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Acoustic-phonon Raman spectra of GaAsjA1As superlattices show two characteristic features:
Sharp linea originate in crystal-momentum conserving backscattering by folded superlattice phonons.
A continuous emission background with superimposed peaks and dips is observed due to disorder-
induced scattering from modes of the whole folded acoustic-phonon dispersion. In this case, neither
the crystal-momentum component q, along q~~

nor perpendicular to the growth direction is conserved.
Even in high-quality samples the amount of disorder is such that both eKects appear at the same
time. These phenomena allow us to obtain information on growth-related and intrinsic parameters
of semiconductor superlattices and multiple quantum wells. Caps of the folded-phonon dispersion
cause intensity anomalies in the background emission. Prom the ratio of such features at mini-
Brillouin-zone boundary gaps, for which only q, is not conserved, to those at internal gaps, where
both q, and

q~~
can take arbitrary values, the degree of interface roughness and the lateral extent

of growth islands are deduced. The resonance behavior of the continuous emission and relative
changes of wave-vector conserving folded-phonon to background scattering intensities are analyzed
in terms of homogeneous and inhomogeneous broadenings of interband critical points. Changes of
the homogeneous linewidth with energy and temperature, as well as electron-phonon interaction
constants, are determined.

I. INTRODUCTION

Recent investigations of acoustic-phonon Raman scat-
tering in GaAs/A1As multiple quantum well (MQW)
structures and superlattices (SL's) have revealed
disorder-induced continuous emission which occurs in ad-
dition to the usually observed folded-phonon doublets in
the low-energy range. ~ The Raman intensity of this
background continuum shows strong resonances near in-

terband critical points such as those between confined
electron and hole states or Landau levels.

Explanations for these efFects have been given in terms
of disorder and relaxation of crystal-momentum conser-
vation. It has been argued that deviations from the SL
periodicity, caused by layer thickness Huctuations or in-
terface roughness, perturb the coherent superposition of
scattering contributions &om all well layers of a sample,
which is responsible for backscattering selection rules and
crystal-momentum (q, ) conservation along the growth
direction. Within a distribution of confinement ener-

gies caused by disorder, individual layers can be selec-
tively excited. This leads to Raman scattering from
isolated quantum wells, for which q does not need to
be conserved. Acoustic phonons from the whole mini-
Brillouin zone contribute to the spectrum and an emis-
sion continuum occurs. At energies corresponding to
gaps of the folded-phonon dispersion pronounced inten-
sity anomalies are found. ' In higher-order processes,

q~~, the in-plane crystal-momentum component perpen-
dicular to the growth direction, which is zero in first-
order backscattering experiments, may assume nonzero

values. This makes internal gaps of the phonon dis-
persion observable as additional peaks and dips in the
spectrum. While the electronic structure is easily per-
turbed by disorder, acoustic phonons are less sensitive to
compositional fiuctuations at the interface and maintain
the folded character of their dispersion. Therefore both
background emission and folded-phonon doublets are ob-
served simultaneously even in high-quality samples.

Mechanisms leading to continuous emission, the as-
signment of intensity anomalies to folded-phonon dis-
persion gaps, and the connection of the specific shape
of peaks and dips with the wave-vector dependence of
the Raman efficiency have been discussed in previous
publications. In this paper we exploit the disorder-
induced background and folded-phonon Raman scatter-
ing to study growth-related and intrinsic parameters of
superlattices and multiple quantum wells. In Sec. II we

present results on lateral length scales of growth islands
for MQW's and SL's with varying layer thicknesses. In
Sec. III we discuss the resonance behavior of the continu-
ous emission and its dependence on homogeneous and in-

homogeneous broadenings for short-period superlattices.
Results from a wider MQW sample are presented in
Sec. IV. The tunability of individual resonances between
Landau levels is used for a separate determination of ho-
mogeneous and inhomogeneous broadenings. From their
temperature dependence acoustic- and optic-phonon con-
tributions to the homogeneous linewidth and electron-
phonon interaction parameters are determined. Conclu-
sions of our work are given in Sec. V. In the Appendix we
discuss additional contributions to the acoustic-phonon
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part of the linewidth which have to be considered in or-
der to obtain agreement between theory and experiment.

II. LENGTH SCALES
OF INTERFACE ROUGHNESS

A. Continuous emission: General concepts
and theory

The characterization of interface quality in semicon-
ductor microstructures fabricated by molecular-beam
epitaxy is important in order to obtain information
needed for the optimization of growth processes and
device performance. Commonly, roughness is regarded
as an islandlike compositional perturbation of otherwise
atomically fiat interfaces. ~ Characteristic quantities of
such defects are the lateral extent of growth islands, their
height in terms of monolayers or potential fluctuations,
and surface coverage density. Most optical studies ad-
dressing issues of interface roughness have used photolu-
minescence techniques. From such investigations a com-
prehensive description of interface roughness has been
deduced. ~z Depending on the extent of roughness pertur-
bations compared to the exciton diameter, samples with
rough interfaces, large monoLayer ffat region-s, or pseu
dosmooth (microrough) interfaces can be distinguished
by their luminescence properties. ~2 However, to deter-
mine whether excitons localized at growth islands of a
certain extension will make an observable contribution
to the luxninescence intensity, their diffusion constant
also has to be considered. ~ Following such arguments it
has been realized that luminescence and cathodolumines-
cence imaging experiments are only sensitive to smooth
parts of an interface which extend over several microme-
ters.

