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Optical-phonon Raman-scattering study of short-period GaAs-A1As superlattices:
An examination of interface disorder
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The effect of cation intermixing on the Raman spectrum of GaAs-A1As superlattices has been investi-

gated. Experimental measurements are compared with theoretical predictions based on fully three-
dimensional supercell calculations. The accuracy of the modeled Raman spectra makes it possible to
evaluate different mechanisms of interface disorder on a quantitative basis. In particular, a detailed
comparison is made between the compositional pro61es predicted by gallium-surface-segregation models
and those resulting from simple cation intermixing at the GaAs-AlAs interfaces. Best agreement with
experiment is obtained for the predictions of the surface-segregation models. These models, however,
are unable to account simultaneously for the growth temperature dependence of the CxaAs-like and
A1As-like Raman spectra, even when the kinetics of the disordering process is fully taken into account.

I. INTRODUCTION

The development of epitaxial-growth techniques has
opened an entirely new 6eld in semiconductor physics.
Two-dimensional electron gases with striking properties,
strained-layer systems, and quantum-well devices are just
a few in a long list of new developments during the past
15 years. ' The basic building block of these structures,
i.e., the interface between differing materials, has received
considerable attention. Early photoluminescence (PL)
experiments on high-quality GaAs-Al Ga& As
quantum-well systems showed a splitting of the main
emission line into several closely spaced peaks. The
energy separating these peaks was found to correspond to
well thickness fluctuations of 1 or 2 ML. These results
were interpreted in terms of atomically Hat islands of size
at least as large as the Bohr radius of the exciton. Subse-
quent high-resolution transmission electron diffraction
(HRTEM) experiments, however, failed to observe these
large, atomically Qat islands. ' In fact, considerable cat-
ion intermixing was detected in the interface layers, and
this intermixing was observed to occur over several
monolayers. The microscopy data are consistent with
more recent optical and Raman-scattering experi-
ments. The present consensus is that the interface dis-
order has a bimodal character, comprised of a short-
range component and a long-range component. The
short-range component is the cation intermixing on the
atomic scale observed in the HRTEM experiments. The
long-range component results in the large island structure
observed by the PL experiments.

Although a consensus appears to have been reached as
to the structure of the superlattice interface, the actual
disordering mechanism is much less clear. Surface segre-
gation of gallium atoms has recently been suggested as a

source of interface roughness for materials grown by
molecular-beam epitaxy (MBE). ~ The tendency for
gallium to segregate to the surface during the epitaxial
growth of Al Ga, As alloys is well document-
ed. ' "" ' This process is, therefore, a primary candi-
date for the explanation of the short-range, atomic-scale
component of the interface roughness. Since surface
segregation appears to be intrinsic to the epitaxial-growth
process, this implies that atomically perfect GaAs-A1As
structures cannot be fabricated using MBE.

An important feature of the surface-segregation pro-
cess in GaAs-A1As structures is the long-range penetra-
tion of the gallium atoms into the A1As layers. This
penetration is consistent with Raman-scattering experi-
ments, which suggest that the cation intermixing is not
limited to the layers closest to the interface. On the other
hand, the Raman data suggest a dramatic improvement
in the structural perfection of the interface as the MBE
growth temperature is reduced from about Tg =500'C to
T~ =400'C and below. This temperature dependence is
not accounted for by simple segregation models using ex-
perimental activation energies. ' It has been suggested
that the temperature dependence arises from kinetic limi-
tations to the segregation process. ' ' To our
knowledge, however, no attempt has been made to corre-
late the Raman spectra in superlattices with the predic-
tions from kinetically limited segregation models.

In this paper, we present an in-depth Raman study of
interface disorder in GaAs-A1As superlattices. Our ex-
perimental data are compared with very accurate super-
cell calculations of the Raman spectra, which make it
possible to assess the validity of different models of inter-
face disorder. In particular, we consider in detail the
gallium-surface-segregation predictions, including the
case of kinetically limited segregation. Our modeling

0163-1829/95/52(11)/8205(14)/$06. 00 52 8205 1995 The American Physical Society



8206 SPENCER, MENENDEZ, PFEIFFER, AND WEST 52

shows very clearly that the surface-segregation idea pro-
vides a better overall explanation of the Raman spectra
than any other model where the cation intermixing is lim-
ited to the layers closest to the interfaces. On the other
hand, we find very significant deviations between experi-
ment and the predictions from the surface-segregation
model, not only in the growth temperature dependence of
the Raman spectra, as reported earlier, ' but also in the
fact that the surface-segregation model is unable to ac-
count simultaneously for the GaAs- and A1As-like Ra-
man spectra of our superlattices. This leads to the con-
clusion that a one-dimensional picture of surface segrega-
tion, where the gallium atoms segregate to ideally Aat
surfaces, is incorrect. Instead, our results are consistent
with a recent suggestion by Braun and Ploog that segre-
gation takes place preferentially at surface steps. '

Our experimental data suggest that the surface-
segregation model works best for samples grown at tem-
peratures near T~=450 C. Deviations from the model
predictions become dramatic for GaAs-A1As superlat-
tices grown at T =350 C, for which we find that the
GaAs layers are essentially perfect while the A1As layers
show clear evidence for the presence of gallium. Mea-
surements of the GaAs-like Eo electronic transition in
these samples are in excellent agreement with calculated
transition energies for perfect superlattices. These en-
couraging results indicate that gallium segregation may
not be the ultimate limit to structural perfection in
GaAs-A1As superlattices grown at low temperatures.
For growth at high temperature ( Tg =600'C) we also find
large deviations from the predictions of the surface-
segregation model. The Raman peaks observed from
these samples cannot be assigned to the standard series of
confined phonon modes, suggesting a very complicated
layer intermixing pattern, possibly with spatial inhomo-
geneities.

Since the structural conclusions drawn from our data
are based on our ability to model the Raman spectra of
our superlattices, it is critically important to access the
validity and limitations of this method. Raman scatter-
ing has long been recognized as a powerful tool in the in-
vestigation of the structural perfection of the GaAs-A1As
interface. ' The expected Raman spectrum for atomi-
cally perfect single layers and superlattices can be easily
computed, and the discrepancies observed with experi-
ment are a most sensitive indicator of structural imper-
fections. Raman spectroscopy has significant advantages
over other optical techniques, such as PL or absorption
spectroscopy, because the phonon structure is much
easier to compute than the electronic structure. On the
other hand. , while the probe size for optical techniques
(including Raman spectroscopy) is of the order of mi-
crometers or more, the effective spatial resolution in a
Raman experiment is much better when the Raman-
active vibrations are localized over atomic-size regions.
This is the case for GaAs-A1As superlattices, where
GaAs- and AlAs-like vibrations are localized in their
respective layers. Previous Raman work has confirmed
the inequivalence of the direct (A1As on GaAs) and in-
verted (GaAs on A1As) interfaces, has provided
definitive proof for the presence of gallium in all "A1As"

layers of the superlattice when the total "A1As" region
thickness is 4 ML or less, ' ' ' and has given evidence
for the validity of the surface-segregation model in the
explanation of interface disorder in these structures. '

