy is in resonance
the excitation becomes very small, but the Raman contri
tion from these small volumes is still larger than that fro
the rest of the sample due to the strong resonance effect.
can be explained in a simplified model as follows. If w
assume that the local band-gap energy has a distribu
function f (E), the measured phonon frequencyvmeasfor an
excitation energyEex can be written as a weighted average
two contributions

vmeas~Eex!5@11uC f~Eex!u2#21/2

3@vnr
2 1uC f~Eex!v r~Eex!u2#1/2, ~1!

where vnr is the ‘‘nonresonant’’ phonon frequency~318.8
cm21!, v r(E) the phonon frequency of the material that h
a band gap ofE, C a constant that represents the strength
the resonance. For excitations away from the resona
f (Eex);0, and thusvmeas;vnr . Using this formalism and
assuming thatv r(E) is a linear function ofE and thatC is 20
times stronger for the~XX! polarization than for the~YY!
polarization, we obtained the curves in the inset of Fig. 5 t
reproduce the major difference between the two polarizati
as observed in the experimental data of Fig. 5.

This interpretation is supported by the fact that even at
lowest excitation energies, the Raman signal is significan
stronger in the~XX! polarization than in the~YY! polariza-
tion. It is also consistent with the changes in the shape of
Raman spectrum at lowest excitation energies, where
InP-like LO phonon becomes stronger than the GaP-like
phonon, indicating that the signal is coming from very I
rich material. Within this interpretation, the volume fractio
of these extra-In-rich regions can be inferred from the re
nance plot of Fig. 4. For example, at the lowest excitat
energy used, the phonon intensity is about 1% of that at
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peak of the resonance. From this, one can infer that the
In-rich regions that yield a 16-cm21 redshift of the GaP-like
LO phonon occupy a small fraction on the order of 1% of t
total sample volume.

On the other hand, the resonance behavior in the~YY!
polarization is governed primarily by the fact that since t
resonance is weak in this polarization, the scattering inten
is determined by the regions with In concentrations close
^xIn&, i.e., by the volume distribution of the In-rich region
where^xIn& is the spatial average of the In concentration
all the In-rich regions. Therefore, we take24.060.5 cm21

as theaveragephonon frequency shift of the GaP-like LO
phonon that occurs due to the high In-concentration of
In-rich regions. In contrast, there is no comparable blues
of the phonons in either polarization near the resonanc
;2.0 eV. The reason for this is as follows: for the lowe
energy transition, both the electron and hole wave functi
are localized in the In-rich regions and thus the contribut
to the Raman signal comes predominantly from the In-r
region when the excitation is in resonance with this criti
point. In contrast, the electron and hole wave functions
the higher-energy states are not as strongly localized wi
the In-rich region. In fact, our calculations7 show that the
electron and hole states that are involved in the transitionE1

have wave functions that are significantly delocalized
tween the Ga- and In-rich regions. Therefore, Raman sca
ing near this resonance probes both the Ga- and In-rich
gions simultaneously and no major shift in the phon
frequency is expected. This is consistent with previous re
nance Raman measurements on AlxGa12xAs alloys, where
only Ga-rich regions could be detected.14

One can estimate the average In and Ga concentratio
the In- and Ga-rich regions,̂xIn& and ^xGa&, respectively,
from the knowledge of: the period of the CM wave 13
615 Å; the average phonon shiftdv of GaP-like LO pho-
non,24.060.5 cm21; and the average superlattice band-g
energyEg8 of 1.6960.05 eV. Since bothdv andEg8 are func-
tions of composition as well as the lateral coherency str
which in turn is determined by the lateral composition var
tion, we estimated̂xIn& and ^xGa& by simultaneously fitting
the phonon-frequency shift andEg8 to a model calculation.
We assume that the CM layer is strained in the@110# direc-
tion as discussed by Glas who determined that when
thickness of a composition modulated layer is larger than
period of the modulation, as in our case, the coherency st
is tetragonal in the CM direction.21 The strength of the latera
coherency strain in each In- or Ga-rich layer is then de
mined by the amplitude of the lateral composition modu
tion wave in each layer and the ratio of the width of t
In-rich layer to that of the Ga-rich layer. Since the over
composition should be Ga0.52In0.48P, the width ratio is con-
strained by the amplitude of the lateral composition modu
tion wave in each layer. We assume that the composi
modulation wave has an asymmetric sinusoidal form, i.e
is sinusoidal in both the Ga-and In-rich regions but the a
plitude and the period are different, as illustrated in Fig.
The amplitude of the sinusoidal variation is larger thandxIn
and dxGa by a factor ofp/2, wheredxIn5^xIn&20.48 and
dxGa5^xGa&20.52, respectively. First, the dependence ofdv
on dxIn anddxGa is calculated using the deformation pote
tials found in the literature,22 and the result is plotted in Fig
ry
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7. Then, for those pairs ofdxIn and dxGa values that are
consistent with the observeddv of 24.060.5 cm21, we cal-
culated the superlattice band-gap energyEg8 using the
method described in Ref. 7. In this calculation, the effects
the vertical SPS modulation as well as the lateral CM mo
lations are included. The best fit to the experimental val
of dv andEg8 is obtained for (dxIn ,dxGa)5(0.22,0.16) with
an uncertainty of60.02. This translates intôxIn&50.70
60.02 and^xGa&50.6860.02. In the above analysis, w
used simple sinusoidal averages^xIn& and ^xGa& to calculate
the phonon shifts. Since the phonon shift is not very sensi
on dxIn in the range that we are interested, we believe us
a wave function-weighted average instead of the simple
erage would not significantly affect the results. These res
compare with^xIn&50.56 and^xGa&50.58 found from en-
ergy dispersive x-ray microanalysis on earlier samples.1 Our
model calculation also shows that the third electron state
the fifth hole state are the lowest-energydelocalizedstates in
the respective bands and the optical transition between t
states occurs at;2.05 eV. This transition exhibits the sam
polarization as the feature labeledE1 in the ER spectra~Fig.
2!. We interpret this tran-