We have recently described disorder-induced continu-
ous emission in resonant acoustic-phonon Raman spec-
tra of superlattices, which refiects features of the folded-
phonon density of states. ' In this phenomenon scat-
tering &om individual quantum wells, which becomes
possible by resonant laser excitation of Raman spectra
within an inhomogeneously broadened ensemble of en-
ergy levels, plays a crucial role. The two major sources
for broadening of electronic states in epitaxially grown
superlattices are layer thickness fiuctuations between dif-
ferent periods and interface roughness within the layers
due to growth islands. While period fluctuations only
relax the conservation of q, and make zone-center and
zone-edge dispersion gaps observable as characteristic in-
tensity anomalies (peaks and dips) superimposed on a
background, the potential steps associated with growth
islands allow phonons with nonzero

q~~
to leave a signa-

ture in the spectra via scattering processes which can be
described in higher-order perturbation theory. The most
significant features of these processes are additional dips
due to internal gaps at anticrossings of the longitudi-
nal (LA) and transverse (TA) acoustic-phonon dispersion
branches for

q~~ g 0. Evaluating the phonon dispersion
for arbitrary qI~ and q by solving the Christoffel equation

for the superlattice, we find that both the magnitude
and the energy of internal gaps depend very sensitively on
the in-plane crystal-momentum component q~~. The mix-
ing of LA and TA branches at internal gaps also lends
some Raman activity to TA modes, which are otherwise
not observed in backscattering experiments &om (001)-
oriented superlattices. The strength of TA-related dips is
therefore another indicator for the presence of a nonzero

q~~
crystal-momentum component in the scattering.
Theoretical foundations, including a microscopic de-

scription of the disorder-induced Raman processes used
to model our experimental findings, have been laid in
Ref. 7. Here we emphasize qualitative arguments on the
approach for the characterization of interface roughness
and lateral extensions of growth islands which emerges
&om our studies. Comparisons of theory with experiment
show that best agreement with the emission background
and the shape of the intensity anomalies is obtained for
an integration over a whole range of q~. Conceptually this
corresponds to taking into account the Fourier transform
of the interface roughness potential, i.e., the perturbation
caused by a growth island in real space. However, there
are two approximations that we have made in order to
keep the problem tractable. For scattering of electronic
intermediate states by the interface roughness potential,
i.e., the step where

q~~
becomes involved, we assume the

presence of diluted growth islands which are well sepa-
rated. This avoids computational and conceptual difficul-
ties due to localization and coherence effects. We expect
this assumption to be valid for interfaces in high-quality
superlattices. Another approximation has to be made
about the specific form of the roughness potential, for
which we assume a constant and nonzero Fourier distri-
bution for

q~~
between zero and a maximum value

q~~ ~~
and no contributions from larger q~~. In real space this
corresponds «a sin(qllrli)/(qllrll) type potential with in-

plane coordinate r~~. We take the separation between the
first zeros of this function at r

~~

= kz /q~~ ~~ as a measure
of the lateral extent A of a growth island.

B. Length scales of growth islands: Experiment

Figure 1 shows an experimental (top trace) and a
theoretical (lower trace) resonant Raman spectrum in
the acoustic-phonon regime for a (001)-oriented (10/10)
monolayer GaAs/A1As superlattice which we shall denote
as sample B in the following. Similar spectra for sam-
ples with (6.7/6. 7) and (16/16) monolayers have been
published in Ref. 6. We include them in the present dis-
cussion as samples A and C, respectively. The spectra
were taken in backscattering geometry using laser excita-
tion, dispersion of the scattered light by a 0.85 m double
monochromator, and conventional single-photon count-
ing techniques. Layer thicknesses of the samples were
determined by x-ray diKraction and the energies of the
folded-acoustic-phonon doublet lines. The spectr»~ of
sample A was measured at a temperature of T = 77K,
those of saxnples B and C were taken at 10K. All spec-
tra were excited in resonance with the direct transition
between the lowest confined heavy hole and electron sub-
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FIG. l. Experimental (upper traces) and theoretical
(lower traces) Stokes-Raman spectra of a (10/10) monolayer
GaAs/AlAs superlattice.

bands using parallel polarizations of incident and scat-
tered photons. While the continuous emission and the
peaks and dips in the two narrower samples are strong
enough to be observed without further efforts, the reso-
nant enhancement of the effect by Landau quantization
was exploited for sample C. There the applied field was
11T and the exciting laser energy was in resonance with
the n=1 Landau level transition.