While the sensitivity of Raman scattering to interface
disorder is very dramatic, the possibility of extracting
quantitative structural information is limited by a num-
ber of factors, which we will address in this paper. Ideal-
ly, we would like to fit the experimental Raman spectrum
with a theoretical expression where the only adjustable
function is the cation distribution. This involves the cal-
culation of the frequencies and intensities of different Ra-
man modes. For disorder to be included exactly in the
calculation of Raman spectra, large atomic supercells are
necessary. Supercell calculations, however, are cornputa-
tionally intensive. Attempts have been made to use ap-
proximate methods to include disorder effects, ' but
these methods suffer from the limitation that the basic
physics behind disorder-induced frequency shifts is
three-dimensional and microscopic in nature. In the case
of optical phonons in GaAs-A1As superlattices, there are
two fundamental physical effects that require supercell
treatment. First, the curvature of the phonon branches
depends on the crystalline direction. In perfect (001) su-
perlattices only the (001) direction matters, but when dis-
order is present all directions become important. Second,
a gallium atom in a nominal A1As layer or an aluminum
atom in a nominal GaAs layer does not participate in
optic-mode vibrations. This leads to a reduction of the
dynamical effective charge and a corresponding reduction
of the longitudinal-transverse-optic-mode splitting. This
decrease has been shown to be the main cause of the fre-
quency shift observed for the A1As-like optic
phonons in disordered GaAs-A1As superlattices and
Al Ga& „As alloys.

For the calculation of phonon frequencies with the ac-
curacy required by the Raman experiments, only first-
principles calculations yield suitable results. This type of
calculation, however, is not practical for large supercells
with hundreds of atoms. Fortunately, recent first-
principles calculations of bulk-phonon dispersion rela-
tions show that the interatomic force constants are simi-
lar for most tetrahedral semiconductors and virtually
identical for GaAs and A1As. The similarity of the
GaAs and A1As force constants has recently been
confirmed by second-order Raman-scattering studies on
A1As. ' In addition, more recent studies have shown
that the similarities of GaAs and A1As also extend into
third-order terms in the expansion of the crystal poten-
tial. Since the force constants of GaAs and A1As are
essentially the same, one does not expect them to change
when the superlattice is formed. In fact, first-principles
calculations of superlattice phonons confirm that the use
of bulk interatomic force constants is perfectly ade-
quate ' and hence a fully self-consistent calculation is
not needed. This result makes it possible to use large su-
percells for the calculation of phonons in disordered su-
perlattice systems and Al Ga& „As alloys, without
sacrificing the accuracy of first-principles methods. In
this paper we use a full three-dimensional model to calcu-
late phonons in disordered GaAs-A1As superlattices.
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This model takes advantage of the similarity of the GaAs
and A1As force constants and effective charges by
treating the disordered superlattices as a mass perturba-
tion of the bulk material.

While the frequencies and eigenvectors of phonons in
disordered GaAs-A1As superlattices can be calculated
from very accurate ab initio methods, there is no practi-
cal first-principles approach to the determination of Ra-
man intensities. A calculation of the scattered light in-
tensity involves integrations over excited electronic states
the energy of which cannot be computed correctly within
the local-density approximation. Thus, aside from the
enormous computational complications of such calcula-
tions, the introduction of empirical or adjustable parame-
ters is unavoidable. ' In the limit where the laser pho-
ton energy is much smaller than the lowest electronic
transition, the Rarnan tensor can be written as a sum of
bond-polarizability derivatives. ' The corresponding Ra-
man intensities can be easily computed in terms of the
phonon eigenvectors and a few polarizability parameters
that characterize the Ga-As and Al-As bonds. These pa-
rameters can be fit to bulk Raman data. Unfortunately,
bond-polarizability models are expected to break down as
the laser photon energy approaches optical transition en-
ergies and the Raman intensity becomes resonantly
enhanced. This is particularly so for Raman scattering
induced by the Frohlich electron-phonon interaction. It
is customary in this field to denote spectra obtained util-
izing Ar+ excitation (El -2.3—2. 5 eV) as "off reso-
nance. " This denomination is useful in distinguishing
these spectra from those recorded for excitation at ener-
gies in extreme resonance with the lowest excitonic tran-
sition. Off-resonance Raman spectra are frequently ana-
lyzed in terms of bond-polarizability models. However,
since the laser photon is well within the absorption range
of the structure, the conditions for the validity of these
models are not fulfilled. Only in those cases where the
resonance enhancement is similar for all models involved
should one expect a detailed agreement between calculat-
ed and experimental line shapes.

In addition to the breakdown of the bond-polarizability
approach, an important phenomenon observed in the res-
onant regime is the violation of wave-vector conserva-
tion. For superlattices, this has dramatic consequences
due to the angular dependence of the polar optic modes.
In particular, the so-called "interface modes" are noth-
ing but the angular-dependent phonons made Raman ac-
tive by a breakdown of wave-vector conservation. It is
customarily assumed that these effects become important
only near extreme resonance, but we will show in this pa-
per that they are also significant for off-resonance spec-
tra.

Since the predicted Raman peak positions depend
mainly on the force constants used, our tests of composi-
tional profiles based on these frequencies are expected to
be very accurate. On the other hand, our predicted Ra-
man line shapes are based upon the bond-polarizability
model and the assumption of wave-vector conservation
within the supercell picture. Hence the information on
compositional profiles provided by these line shapes is
more qualitative.

II. THEORY

where the indices j and g label the superlattice and bulk
modes, respectively. In this manner, the superlattice
equations of motion yield the generalized eigenvalue
problem

2(k) tMSLg+ gMSLj A IMSL[~(0)(k)]2+gDSL j A

(2)

where m. is the superlattice-model frequency and M is
the total mass of the superlattice cell. The matrices
hM " and 5Ds" are the change in mass and dynamical
matrix from the bulk problem in the basis of the bulk
problem. The matrix [0)' (k)] is the diagonal matrix of
bulk eigenvalues. The use of Eq. (2) is motivated by the
first-principles result hD —+0 for GaAs-A1As superlat-
tices. In particular, the similarity of the effective
changes means that the direct computation of the
Coulomb matrix elements can be bypassed completely.
This is advantageous, because, in low-dimensional struc-
tures such as superlattices, the determination of the
Coulomb matrix elements is a tedious task and requires
the use of a generalized Ewald transformation method.
With hD "~0, Eq. (2) is reduced to a mass-perturbation
problem.

The similarity of the GaAs and A1As force constants is
a first-principles result. However, due to the lack of pub-
lished first-principles force constants, we utilize a rigid-
ion model in the calculation of our bulk eigenvalues and
eigenvectors. In order to minimize the effects of using
the rigid-ion model, we use model parameters that have
been fit to the dispersion relations of Giannozzi et al. in
a manner which optirnizes the optic-mode dispersions.
The parameters used are given in Table I. We further
reduce the effects of the rigid-ion model by using the
GaAs bulk solutions as the unperturbed basis in the cal-
culation of the GaAs-like modes and the A1As bulk solu-
tions for the A1As-like modes.