FIG. 6. Asymmetric sinusoidal profile of the composition vari
tion used in our model calculation.

FIG. 7. Dependence of the phonon-frequency shift on the co
position variation. Here, dxIn5^xIn&20.48 and dxGa5^xGa&
20.52, where^xIn& is the average In composition in the In-ric
regions and̂ xGa& the average Ga composition in the Ga-rich r
gions.
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4888 PRB 60HYEONSIK M. CHEONGet al.
sition to correspond to the resonance near 2.0 eV observe
Fig. 4. The small disagreement between the calculated
observed energies for this transition is not unreasonable
cause the uncertainty in the estimate of the excited-state
ergies is usually much larger than that for the lowest ene
states.

It appears that the maximum phonon shift of 16 cm21 in
the ~XX! polarization that we earlier interpreted as arisi
from small volumes with excessively high-In compositions
inconsistent with this result, because a simple extrapola
would givexIn in such regions to be in excess of 1. Howev
it should be remembered that the above analysis assume
the regions under consideration are coherently strained a
the @110# direction. If the strain is locally relaxed, the sam
phonon shift would correspond to a much smaller compo
tion amplitude swingdxIn . For such extremely In-rich re
gions, the strain is likely to be incoherent because of the h
elastic strain energy involved. For the case where the st
is fully relaxed, a 16 cm21 phonon shift corresponds to
composition amplitude swingdxIn50.25, or xIn50.73,
which is the lower bound for the In-composition in su
excessively In-rich regions. In real situations, it is likely th
the strain is partially relaxed, and therefore,xIn could be
significantly large than this lower bound.
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V. CONCLUSION

We have performed resonance Raman scattering and
troreflection measurements on laterally composition mo
lated GaP/InP short-period superlattices. The electrorefl
tance spectra give the fundamental band-gap energy of
lateral superlattice. In resonance Raman spectra in the~YY!
polarization, the GaP-like phonon redshifts by 4
60.5 cm21 near the resonance with the fundamental ene
gap. On the other hand, the resonance Raman spectra i
~XX! polarization are dominated by a strong resonance ef
and indicate that there are small volumes~less than 1% vol-
ume fraction! where the composition is excessively In-ric
By fitting the results of a model calculation with the expe
mental data it is estimated that the average In concentra
in the In-rich region is 0.7060.02, and the average Ga co
centration in the Ga-rich region is 0.6860.02.
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structures~Les Éditions de Physique, Les Ulis, 1988!.
19H. M. Cheong, A. Mascarenhas, P. Ernst, and C. Geng, P

Rev. B56, 1882~1997!.
20The maximum Raman intensity occurs at an excitation ene

~;1.72 eV! slightly higher than the critical point measured b
CER ~;1.69 eV!. Such a small shift is common in resonan
Raman spectroscopy.@M. Cardona, inLight Scattering in Solids,
edited by M. Cardona and G. Gu¨ntherodt~Springer-Verlag, Ber-
lin, 1982!, p. 34.#

21F. Glas, J. Appl. Phys.62, 3201~1987!.
22T. Kato, T. Matsumoto, M. Hosoki, and T. Ishida, Jpn. J. Ap

Phys., Part 226, L1597 ~1987!.