Characteristic features of these spectra, such as the
continuous emission background, the vanishing scatter-
ing intensity for Raman shifts approaching zero, and the

specific shape of the intensity anomalies associated with
gaps of the folded phonon dispersion, have been discussed
in Refs. 2, 6, and 7. Here we focus on the structures
&om which information on lateral length scales of inter-
face roughness can be obtained. Peaks and dips at the
erst zone-edge gap of the folded LA phonon dispersion
are marked with an asterisk in Fig. 1. Those of the in-
ternal gap related to the LA-TA anticrossing are labeled
with a filled triangle. The kink at the TA phonon zone
edge gap, which becomes Raman active by admixtures
of LA modes near the internal gap, is denoted with a
filled circle. For vanishing qll i e i h 'mi of qll

conserving backscattering processes, only peaks and dips
at pure LA gaps should be observed. As qll increases,
internal gaps (filled triangles) appear with a width de-

pending critically on the in-plane component of crystal
momentum. Mode mixing at internal gaps increases with

q~~, which causes the TA-related kinks (filled circles) to
appear. At the same time the energy of the anomalies
also increases. For still larger values of qll the LA- TA fea-
ture moves up to energies such that it overlaps with the
LA anomaly for smaller qll. This causes a smearing out
of the characteristic doublet structure and is a clear indi-
cation of having chosen too large a value for qll „. The
theoretical traces in Fig. 1 and in Ref. 6 were obtained
by varying qll „in a way to obtain the best description
of the experimental features. Converting the optimum

q~i „into characteristic lengths A we obtain A = 150k,
280 4, and 4501 for samples A, B, and C, respectively,
with an estimated error of 20%.

Before drawing further conclusions about interface
properties one has to consider that the minimum length
scale to which the experiments are sensitive is given by
the exciton diameter. Excitons are involved as interme-
diate electronic states in the Raman process. They are
sensitive to potential fIuctuations over a range given by
the extension of their wave function. With the lateral
diameter of confined excitons typically around 250k. ,

ii
we conclude that the value of A = 150k. for sample A
is limited by the intrinsic sensitivity of the experimental
method. Roughness in this case might extend down to
even smaller length scales, but it would not have an infIu-
ence on the peaks and dips observed in the spectra. The
length scales for samples B and t exceed the experimen-
tal sensitivity limit. Within our model we attribute them
to lateral extensions of growth islands. These values of
A suggest that interface roughness in our samples exists
on microscopic length scales which cannot be accessed
by luminescence or cathodoluminescence imaging due to
their limitation by exciton diffusion. Indeed, a cathodo-
luminescence map of the (16/16) monolayer sample does
not show any steps due to growth terraces, thus indi-
cating "excellent" interface quality. The same behavior
is expected for the other samples where no luminescence
satellites from varying con6nement energies are observed.
The occurrence of features in acoustic-phonon Raman
spectra, which are only observable by an in-plane scat-
tering mechanism, indicates that small-scale roughness
exists even in high-quality specimens. Raman scattering
thus provides access to a quantitative analysis of these
effects.

III. CONTINUOUS-EMISSION RESONANCES
IN SHORT-PERIOD SUPERLATTICES

A. Theoretical concepts

Continuous emission
ua folded phonon -doacblet acattering

As a consequence of layer thickness fIuctuations and
interface roughness, acoustic-phonon induced continuous
emission spectra of superlattices exhibit pronounced res-
onances near electronic critical points. Qualitatively this
behavior originates in the interplay between homogeneous
linemidths I h of interband optical transitions, which
enter into the expression for the Raman eKciency, and
the inhomogeneous broadening I';„h of the distribution of
energy levels, over which an integration has to be per-
formed in order to obtain the spectrum of scattered ra-
diation.

Neglecting photon crystal-momentum and zone-folding
effects for LA superlattice phonons, i.e. , assuming a linear
dispersion ur(q ) = vq, for the phonon frequency u(q, )
vs superlattice wave vector q, with the sound velocity
v, the Raman intensity for disorder-induced acoustic-
phonon scattering has been demonstrated in Refs. 2 and
5—7 to be given by
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x(n[hu(q, )] + —,
' + —,') ) e" R(m)

The delta function ensures energy conservation. Stokes
(upper signs) and anti-Stokes (lower signs) emission de-
pend on the Bose-Einstein thermal factor n[hu(q, )] =
1/(exp[ho(q, )/kT] —1). The matrix element M(q, ) con-
tains details of the deformation-potential interaction of
acoustic phonons with confined electronic states of indi-
vidual quantum wells m with thickness a and is given
by

(2)

where Ru~ and Ru, are the energies of incident and scat-
tered photons, respectively, and I'p is the half width
at half maximum (HWHM) of a Lorentzian line shape
which describes the natural broadening of the electronic
structure. The detuning parameter b, (m) is given by

b, (m) = ~i —hcus ~(m, Eo, N, n, B). (4)

AQ)g p includes all contributions to the critical point en-
ergy at which resonance behavior is investigated, i.e., the
fundamental gap Eo, electron and hole confinement in
subbands N, and Landau quantization in level n in the
case of an applied magnetic field B. Variations of con-
finement energies due to interface roughness and layer
thickness fluctuations are introduced by an explicit de-
pendence of ~g p on the number of the quantum wells
m.