Superlattice disorder is included by considering large
supercells containing 792 atoms. These supercells consist
of 12 cation and anion layers of 33 atoms. In this way,
we are able to realistically model the 6X6 superlattices
studied here with alloying in increments of 3' within
each layer. We consider some simple models of interface
disorder, namely, superlattices containing partially al-
loyed layers and superlattices with compositional profiles
determined using McLean s segregation law, in which
only the surface and the first underlying layer interact.
Thus the surface and bulk compositions are linked by

b
+Al

S
&Ai

(3)ln +y=ln
1 XA A1

In order to model the effects of disorder on the super-
lattice Raman spectra, we have computed the phonon dy-
namics using the approach of Chang, Ren, and Chu.
The superlattice-mode displacements t uj j are expressed
in terms of the bulk-solution basis I us 'j,

(O)u =+A u
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TABLE I. The rigid-ion model parameters used in this study are tabulated. These parameters have been fit to the first-principles
calculations of Giannozzi et al. (Ref. 33) in a manner which optimizes the optical-branch dispersions.

Material Ci Ei D2 E F
GaAs
AlAs

—0.416 —0.1861
—0.413 —0.1664

—0.28
—0.0435

+0.046
—0.006

+0.089 —0.093 —0.050
+0.010 +0.0213 —0.0185

—0.113 +0.07
—0.080 +0.05

+0.20 0.626
+0.156 0.716

where x A& is the fraction of aluminum in a layer and the
indices s and b represent the surface and first-underlying
layers, respectively. The parameter y is defined as
g—=Ez/kbT~, where kb is the Boltzmann constant. We
use a phenomenological segregation energy of E&=0.10
eV (energy liberated when a gallium atom in the underly-
ing layer displaces an aluminum surface-layer atom). '

One such superlattice profile is shown in Fig. 1. The
dashed lines represent the profile for a perfect superlat-
tice. The apparent shift of the "GaAs" and "A1As" re-
gions is due to the gallium segregation. The fraction of
aluminum present in each layer of the superlattice profile
is then rounded to the nearest 3% to fit the 33
atom/layer basis. Using these "segregation profiles, " the
superlattice atoms are randomly distributed within each
layer and the superlattice phonons are calculated.

Equation (3) is the thermodynamic limit where the sys-
tem has infinite time to complete the atomic exchanges in
the two outermost surface layers. Under real growth
conditions, however, there is a finite time for these pro-
cesses, which is determined by the growth rate of the
structure. In such cases, a kinetic model may be needed
to simulate the segregation process. In a recent letter,
Dehaese, Wallart, and Mollot' demonstrated the kinetic
nature of indium segregation in the In& Ga„As system
using the kinetic model of exchange processes. We
have followed the approach of Dehaese, Wallart, and
Mollot to generate kinetically limited segregation
profiles. In the kinetic model, the segregation of gallium
(indium in the case of Ref. 17) from the bulk of the sur-

face and from the surface to the bulk are described in
terms of overcoming energy barriers. The energy barrier
for a gallium atom's bulk-to-surface exchange E, differs
from that of the surface-to-bulk exchange E2 by the phe-
nomenological segregation energy E& used in the McLean
segregation law (see inset of Fig. 2). If the segregation is
assumed to be due only to the exchange process, then the
rate of incoming and outgoing gallium surface atoms is
given by'

dx G, (t)
Ga+ P1X Ga ( t )x Al ( t ) P2X Ga ( t )XAl ( t),dt

(4)

where QG, is the gallium deposition rate in ML/sec and
x G, (t) and x A1(t) are the time-dependent surface or bulk
gallium and aluminum concentrations, respectively. The
exchange process is governed by overcoming the respec-
tive barriers at a rate P;(t) =v;exp( E; /kb—Ts ), where v;
is a typical vibrational frequency and is taken to be 10'
s ' for both exchange processes. The conservation of
gallium atoms and the total number of surface atoms at
any time t lead to the conditions'

x G, (t)+x G, (t) =x'G, (0)+xGa(0)+ QGat

and

x G, (t)+x A, (t) =x G, (0)+xA1(0)+(QG, +QA1)t,
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FIG. 1. A 6X 6 superlattice segregation profile calculated us-
ing Eq. (3) is plotted. The parameters assumed are Er =0.10 eV
and T~ =350'C (Ref. 7). The dashed line represents the profile
of a perfect superlattice. The apparent shift of the superlattice
profile is an efFect of the segregation. Note the presence of a
significant fraction of gallium atoms throughout the "AlAs"
layers.
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FIG. 2. A 6 X6 superlattice kinetic-segregation profile calcu-
lated using Eqs. (4)—(6) is plotted. The inset shows the
definition of the kinetic-segregation parameters. The parame-
ters used in the determination of the profile shown are E& =1.7
and E2=1.8 eV with Tg =350 C. The dashed line represents
the profile of a perfect superlattice.
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respectively. The segregational profile can be determined
by numerically solving Eqs. (4)—(6). A kinetic-
segregation profile for Tg =350'C is shown in Fig. 2.

In the manner described above, we are able to realisti-
cally model the lattice dynamics of disordered superlat-
tices using a fully three-dimensional treatment. The
bond-polarizability model is then used to describe the
electron-phonon interaction in the determination of the
Raman intensities from the atomic displacements. ' It
should again be noted that the bond-polarizability model
assumes the system to be in a nonresonant excitation con-
dition. Although excitation "away" from extreme reso-
nance is typically termed "off resonance, " it is an experi-
mental necessity to work in the away-from-extreme-but-
still-close-to-resonance condition. Clearly, the largest
limitation to this treatment of disordered superlattices is
the determination of the Raman intensity from the lattice
dynamics using the bond-polarizability model. There-
fore, one cannot expect the calculated Raman spectra to
exactly fit the experimental Raman intensities.

III. EXPERIMENT

We studied (GaAs)6(A1As)6 (6 X6) superlattices grown
by MBE on undoped (001) GaAs substrates using a
modified GEN II MBE system. The samples were
grown at a substrate temperature T of 350, 450, or
650'C. A total of 160 superlattice periods were deposited
at a rate of 1 A/sec without interruptions on a 3000-A-
thick GaAs bufFer layer grown on (100) substrates (not in-
tentionally misoriented) at a temperature of 650'C. The
Raman experiments were performed at room temperature
using discrete Ar+ and Kr+ laser lines and tunable dye
lasers. The light was scattered off the superlattice's (001)
face in the z(x,y)z and z(x, x)z configurations [incident
wave vector along z, scattered wave vector along z, in-
cident polarization along x, and scattered polarization
along x or y with x =(100},y=(010), and z=(001}].
The scattered light was dispersed by a SPEX 1404 double
monochromator and detected with either a SPEX CCD
charge-coupled device optical multichannel analyzer or a
photomultiplier tube.