The short-period superlattices studied in this sec-
tion have miniband widths that are small compared to
changes in electronic confinement energies by monolayer
fluctuations of the well thickness. Their electronic prop-
erties are therefore still well described by single quantum
well states. Superlattice properties manifest themselves
mainly in the backfolding of the acoustic-phonon disper-
sions. The impact of folded-phonon dispersion gaps on
the continuous emission spectra has been discussed in
Sec. II. The linear acoustic-phonon dispersion used in
the derivation of Eq. (1) is a sufficient approximation for
the investigation of resonance e6'ects; intensity anoxnalies
at dispersion gaps shall be neglected in the following.

The dependence of continuous emission spectra on the
electronic subband index N has been demonstrated in
Ref. 3. The term R(m) in Eq. (1) contains the resonance
denominators of the expression for the Raman scatter-
ing amplitude which is given by third-order perturbation
theory:

1
R(m) =

[b,(m) + iPi, ][6,(m) —hcui + hu, + iFi„]

According to Eq. (1) the Raman intensity for super-
lattices is obtained by a coherent summation over all in-
dividual wells m of the sample. The absolute value of
all contributions may only be taken after adding up real
and imaginary parts of all the terms. In ideal structures
electronic confinement energies for all wells are identi-
cal. Therefore R(m) does not depend on the layer index
m and can be taken out of the sum in Eq. (1). For
an infinite number of layers the remaining summation
over exponentials ensures crystal-momentum conserva-
tion. Thus only sharp folded-phonon lines with q,
n2x/d, n = 0, kl, k2, ..., appear in the spectrum. The
superlattice period is denoted by d. The generalization
to finite light wave vectors k~ and the characteristic dou-
blets is straightforward. In real Structurea disorder causes
a distribution of confinement energies. Consequently the
resonance factor R(m) varies from layer to layer and can-
not be taken out of the sum in Eq. (1) any longer. This
causes a partial breakdown of crystal-momentum conser-
vation and continuous emission appears. At each Raxnan
shift the most prominent contribution to the scattering
intensity is obtained &om those parts of the sample where
resonance conditions according to Eq. (3) are fulfilled,
i.e., where either incident or scattered photon energies
coincide with a particular gap within the distribution.
The disorder-induced variation of quantum well energies
in real superlattices can be modeled by a Gaussian with
an inhomogeneous width I';„g centered around an average
critical point energy Es ~. Continuous emission spectra
are thus obtained by averaging Eq. (1) over this distri-
bution. This procedure has been carried out in Ref. 5
and the background intensity per unit energy interval is
found to be

IB cc ( (IR I &

' —
I (R) I

')
I

—v
/2m )
(d )' (5)

The intensity of crystal-momentum conserving scattering
by folded phonons is given by

(6)

In these equations the angular brackets indicate averag-
ing over a Gaussian distribution of HWHM I';„g. The
energy gap Quctuations enter via R as given by Eq. (3).
While I~ is nonzero at all Raman shifts, energy and
crystal-momentum conservation have to be taken into
account in the evaluation of I~. Equation (6) there-
fore only yields nonvanishing results for wave vectors
q, = n2x/d + 2ki, i.e., at the folded-phonon doublets.
The total Raman intensity of Eq. (1) is the sum of I&
and I~.'

From these arguxnents we find that continuous emis-
sion spectra of superlattices are mainly influenced by
three parameters: the homogeneous linemidth I'g, en-
tering via the resonance denominators of the Raxnan efB-
ciency, the inhomogeneous broadening I';„g of the energy
level distribution due to disorder, and the detuning 4
of the exciting laser photons with respect to the critical
point.
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g. Modeling of resonant continnons emission spectra

For off-resonance excitation (~b, ] )) I'; h) the Raman
spectrum in the acoustic-phonon regime is dominated by
contributions from the energy levels near the center of the
Gaussian distribution. Even though the levels around the
exciting laser energy lead to an enhancement of the Ra-
man signal in incoming or outgoing resonance channels,
their contributions are exponentially suppressed since
they are located in the tails of the Gaussian distribu-
tion. In this case the continuous emission spectrum is
determined by the well thickness of the superlattice and
by the phonon population factors for Stokes and anti-
Stokes scattering, i.e., the sample temperature. The
spectrum is characterized by the position of the emis-
sion maximum and the width of the intensity distribu-
tion. The homogeneous linewidth I'h has no inHuence
on its shape. The occurrence of a maximum in the emis-
sion spectrum follows &om the energy dependence of the
electron-phonon matrix element given in Eq. (2). While
the Raman intensity decreases for larger energies due to
the term sin(aq, /2)/(aq, /2) in M(q, ), a linear increase
due to the first term in Eq. (2) determines the spectrum
for small Rarnan shifts. Hence a maximum is found in
the intermediate regime. The spectrum is further in8u-
enced by the Bose-Einstein statistical factor. For phonon
energies that are small compared to the sample temper-
ature [v(q, ) (( kT] and Stokes emission, an additional
term proportional to [1+kT/ur(q, )] prevents the scat-
tering intensity from reaching zero for vanishing ur(q, ).
For large Raman shifts an additional suppression of the
scattering intensity proportional to q, arises from the
term which depends on the subband index X in Eq. (2).