IV. RESULTS

A. Sample characterization

1. Eo transitions

Although we try to avoid extreme resonance when at-
tempting to model the disordered superlattice Raman
spectra, the excitation profiles near extreme resonance
contain useful information about the superlattice charac-
teristics. The peak of the Raman excitation profile corre-
sponds to the Eo transition. The resonant excitation Ra-
man profiles for the LO2 modes of the three superlattice
samples are given in Fig. 3. The peak of the resonance
profiles has been shown to correspond to the outgoing
channel. ' Therefore, the optical transition Eo for the
superlattice can be determined using

Eo =EL —Wm

I ~ ~ ~ ~

T0=350 C (GaAs) 6(AIAs) 6

~~c

S~
CO

I 4 ~t ~ ~

) ~ ~ ~ ~

Tg=450 C

~ ~ ~
~ ~ ~

Tg=650 C

~ OP 0 5 J ~
~ e ~ ( ~

~ ~ ~

~ ~

~ ~
~ ~

I ~

g
~

where EI is the energy at which the resonance Raman
profile peaks, co is the frequency of the phonon, and we
neglect excitonic effects on the energy (excitonic energies
=5 meV, much less than the width of the resonance).
The experimental optical transition energies Eo for the
three samples are tabulated in Table II. Clearly, Eo is ob-
served to increase with increasing superlattice growth
temperature. In order to provide a reference with which
to compare the transition energies of these samples, we
estimate the Eo transition energy for a perfect 6X6 su-

perlattice. Zhang and co-workers have calculated the Eo
transition in (GaAs) „(A1As)„superlattices using first-

principles self-energy corrections to the local-density ap-
proximation. ' They predict for a (GaAs)6(A1As)6 su-

perlattice an Eo transition 350 meV below the Eo transi-
tion of a virtual-crystal alloy defined as the arithmetic
average of the corresponding transitions in GaAs and
A1As. Using the experimental Eo values for GaAs and
A1As, we obtain for our (GaAs)6(A1As)6 superlattice
ED=1.87 eV. This shows excellent agreement with the
value for the T =350'C superlattice, whereas the
higher-temperature superlattices have a higher Eo. The
implications of these results may be interpreted using the
simple, one-dimensional particle-in-a-box problem. In
this problem, as the width of the well decreases, the ener-

gy of the well modes increase. Therefore, the Eo results
suggest a distortion of the square well shape as the super-
lattice growth temperature is increased. The good agree-
ment between theory and the experimental results for the
T~=350 C sample suggests that this sample is much
closer to perfection. We will show that this is consistent
with the experimental Raman peak positions.

2. Acoustic phonons

In a GaAs-A1As superlattice, the periodicity of the
structure manifests itself in a "folding" of the bulk-
material acoustic modes. This causes the appearance of

18 19 20 21
Scattered Laser Energy (eY)

FIG. 3. The experimental resonant Raman excitation profile
of the LO2 phonon is plotted for the three superlattice samples.
The resulting band gaps are tabulated in Table II. Note the in-

creasing band gap with increasing superlattice growth tempera-
ture.
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TABLE II. The experimenta1 Eo transition energy and acoustic doublet peak positions for the three
superlattice samples are tabulated. Also listed are the theoretical predictions for these properties in a
perfect 6X6 superlattice. Note the excellent agreement of the Tg =350'C sample's values with the per-
fect superlattice predictions.

Superlattice type

Experiment

Eo First acoustic doublet positions

Theory

Tg =350 C
Tg =4SO'C
Tg =650'C

Perfect superlattice

1.87 eV
1.95 eV
2.03 eV
1.87 eV

47.3 cm
49.8 cm
S2.8 cm

48.2+1.1 cm

50.9 cm
53.7 cm
56.8 cm

51.8+1.1 cm

acoustic doublets in the superlattice Raman spectrum.
The room-temperature Raman spectra of the first-
acoustic doublet for the three superlattice samples are
shown in Fig. 4. These spectra were taken at the reso-
nant energies determined from Fig. 3. The peak posi-
tions, adjusted for direct comparison with low-
temperature theory, are tabulated in Table II. These
acoustic-phonon frequencies may be used to verify sam-
ple periodicity, and, in conjunction with A1As-like inter-
face modes, the effective period of the superlattice lay-
ers. These measurements are analogous to the periodi-
city measurements obtainable from x-ray scattering.
Note that as the superlattice growth temperature is in-
creased, the acoustic doublets shift to a higher energy.

The positions of the acoustic doublet calculated for a
perfect 6X6 superlattice are also given in Table II.
While the doublet for the Tg =350 C sample is in good
agreement with the theoretically predicted values for a
perfect superlattice, the T =450 and 650'C samples ex-
hibit increasingly higher-energy doublets with somewhat
larger splitting. These doublets suggest a shorter effective
period, for the higher-temperature samples, of up to 1

ML for the T =650'C sample. Comparison of the Ra-
man peak frequencies of the A1As-like interface modes
indicates that the GaAs and A1As layers have the same
thickness in the Tg 350 C sample, whereas in the

~ ~ ~ ~ I ~ ~ ~ ~ I ~ ~ ~ ~ I ~ ~ ~ ~

(GaAs) s(AIAs) s:
8

: Tg-350 G
CD
s~

~ ~ ~ ~ I ~ ~ ~ ~ I ~ ~ ~ ~ I ~ ~ ~ ~

T9=450 C

&' A)I(
~ ~ ~ ~ I ~ ~ ~ ~ I ~ ~ ~ ~ I ~ ~ ~ ~
~ ~ ~ ~ I ~ ~ ~ ~ I ~ ~ ~ ~ I ~ ~ ~ ~

Ts-650 'C

40 45 50 55 60
Raman Shift (cm'}

FIG. 4. The experimental Raman spectra of the first acoustic
doublets for the three superlattice samples is plotted. Note the
increasing phonon energy with increasing superlattice growth
temperature. The doublet positions are tabulated in Table II.

Tg 650 C sample a larger fraction of the missing mono-
layer must originate in the GaAs layers.

B. Modeling of the o6'-resonance Raman intensity
using the bond-polarixability model

1. Experimental results

The Raman spectra of 6 X 6 superlattices grown at the
three different temperatures are shown in Figs. 5 and 6 as
thick solid lines. The scattering configuration is z(x,y)z.
For bulk GaAs and A1As, only one Raman peak at 290
or 403 cm, respectively, is observed in this
configuration. This peak corresponds to the long-
wavelength (q=O} longitudinal-optic (LO) phonon. In a
(GaAs)„(AIAs)„superlattice, with 2(n +n) atoms per
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FIG. 5. The experimental Raman spectra (thick solid lines)
of the GaAs-like optic modes in (GaAs)6(A1As)6 superlattices
are plotted for three different superlattices growth tempera-
tures. The scattering configuration is z(x,y)z using Ar+ excita-
tion of EL =2.41 eV. Note that as the growth temperature is in-

creased, the optic modes shift to lower energy. For a discussion
of the appearance of new peaks in the Tg =650'C spectra, see
text. The theoretical segregation-disordered GaAs-like Raman
spectra (dashed line) calculated using the mass-perturbed-bulk
model are also plotted. The segregation profiles are determined
using E& =0.10 eV. The thin solid line is the calculated Raman
spectrum for a perfect superlattice. Notice that the Tg 350 C
superlattice experimental results are fit well by the theoretical
perfect superlattice. The optic-mode peak positions are tabulat-
ed in Table III.
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unit cell, there are n +n LO phonon branches. The dis-
placement eigenvectors corresponding to n of the
Raman-active phonons from these branches are localized
in the GaAs layers (GaAs-like modes), while the other n
LO phonons are localized in the A1As layers (A1As-like
modes). These modes are referred to as "confined" LO
phonons and are labeled LO (1(j (n), where the count
starts at the highest-energy mode in each layer. ' Modes
with j odd are Raman allowed in the z(x,y)z
configuration. Modes with j even are Raman allowed in
the z(x, x)z configuration but their intensity is very weak
except near extreme resonance, where they are enhanced
by the Frohlich interaction. ' The phonon confinement is
due to the elastic mismatch between GaAs and AlAs,
which manifests itself in the well-separated bulk optic-
mode energies. Figure 5 shows the GaAs-like LO~ Ra-
man modes and Fig. 6 the A1As-like modes. A summary
of peak positions is given in Table III.

In determining the peak positions in Table III, several
corrections have been made. The experimental peak po-
sitions are taken from Lorentzian fits to the room-
temperature data, and corrected using neon emission
lines as a standard. The calculated superlattice GaAs-
and A1As-like mode energies are shifted such that the
calculated energies of bulk GaAs and A1As, respectively,
agree with those obtained experimentally at room tem-
perature. (The experimental bulk positions are also
corrected by neon emission lines. ) In this manner, direct
comparison of the experimental and theoretical peak po-
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FIG. 6. The experimental Raman spectra (thick solid line) of
the A1As-like optic modes in (CxaAs)6(A1As)6 superlattices are
plotted for three different superlattice growth temperatures.
The scattering configuration is z(x,y)z using Ar+ excitation of
EI =2.41 eV. Note the shift to lower energies of the high-

energy optic-mode peak as the superlattice growth temperature
is increased. The theoretical segregation-disordered AlAs-like
Raman spectra (dashed line) calculated using the mass-
perturbed-bulk model are also plotted. The segregation profiles
,are determined using Ez=0. 10 eV. The thin solid line is the
calculated Raman spectrum for a perfect superlattice. The
optic-mode peak positions are tabulated in Table III.

TABLE III. The experimental longitudinal-optic phonon peak positions for the GaAs- and AlAs-

like modes in 6X6 superlattice Raman spectra in Figs. 5 and 6 are tabulated. The LO2 mode positions
are obtained from spectra taken in the z(x,x)z configuration. The theoretical calculations are for segre-

gation profiles determined by Eq. (3) using the values of y=Ez/kqT~ specified (Ref. 7). The growth

temperatures corresponding to Ez =0.10 eV are indicated by parentheses. The calculated Raman spec-
tra for a perfect superlattice as well as the Tg =350, 450, and 650'C profiles are plotted with the experi-
mental data in Figs. 5 and 6. The phonon energies are given in cm '. An asterisk denotes that peak
positions for the Tg =650 C sample do not correspond to LO; as indicated. Due to the uncertainty in

peak assignment, the highest-energy CxaAs-like peak is tabulated under LO&, the next highest under

LO2, and so forth. These positions are given for comparison with the lower-growth-temperature super-

lattice peak positions.

Experiment

Theory

y=3.59
y=2.74
X=2.22
y= 1.86
y= 1.61
y= 1.41
y= 1.26

Superlattice type

Tg =350'C
Tg =450'C
Tg =650'C

Perfect superlattice
( Tg =50'C)
(Tg =150 C)
(T =250 C)
(T =350'C)
( Tg =450'C)
( Tg =550'C)
( Tg =650'C)

LOi

290.1

289.4
290.3

289.9
289.6
289.5
289.4
289.2
289.2
289.2
289.1

CxaAs-like

LO2

286.6
283.7
284.8

287.0
285.8
285.5
285.2
284.8
284.8
284.7
284.4

LO3

281.2
277.4
279.3*

281.7
279.7
279.0
278.6
278.5
278.2
278.3
278.1

LO)-LO3

8.9
12.0
11.0

8.2
9.9

10.6
10.8
10.7
11.0
10.9
11.0

AlAs-like
LO

400.8
400.2
398.3

402.6
401.5
401.0
400.8
400.9
400.7
400.8
400.5
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sitions can be made. Another effect which can change
the experimental absolute peak position is the mismatch
strain between GaAs and A1As. Although GaAs and
A1As are nearly lattice matched, the A1As layers are
slightly strained to accommodate the lattice constant of
the GaAs substrate. Assuming the anharmonic parame-
ters describing the effect of the strain on A1As vibrations
to be constant throughout the Brillouin zone, we obtain
an additional shift in the A1As-like mode energies of—1.0 cm '. The effect of the strain shift is minimized
by obtaining the bulk A1As Raman spectra using unre-
laxed epitaxial A1As grown on a GaAs substrate. How-
ever, the mode Gruneisen parameter is known to change
near the zone edge, and therefore the shift due to strain is
dependent upon mode energy. This effect, though, is
neglected because it is expected to cause only a small
change in the —1-cm ' strain shift found above.

2. Predictions for perfect superiattices
and comparison with experiment

The predicted Raman spectra for perfect 6X 6 super-
lattices, using a bond-polarizability model, are shown as
the thin solid lines in the top panels of Figs. 5 and 6. In
both cases, the calculated spectrum has been normalized
to the intensity of the strongest peak and given the same
Lorentzian broadening found experimentally in bulk
measurements. For the z(x,y)z configuration, the LO„
LO3, and LQ5 modes are Raman active. ' Experimental-
ly, only the LO& and LO3 peaks can be identified unam-
biugously. Their intensity ratio is in good agreement
with the theoretical prediction. The fact that the LO5
peak is not observed is also consistent with the very weak
intensity predicted for this Raman mode at 262 cm '. It
is apparent that the bond-polarizability model gives a
reasonable account of the relative intensities of the
GaAs-like Raman peaks, in spite of the fact that the con-
dit ons for its validity are not fulfilled. This is because
the relative intensity of these peaks depend mainly on the
eigenvectors of the corresponding phonons and not on
resonance effects.

The large separation between individual LO. peaks in
the GaAs-like superlattice Raman spectrum is a result of
the downward curvature of the bulk GaAs LO dispersion
relation. On the other hand, the bulk A1As LO disper-
sion along the (001) direction is very fiat. This leads to
very small confinement downshifts for the A1As-like LO
phonons in a superlattice structure. Hence the expected
AlAs-like Raman spectrum features a single, broadened
peak at a frequency very close to that of bulk A1As.