Spectra excited in resonance, i.e., ~

b,
~

( I';„h, show
diferent behavior. For all Raman shifts strong incom-

ing and outgoing resonances with energy levels from the

Gaussian distribution are possible. Near Eg p the expo-
nential attenuation of individual resonance contributions
by the Gaussian weight factor becomes negligible. Typ-
ical acoustic-phonon energies are comparable to the ho-

mogeneous linewidth I'h . This causes an almost dou-

bly resonant situation, where both energy denominators
in Eq. (3) vanish simultaneously, and leads to further en-

hancement of the scattering intensity. All these eKects
lead to a shift of the intensity maximum towards the
laser line and to a sharpening of the width of the emis-

sion continuum as compared to the case of oE-resonance
excitation.

Figure 2 gives an illustration of these arguments. Con-
tinuous emission spectra have been calculated accord-
ing to the above expressions for a single GaAs quan-
tum well. Figure 2(a) shows spectra for various detun-

ings 6 with respect to a single homogeneously broad-
ened critical point Ez p. For large 6 the same spec-
tra are obtained on either side of the resonance. With
increasing well width the off-resonance intensity maxi-
mum moves towards smaller Raman shifts and vice versa.
Near resonance pronounced changes in the position of
the maximum intensity and the width of the spectra oc-
cur. Incoming resonance causes a prominent peak which
moves linearly with 6. Figure 2(b) shows the same spec-
tra calculated with Eg p inhomogeneously broadened,
thus modeling a real (imperfect) structure by a disorder-
induced variation of single-quantum well confinement en-

ergies. While the ofF-resonance spectra are not changed
much compared to those in Fig. 2(a), the inclusion of in-

homogeneous broadening leads to a shift of the intensity
maximum towards the laser energy and to a sharpening
of the spectra over a wide range of detunings around

0. The analysis of acoustic-phonon continuous

emission spectra along these lines thus allows us to ob-
tain information about homogeneous and inhomogeneous
widths of the electronic structure in Sl 's and MQW's.
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FIG. 2. Acoustic-phonon continuous emis-
sion spectra calculated for a single 10 mono-
layer GaAs quantum well using various de-
tunings from resonance A. (a) Calculations
for a single homogeneously broadened tran-
sition with I'h —— 1meV at T = 10K.
(b) Spectra obtained when inhomogeneous
broadening by I';„h ——5meV is taken into
account. Scaling factors with which the re-
spective spectra have been multiplied are
given on the left-hand side of each panel;
values of A in meV are indicated on the
right-hand side of each spectrum. Positive
Raman shifts indicate Stokes scattering, neg-
ative ones anti-Stokes emission.
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B. Experiment and discussion

x100
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In the short-period superlattices investigated here,
layer thickness Buctuations and interface roughness cause
such strong continuous emission that folded phonon lines
can hardly be detected under resonant excitation. We
show in this section that the energy and temperature de-
pendence of I'h can be determined experimentally &om
continuous emission Raman spectra provided that I'; g
is obtained by another method, e.g. , Rom luminescence
linewidths.

Figure 3 shows continuous emission spectra of a
(10/10) monolayer GaAs/AIAs superlattice for various
detunings 6 with respect to the direct I'-I' transition be-
tween the lowest confined conduction and the highest va-
lence states at the center of the Brillouin zone. The spec-
tra have been taken at a temperature of T = 16K. Points
near the laser line where sufBcient stray light rejection by
the experimental setup was not possible have been omit-
ted. Luminescence spectra show emission associated with
this critical point at 1.825 eV. An inhomogeneous width
of I';„h ——15meV is obtained. The lower-lying indirect
I'-X transition &om the GaAs valence band to the AlAs
X minimum gives luminescence at 1.764 eV. These values
are in good agreement with previous determinations. A