Several significant deviations between experiment and
the predicted Raman spectra for a perfect 6 X 6 superlat-
tice can be observed in Figs. 5 and 6, and Table III.

(i) As the growth temperature is increased, the GaAs-
like LO& and LO3 phonons shift to lower energy, and the
LO&-LO3 sphtting increases.

(ii) In the Ts =650'C sample, GaAs-like Raman peaks
are observed which cannot be indexed as even- or odd-
index LO modes.

(iii) The experimental A1As-like LOi peak is consider-

ably downshifted from its predicted position.
(iv) A less intense second peak at 395 cm ' and a

broad mesalike structure down to 360 cm ' are observed
in the A1As-like spectra for all samples.

These deviations contain valuable structural informa-
tion about the interface. In order to extract this informa-
tion, we have investigated the effect on the Raman spec-
trum of several models of interface disorder. These mod-
els are described in the following sections. Some con-
clusions, however, can be drawn without any further
modeling, as pointed out in previous work. ' ' In par-
ticular, the downshift of the A1As-like LO& peak cannot
be understood without the presence of gallium in the
noniinally pure A1As layers. The (001) phonon modes in
a perfect superlattice grown along the (001) direction can
be written as linear combinations of (001) bulk phonons.
Since the dispersion of these modes is very small in A1As,
no significant frequency downshift is obtained. However,
the presence of gallium in these layers mixes in bulk pho-
no ns propagating in other directions, for which the
dispersion is significant. This can induce a larger down-
shift of the superlattice A1As-like modes. In addition, al-
loying reduces the LO-TO splitting, causing a further de-
crease of the mode frequency. It is important to reem-
phasize here that these effects, unlike confinement shifts,
cannot be adequately treated with one-dimensional dy-
namic models.

3. Dual interfacial alloying

A simple model that is frequently invoked to explain
the Raman spectra of GaAs-AlAs superlattices is a ran-
dom alloying occurring at both superlattice interfaces.
Comparisons have been made between the experimental
GaAs-like peak positions and calculations using one-
dimensional and three-dimensional models. Using our
three-dimensional model, we have calculated the GaAs-
and AlAs-like peak positions in (GaAs)6(A1As)6 superlat-
tices for random alloying at both interfaces. The depth
of alloying is taken to be 1 or 2 ML. (Note that 1 ML in-
termixing is taken to mean 1 ML on each side of the in-
terface, yielding a 2-ML-wide alloy region. ) In Fig. 7 the
GaAs- and A1As-like peak positions are plotted as a func-
tion of alloy layer corn.position. In the case of the 2 ML
alloying, the central alloy layers are taken to be
Alo 5Gao ~As. (See top panels of Fig. 7.) The solid
(dashed) lines in the figure represent the Ts=350 C
( T =450 'C) experimental peak positions. Note that
while the GaAs-like peak positions can be reproduced us-
ing the dual-alloying mechanism, as has been shown pre-
viously, ' the significant downshift of the A1As-like LO&
mode cannot be simultaneously predicted for either of the
superlattice growth temperatures. This is because the
central "A1As" layers are gallium-free within this model.
Due to the fiat (001) LO-phonon dispersion in A1As, the
frequency of a slab as thin as 2 ML is much higher than
the value experimentally observed for a layer with a nom-
inal thickness of 6 ML. This disordering scheme is also
unable to predict the additional structure observed in the
Tg 650 C 6'aAs-like spectra of Fig. 5 .
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In addition to the lack of quantitative agreement be-
tween the A1As-like experimental results and theory, ex-
treme qualitative differences are observed. This is
shown in Fig. 8 where the calculated Raman spectrum
for a dual-interfacial-alloying superlattice and a
thermodynamic-limit segregation-disordered superlat tice
are plotted along with the experimental data for the
T =450 C sample. The dual-interfacial-alloy predic-
tions show a significant modal structure in the energy
range of the AlAs-like mesa structure. This additional
structure corresponds to modes which are localized in the
interfacial-alloy regions of the superlattice. The com-
bination of the lack of quantitative and qualitative agree-
ment between theory and experiment implies that the
simple dual-random-interfacial-alloying mechanism is
insufhcient to model the superlattice disorder observed.

Figure 7 shows that the GaAs-like modes of the
T =350 C sample are in excellent agreement with the
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FIG. 8. The experimental A1As-like z(x,y)z Raman spectra
for Tg =450 C is plotted along with the dual-interfacial-alloying
and segregation-model predictions. The alloy calculation is for
50% alloying on the 6rst interface layer and 30%%uo on the second.
Notice the presence of several additiona1 peaks in the low-
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FIG. 7. The calculated GaAs- and AlAs-like peak positions
are plotted vs aHoy composition for (GaAs)6(A1As)6 superlat-
tices with random alloying at both interfaces. 1-ML alloying
implies alloying within 1 ML of the interface, yielding a 2-ML
alloy region. Note that for alloying greater than 1 ML, the cen-
tral layers are taken to be Alo5Gao5As. The compositional
profiles are shown in the top panels of the figure. The solid
(dashed) lines represent the experimental results for the
T~=350 C (Tg=450 C) sample. Note the inability to simul-
taneously predict the CxaAs- and A1As-like positions.

predictions for a perfect superlattice. The observation of
Eo transitions at about the energy predicted for perfect
superlattices indicates that the lateral dimensions of these
nearly perfect GaAs layers is at least of the order of
100 A. This is consistent with simulations of the Raman
spectrum. These simulations require lateral dimensions

0

of the order of hundreds of A in order to observe Raman
peaks near the predictions for perfect layers. On the oth-
er hand, the A1As-like Raman spectrum of the same sam-
ple deviates strongly from the prediction for a perfect su-
perlattice, indicating the presence of gallium in the nomi-
nally A1As layers.

4. Alloying at a single interface

From the point of view of the growth process, there are
two different interfaces in the GaAs-AlAs superlattice
structure: the direct interface (A1As deposited on GaAs)
and the inverted interface (GaAs deposited on A1As).
The inequivalence of these interfaces has been demon-
strated using Raman spectroscopy by Jusserand et al.
As a possible way to simulate the effects of this ine-
quivalence on superlattice disorder, we have calculated
the superlattice phonon peak positions assuming a 1-, 2-,
or 3-ML random alloying at only one interface. The cal-
culated GaAs- and A1As-like peak positions as a function
of alloy composition are plotted in Fig. 9. In the case of
the 2- and 3-ML intermixing the central alloy layers are
taken to have an A105Ga05As composition. The solid
(dashed) line represents the experimental results for the

Ts =350'C (Ts =450'C) sample. Note that the rest. ts
are similar to those for the dual-interfacial-alloyin~ ase
in Fig. 7. However, in the single-asymmetric-allaying
case the discrepancies between theory and experiment are
even greater, requiring more cation intermixing per layer
in order to achieve the necessary downshifts in the
GaAs-like modes. As in the dual-interfacial-alloying
scheme, the additional structure observed in the
T =650 C GaAs-like spectrum, as well as the significant
downshift of the A1As-like LO& mode, is not predicted.
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5. Superlattice modeiing of segregation i-nduced disorder

The Raman spectra for the thermodynamic-limit segre-
gation profiles obtained using Eq. (3) with Ez=0. 1 eV
and Tz =350, 450, and 650 C are plotted, along with the
experimental data, as the dashed lines in Figs. 5 and 6.
The corresponding GaAs- and A1As-like peak positions
are tabulated in Table III and are displayed graphically
in Fig. 10. Notice that the model calculations for the
disordered superlattices show some qualitative similarity
to the experimental results. Clearly, as the growth tem-
perature increases we are able to reproduce the down-
ward shift AlAs-like LO&, GaAs-like LO&, and LO3,' the
increase of the LO&-LO3 splitting; and the presence of the
A1As-like low-energy optic mode. Examination of the
calculated mode displacement pattern for the A1As-like
low-energy optic mode shows it to have a distorted LO3
pattern, con6rming the one-dimensional model results of
Jusserand and Mollot. ' This distortion causes the mode
to have a more LO&-like displacement pattern, thus in-
creasing its intensity with respect to the LO3 mode in a
perfect superlattice. In addition to these features, some
of the AlAs-like "mesa" structure is predicted in Fig. 6.
However, the structure of the calculated Raman spectra
in the A1As-like "mesa" region still tends to be modal
(peaked), and not mesalike as found by experiment.

Taking a more quantitative look at the experimental

6. Kinetically limited segregation

Since the thermodynamic segregation model of the
preceding section is unable to simultaneously explain the
GaAs- and A1As-like experimental results in the T =350
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and theoretical results (see Table III and Fig. 10), we see
that the T =450'C sample's peak positions are closest to
the segregation-model predictions for both the GaAs-
and A1As-like modes. However, samples grown at both
lower and higher temperatures are not in as good agree-
ment. In the case of the T =350'C sample we 6nd that
the A1As-like LO& peak position is correctly predicted us-
ing the segregation model. At the same time, the GaAs-
like peak positions are closer to those of a nearly perfect
6 X 6 superlattice (g~ ~ ). As is the case with the previ-
ously discussed alloy disordering schemes, the segrega-
tion model is unable to explain the additional modes that
appear in the GaAs-like spectrum for the T =650'C
sample in Fig. 5.
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FIG. 10. The calculated GaAs- and AlAs-like segregation-
disordered superlattice peak positions are plotted linearly vs
growth temperature. The McLean segregation profiles are for a
segregation energy of Ez =0.10 eV (solid circles). The segrega-
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the inability to simultaneously model the near-perfect nature of
the Tg =350'C sample's GaAs region while predicting the
disordered nature of the AlAs region. The peak positions for a
kinetic-segregation profile are also plotted (asterisks).
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and 450'C samples, we now calculate the Raman spectra
for superlattices with kinetically limited segregation
profiles. In the kinetic-segregation model, the value of
the barrier energy is a key parameter for the evaluation
of compositional profiles. Because the segregation pro-
cess is not yet understood at the atomic level, there are
no theoretical predictions as to the value of the barrier.
As mentioned by Dehaese, Wallart, and Mollot, ' it
should be of the order of the binding energy of the atoms.
Since we are trying to find out whether a kinetically limit-
ed process might explain the differences between the sam-
ples grown at T =350 and 450 C, we have adopted a
somewhat reversed procedure in that we look for reason-
able values of the barrier that might explain the tempera-
ture dependence. For the barrier energies E& =1.7 and
E2 = l. 8 eV, i.e., Es =0. l eV, with a l-ML/sec superlat-
tice growth rate, we find that virtually no segregation
takes place for Tg =350'C, while at T =450'C the segre-
gation is nearly identical to the McLean segregation
profile. The calculated Raman peak positions for these
kinetic-segregation disordered superlattice profiles are
given by the asterisks in Fig. 10. Note that the peak posi-
tions for the Tg =350 C profile are near those for a per-
fect superlattice while the T =450 C positions match
those of the McLean segregation model. However, while
we now have good agreement between theory and experi-
ment for the Tg =350'C GaAs-like modes and the
Tg =450 'C GaAs- and A1As-like modes using the
kinetic-segregation profiles, the T =350'C A1As-like
modes are still in disagreement. Due to this qualitative
deficiency of the model, which casts some doubt on its va-
lidity, we are unable to fit the barrier heights to the ex-
perimental data.

V. DISCUSSION

A. Segregation model accuracy

The simulations discussed in the previous paragraphs
illustrate the limitations of the segregation models. Ex-
perimentally, when the growth temperature is decreased
from Tg =450 to 350 C one sees a dramatic change in the
GaAs-like phonons and a small change in the A1As-like
phonons. The segregation model in its thermodynamic
limit is able to account reasonably well for the A1As-like
phonons, but fails to explain the growth temperature
dependence of the GaAs-like modes. This temperature
dependence is accounted for by a kinetic-limited segrega-
tion process, but such a model wold also predict a compa-
rable temperature dependence in the A1As-like range. It
is quite apparent that neither approach can explain the
experimental data completely.

Recently, Braun and Ploog have proposed that the
segregation of gallium atoms takes place preferentially at
step edges. ' The effect of the presence of a step on the
segregation energy and barriers is not known; however, it
is conceivable that it effectively lowers the segregation en-
ergy and/or barriers in such a way as to allow significant
segregation to occur. In the exchange process, the galli-
um atom which segregates to the surface is replaced by
an aluminum atom. Since this aluminum atom now re-

sides in the bulk layer, its mobility should be small. Thus
if the steps are widely spaced, large regions of the GaAs
layers would appear to be pure. The gallium atom which
segregated to the surface, on the other hand, would have
a higher mobility. This could lead to a significant frac-
tion of gallium atoms throughout the A1As layers, thus
causing a downshift of the A1As-like LO& phonon while
the GaAs-like Raman spectrum is dominated by the per-
fect regions. The size of the supercells needed to verify
this scenario is beyond our present modeling capabilities.
It is quite apparent from the existing data and simula-
tions, however, that the simple one-dimensional kinetic-
segregation model is not sufficient to characterize the dis-
order in the superlattice samples.

Since the McLean segregation law has been shown to
be successful in the modeling of Al Ga& „As alloys, ' '
its failure in the case of GaAs-A1As superlattices seems
somewhat surprising. This failure may be due to the
difference in the nature of the alloy structure from that of
the superlattice. The GaAs-A1As superlattice is by
definition a very ordered structure when compared to the
random nature of the alloy. One might expect the
abruptness of the superlattice interface to have a dramat-
ic effect on the mechanism of gallium segregation. The
simple segregation law used in this study is unable to take
these differences into account, since this involves more
than just the stoichiometry of the surface and first-
underlying layer.