maximum in the continuous emission intensity is found
for a laser energy larger than that of the I'-I' lumines-
cence by about 15meV. This discrepancy is similar to
the frequency shift observed between luminescence exci-
tation and luminescence spectra which can be attributed
to the localization of excitonic states. It has been es-
tablished that the true absorption edge is located at this
higher energy, which we consequently choose to define
zero detuning 6 = 0. These values of 6 are given on the
right-hand side of each spectrum in Fig. 3. On the left-
hand side of the spectra magnification factors are given
where necessary. Around Raman shifts of 15 and 45 cm
the spectra show intensity anomalies, which have been
discussed in Sec. II. For the present investigation of the
shape of the continuous emission spectra a bulklike lin-
ear acoustic-phonon dispersion has been assumed. Only
Quctuations in layer thickness along the growth direc-
tion have been considered; in-plane scattering by inter-
face roughness has been neglected. Theoretical spectra
calculated under these assumptions therefore do not ex-
hibit any features related to gaps of the folded-phonon
dispersion. The solid lines in Fig. 3 are fits to the exper-
imental spectra (dots). They have been obtained using
only the homogeneous linewidth I'h and a linear scaling
factor as adjustable parameters. For I';„h we have used
the value obtained &om the luminescence spectrum. The
intensity maxima of spectra excited with negative detun-
ings are located close to zero Raman shift. For increas-
ing positive 6 the emission maxima move towards larger
shifts on the Stokes side of the spectra. At the same time
their width increases.
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The fitted values of I'g obtained for the various de-
tunings are shown in Fig. 4. For excitation below reso-
nance the broadening is constant. From the results for
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FIG. 3. Experimental (dots) and fitted theoretical (solid
lines) continuous emission spectra of a (10/10) monolayer
GaAs/AlAs superlattice for various resonance detunings A.
Fits have been obtained with I'h and a linear scaling factor
as the only adjustable parameters. A linear background de-
scribing the underlying luminescence has been removed from
the spectra before Btting. Positive Raman shifts indicate
Stokes scattering, negative ones anti-Stokes emission.
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FIG. 4. Homogeneous linewidths I'h for different energy
detunings E obtained from Sts of the spectra in Fig. 3.
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—10meV a value of I'h = (0.63 + 0.1) meV is
obtained. I'h increases significantly for positive de-
tunings. This behavior reQects the increasing number of
relaxation channels for electrons excited into higher-lying
band states of the superlattice dispersion both along and
perpendicular to the growth direction. Consequently
electronic states with larger I'h contribute to the res-
onant enhancement of the Raman efficiency. Scatter-
ing events for laser excitation below the critical point
(~A~ )) I'; h) are mediated by virtual processes via direct
quantum well electronic transitions. We thus interpret
the constant value of I'g for negative 4 as the broad-
ening of an average I'-I' transition in our sample. In
indirect-gap superlattices, such as the (GaAs)„/(AlAs)„
series for n & 12, the broadening of this transition is de-
termined by the transfer time of carriers at the I' point
into the lower-lying X states and does not depend on
temperature. Keeping in mind that the value of I'h

entering the above expressions for the Raman efficiency
presents the HWHM of a I orentzian line shape and defin-

ing the lifetime via the 1/e decay of the electric field
intensity the values of I'h can be translated into life-
times according to 7 = 0.66/(21'h ) ps, where I'h, is
the experimentally determined HWHM in meV. For the
(10/10) monolayer GaAs/A1As superlattice studied here
we find a I'-X transfer time of 7 = (524 + 90) fs. This
value compares very favorably with the average trans-
fer time w = (453 + 50) fs determined for a series of su-

perlattices with about 10 monolayer GaAs well width
and varying AlAs barrier thicknesses by energy- and
time-resolved difFerential transmission measurements in
Ref. 17. In this work it was also noticed that transfer
rates increase for nonresonant excitation above the aver-

age direct transition where hot carriers are being created.
This efFect was attributed to the increasing delocaliza-
tion of I and X envelope functions for energies larger
than the I'-I' transition. Another contribution to I'h

arises from the electron-polar optical-phonon interaction,
which is responsible for intraband carrier relaxation. In
hot-electron luminescence experiments the correspond-
ing scattering time was determined for wider (direct gap)

quantum wells to be about 150 fs. ' It therefore com-
pares well to measured I'-X transfer times. Analyzing
our results from Fig. 4 with respect to theoretical pre-
dictions of carrier relaxation by these two mechanisms
should allow a detailed study of their relative importance
in short-period superlattices.

In order to further illustrate the inHuence of homo-
geneous and inhomogeneous broadenings on resonant
acoustic-phonon emission spectra, Fig. 5 summarizes the
changes of characteristic quantities of the spectra with 6
and gives a comparison with the theoretically expected
behavior. Filled circles connected by a solid line repre-
sent values obtained &om the fits to the data shown in
Fig. 3. Figures 5(a) and 5(b) illustrate the above quali-
tative arguments. For off-resonance excitation the theo-
retical intensity maximum is significantly Stokes shifted
from the exciting laser line to a position independent of
I'h . The same holds for the spectral full width at half
maximum (FWHM) shown in Fig. 5(b). Approaching
resonance from either side, a characteristic crossover to
the region where the inBuence of I'h is significant oc-
curs. Spectra excited near resonance show a strong shift
of the intensity maximum towards the laser energy and
their FWHM is reduced. These changes are more pro-
nounced for small homogeneous linewidths and decrease
with increasing I'h, . Figure 5(c) reflects the decrease of
the Raman efficiency with increasing I'h according to
the resonance denominators given in Eq. (3). For neg-
ative 6 the parameters determined &om fits to the ex-
periment agree closely with the model calculations. Due
to strong overlap with I'-X luminescence, the crossover
region for 6 (& 0 could not be investigated. For positive
detunings the parameters in Figs. 5(a) and 5(b) increase
at much smaller 6 than expected. Their changes reHect
the increase of I h for energies above the I'-I' transition
as given in Fig. 4. The maximum intensity of the spectra,
given in Fig. 5(c), does not show variations with I'h as
pronounced as the other two parameters, even though a
decrease due to increasing values of I'h for positive 6
is noticeable. We attribute this to the higher uncertainty
with which scattering intensities for subsequent spectra
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FIG. 5. Characteristic parameters of con-

tinuous emission spectra from the superlat-
tice of Fig. 3 with varying detuning 4 com-

pared to model calculations with di8'erent
I'i, . (a) Spectral position of the inten-

sity maximum. (b) Spectral full width at
half maximum. (c) Maximum Raman in-
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line indicate experimental results. Solid,
dotted, and dashed lines have been calcu-
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can be determined as compared to the more intrinsic pa-
rameters of Figs. 5(a) and 5(b).

Experiments have also been performed for the (6.7/6. 7)
monolayer GaAs/AIAs superlattice of Ref. 6. At T =
15K and 4 0 a value of I'h = (1.6+ 0.1) meV has
been obtained from fits to emission continuum spectra.
This corresponds to a I'-X transfer time of about 200 fs.
Resonance studies for larger detunings from the I'-I' tran-
sition in this sample are more complicated due to a strong
luminescence background at low temperatures.

2. Electron-phonon interaction in short-period SL's

4.0

3.0

2.0—
E0

I

The possibility to determine homogeneous broaden-
ings even &om electronic resonances with considerable
inhomogeneous linewidths opens a way to address the
question of electron-phonon interaction in reduced di-
mensions. While this issue will be discussed in detail
in the following section, results concerning short-period
superlattices shall be presented at this point. Figure 6
shows continuous emission spectra for the (10/10) mono-
layer GaAs/AlAs sample measured at b, = 0 for various
temperatures. Experimental data (dots) have been fitted
with the above model (solid lines) using I';„h = 15 meV.
Attributing the origin of inhomogeneous broadening to
layer thickness fluctuations and interface roughness, I';„p
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FIG. 7. Temperature dependence of I'h obtained from

the fits in Fig. 6. Dots give experimental results. The solid
line is a fit using acoustic- and optic-phonon contributions to
the linewidth.
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I'~ (T) = 0.82meV+6. 5 T+JMeV 8 meV
(7)

can be assumed to be temperature independent. With
increasing temperature the spectra broaden and their
maximum intensity decreases. This decrease indicates
an increase of I'h . The expected shift of the intensity
maximum and the increase of the FWHM with increasing
homogeneous broadening are however partially masked
by the temperature-induced increase of the Raman sig-
nal on the anti-Stokes side of the spectra (see Fig. 5).
Homogeneous linewidths obtained &om the fits in Fig. 6
are shown in Fig. 7. The solid line is a fit to the data
(dots), which include acoustic- and optic-phonon contri-
butions to the linewidth. We find
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FIG. 6. Experiinental Raman spectra (dots) and theoret-
ical fits (solid lines) of the (10/10) monolayer GaAs/AlAs
superlattice at various temperatures. Intensity scaling fac-
tors are given on the right-hand side of the spectra. Posi-
tive Raman shifts indicate Stokes scattering, negative ones
anti-Stokes emission.

In fitting this expression to the data, only the constant
term and the acoustic-phonon contribution linear in tem-
perature have been varied. The constant term is mostly
due to I'-X transfer. It was found to be independent
of temperature in GaAs/AIAs superlattices with scatter-
ing processes mediated by the interface-mixing poten-
tial (I'-X, ) and interface roughness (I'-X „).ir The last
term represents the longitudinal optic-phonon contribu-
tion, characterized by a coupling constant I',„=8meV,
the use of which will be justified in the next section, and
the Bose-Einstein population factor.

IV. HOMOGENEOUS LINEWIDTHS AND
ELECTRON-PHONON INTERACTION IN MAW

Homogeneous linewidths have been determined in the
preceding section solely &om parameters of the continu-
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ous emission spectra, such as their width, energy of the
maximum, or scattering intensity, under different reso-
nance conditions or temperatures. There we have as-
sumed that crystal-momentum conservation for Raman
processes is relaxed to such an extent that coherent ef-

fects can be neglected. The validity of this assumption
can be checked in Figs. 3 and 6 where almost no acoustic-
phonon doublets are observable. Here we demonstrate
that both I'h and I';„h can be determined experimen-
tally in samples with an amount of disorder such that
the intensities of crystal-momentum conserving folded-
phonon scattering and the background emission can be
measured separately.

A. Separate determination of Fh~m and F;„h,

As pointed out in Ref. 5, the ratio of folded-phonon
doublet scattering and continuous emission is determined

by the homogeneous and inhomogeneous broadenings of
the underlying electronic structure. This becomes evi-
dent in the expressions for the respective Raman inten-
sities IB and IJp given by Eqs. (5) and (6). In these
expressions I'h enters via the resonance denominators
R. I';„h comes into play when averaging over a Gaussian
distribution of confinement energies.