The limitations of the segregation model are also ap-
parent for samples grown at higher temperatures. The
experimental Raman data for the T =650'C sample
show large deviations from the segregation-model predic-
tions. In addition to this sample we also performed ex-
periments on a T =620 C sample grown in the same
manner. This sample revealed Raman spectra similar to
that of the T =650 C sample. Braun and Ploog have
also found an anomaly in superlattices grown in this tern-
perature range. ' (This temperature range coincides with
the "forbidden range" of Al Ga& „As growth where the
surface morphology of the material degrades. ) They ob-
served irregularities in the re6ection high-energy
electron-diffraction intensity oscillation shapes during
growth. These irregularities are interpreted in terms of a
GaAs surface-phase transition in the growth of samples
at or above Tg =633'C. A similar surface-phase transi-
tion is observed to occur for A1As at or above
T =613 'C. Raman spectroscopy is extremely useful
when the broad characteristics of the compositional
profiles are known. In the case of the high-growth-
temperature samples, the possible structures leading to
their complicated Raman spectra are probably too many
to be modeled in a meaningful way without additional in-
put from a direct imaging technique. This analysis is
currently underway.

B. Failure of the bond-yolarizability model

Because our approach allows the calculation of the Ra-
man spectrum for any given compositional profile, we are
not limited to the predictions of the segregation model.
In fact, we have calculated the Raman spectra for many
alternative profiles. It is quite apparent from these calcu-
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lations that some specific features of the Raman spectrum
cannot be reproduced. The most significant is the mesa-
like structure found in the A1As-like Raman spectra of
Fig. 6. Insight into the origin of this structure is gained
through the AlAs-like spectra in the z(x, x}z, polarized
configuration. The A1As-like Raman spectra in the
z(x, x)z configuration for the Tg =350, 450, and 650'C
samples are shown in Fig. 11. Notice that the mesalike
structure is visible for all of these samples. The observa-
tion of the mesalike structure in both configurations and
its strength in the polarized configuration suggest that it
may be a forbidden process. As mentioned previously,
the presence of disorder in the superlattice disturbs the
symmetry of the lattice in such a way as to cause a weak-
ening of wave-vector conservation. This weakening of
the conservation rule leads to an e6'ective "sampling" of
the -wave-vector orientation. Near extreme resonance
this e6'ect is dramatically enhanced due to double-
resonance efFects, and leads to the so-called interface
modes.

To simulate the breaking of wave-vector conservation,
we have calculated the angular density of states for the
GaAs- and A1As-like modes in a perfect 6 X 6 superlattice
using a random incident wave-vector orientation with
magnitude determined by a Gaussian profile centered at
k =0. The width of the Gaussian distribution is chosen
equal to the incident-laser wave vector. The calculated
angular density of states for the GaAs- and AlAs-like en-
ergy ranges are shown in Fig. 12. Notice that in the
A1As-like angular density of states a wide plateau ranging
from 360 to 395 cm ' is observed. We propose that this
plateau produces the mesalike structure in the A1As-like
Raman spectra of Fig. 6. The origin of this plateau is
coupled to the nearly flat nature of the A1As dispersion
along the direction of superlattice growth. This contrib-
utes a set of modes densely packed at about 400 cm ' to
the density of states. In the region from about 365 to 395
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FIG. 12. The angular density of states for the GaAs- and
A1As-like optic modes in a perfect superlattice are plotted. The"+"symbols represent the position of the I -point superlattice
LO; phonons while the "X"symbols represent that of the bulk
material. Note the dispersed and condensed nature of the
GaAs- and A1As-like LO; modes, respectively. The broad ta-
bleau nature of the A1As-like angular density of state in the
range 360—395 cm ' may be the source of the mesalike feature
exhibited in Fig. 6.

cm ' the angular dispersions of the TO and LO modes
are nearly linear, have no anticrossings like those ob-
served around 400 cm ', and intersect for in-plane wave
vectors. This leads to a nearly constant contribution to
the angular density of states. The angular density of
states in Fig. 12 is, thus, the combination of this nearly
constant plateau and the clustered peaks.

In the case of GaAs, on the other hand, the LO disper-
sion in the (001) direction is curved downward, leading to
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FIG. 11. The experimental Raman spectra of the A1As-like
optic modes in (GaAs)6(AlAs)6 superlattices are plotted for
three different growth temperatures. The scattering
configuration is z(x, x)z using Ar+ excitation of EL =2.41 eV.
Note that the mesalike structure observed in Fig. 6 is also ob-
served here.

FIG. 13. The experimental Raman spectra of the GaAs-like
optic modes in (CxaAs)6(A1As)6 superlattices are plotted for
three different growth temperatures. The scattering
configuration is z(x,x)z using Ar+ excitation of EI =2.41 eV.
Note the structure observed in addition to the superlattice
even-index LO; modes expected in this configuration.
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well-separated modes and a peaked angular density of
states. The angular density of states for the GaAs-like
modes is plotted in Fig. 12. The gap in the angular densi-
ty of states observed near 280 cm ' is due to the an-
ticrossing of the LO& and LO3 modes in the angular
dispersion. ' This anticrossing leads to two well-
separated structures in the angular density of states.
However, it is difficult to discern these features in the
z(x,y)z configuration spectra of Fig. 5 due to the widely
dispersed nature of the LO modes. In Fig. 13 we give the
GaAs-like Raman spectra for the T =350, 450, and
650'C samples in the z(x, x)z configuration where the
Frohlich interaction effects are strongest. Clearly, there
is structure observed in these spectra that is not attribut-
able to the superlattice even-index LO modes expected in
this configuration. '

VI. CONCLUSIONS

We have conducted Raman-scattering studies of the
effects of gallium-surface-segregation in GaAs-A1As su-
perlattices. Our study features a very accurate three-
dimensio~al calculation of superlattice vibrations, which
makes it possible to draw quantitative conclusions as to
the validity of different models of interface disorder. We
have found that current surface-segregation models are
unable to account for all the features of the Raman spec-
tra. In particular, the ability of these models to simul-
taneously explain the GaAs- and A1As-like Raman data
indicates that the cation compositional profiles are not

one dimensional. Thus a realistic model of interface dis-
order must take into account the morphology of the
growing surface, including the presence of steps that may
affect the efficiency of the surface-segregation process. '

Modeling of the Raman spectrum of disordered super-
lattices requires accurate phonon energies and Raman in-
tensities. Our results suggest that a bond-polarizability
model, while not strictly valid for laser excitation in the
visible-energy range, is reasonably good for GaAs-A1As
superlattice calculations because the relative intensities of
the different phonon peaks are mainly determined by the
corresponding displacement eigenvectors. However, we
observe clear resonance-effect deviations from the bond-
polarizability model predictions that make it difficult to
fit the Raman spectrum to a given compositional profile.
In particular, the broad mesalike structure always ob-
served in the A1As-like Raman spectrum is assigned to a
density-of-states feature induced by a breakdown of
wave-vector conservation.
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