Figure 8 shows continuous emission spectra of a
(16/16) monolayer GaAs/A1As MQW sample for dif-
ferent magnetic fields. This specimen is the sample

discussed in Sec. II.s We have used the pronounced

magneto-oscillations of the Raman intensity at interband
transitions between Landau levels to obtain sharp reso-
nances. The spectra were measured at 10K in parallel
circular polarizations z(0, cr )z and excited with a laser
energy of 1.727 eV. Resonance with the n = 1 heavy hole
to electron Landau level transition occurs at Bo ——11T.
The slope of this transition is Pi ——2.5 meV/T. For mag-
netic fields larger than 9T the separation of neighbor-
ing transitions from the n = 1 line exceeds 20meV.
Prom a luminescence linewidth measurement we find
I';„h ——3.3 meV, which is much less than that separation.
A magnetic field thus allows one to prepare individual
sharp resonances with easily tunable energy mismatch
A(B) = Pi(Bp —B). In some cases a background occurs
that has been defined and subtracted in the following
analysis by connecting the intensities measured at the
largest Stokes and anti-Stokes Raman shifts by straight
lines. The spectra of Fig. 8 show continuous emission
and folded-phonon doublets superimposed on each other.
The first LA doublet is found at Raman shifts of 17.1
and 20.5cm . For the largest detunings the continuous
emission intensity at the LA doublet is about the same
as that of the crystal-momentum conserving signal. In
resonance I~ exceeds I~ by up to four times.

The variation of I~/Ig with magnetic field for the two
LA phonons of Fig. 8 is shown in Fig. 9. The solid
lines are fitted intensity ratios using Eqs. (5) and (6).
Best agreement of theory and experiment was sought us-

ing a nonlinear least-squares procedure to optimize I'h

and I';„h as the only adjustable parameters. For the
17.lcm mode [Fig. 9(a)] we find values of I'h,
0.64meV and I';„h ——2.2meV. The resonance profile
of the 20.5cm i mode [Fig. 9(b)] is best described by
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FIG. 8. Resonant acoustic-phonon Raman spectra of a
(16/16) monolayer GaAs/A1As MQW. Folded-phonon lines

(marked FLA) and continuous emission are observed simul-

taneously. Spectra at diferent magnetic 6elds correspond to
various detunings D with respect to the n=1 heavy hole elec-
tron Landau level transition. A = 0 corresponds to 11T. Pos-
itive Raman shifts indicate Stokes scattering, negative ones
anti-Stokes emission.
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FIG. 9. Resonance behavior of the continuous-emission to

folded-phonon scattering intensity ratio for the two modes of
Fig. 8 at (a) 17.1 and (b) 20.5cm . The solid lines are fits
to the data.
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——0.76meV and I'; h
——2.5 meV. From calculations

with slightly diH'erent parameters we estimate an error of
+0.2 meV.

The maximum ratio and the FWHM of the resonances
shown in Fig. 9 contain suKcient information for an
independent deterxnination of I'h ~ and I';„h. The ra-
tio I~/I~ increases with increasing I';„i,/I'i, and vice
versa. This reaects the origin of the continuous emis-
sion in Raman scattering &om individual quantum wells.
Smaller values of I'h cause sharper electronic reso-
nances, which increase the continuum signal. For larger
inhomogeneous widths I'; h more transitions within the
Gaussian distribution contribute significantly to the con-
tinuous emission intensity, which is consequently in-
creased. While both broadenings have an influence on
the maximum ratio of I~/I~, the width of the resonance
is only affected by I'; h. The dependence of I~/I~ on
I';„i,/I'i, is also highlighted by the results for short-
period superlattices in Sec. III. Due to the larger in6u-
ence of monolayer Quctuations I';„h increases significantly
for smaller well thicknesses. This causes the continuous
emission in Figs. 3 and 6 to be much stronger than I~,
the latter being hardly noticeable. Away &om resonance,
Huctuations in the confinement energies can be neglected
with respect to the detuning of the exciting laser &om
the average transition energy. In this case changes of the
resonance denominator 8 given by Eq. (4) within I'; h are
unimportant and the coherent superposition of scatter-
ing contributions in Eq. (1) is reestablished. Continuous
emission disappears and Raman spectra are dominated
by crystal-momentum conserving folded-phonon scatter-
ing (LA doublets). At this point the application of high
magnetic fields is particularly useful. The short-period
superlattices investigated in Sec. III are indirect, their
main luminescence signal occurs at the lower-lying I'-X
transition, and the resonance behavior near the I'-I' en-

ergy can be easily studied. In wider quantum wells, such
as the sample studied here, strong luminescence at the
direct transition prohibits the observation of Raman scat-
tering in the absence of a magnetic field. In its presence, a
series of strong resonances occurs at energies away from
the luminescence background due to Landau quantiza-
tion and detailed studies become possible.

FLA FLA

(h
~~
C

~~I
C

C

the spectra decreases with increasing temperature, char-
acteristic changes in the relative intensities of contin-
uous emission and folded-phonon scattering are found.
As I~/I~ decreases with increasing temperature, the
folded-phonon lines emerge from the background sig-
nal. Attributing the origin of I';„~ to layer thickness
fluctuations and interface roughness, the inhomogeneous
linewidth can be assumed to be independent of tempera-
ture. With the above values of I';„h determined &om the
low-temperature resonance behavior, changes of I~/I~
with temperature can be translated into a temperature
dependence of I'h . Figure 11 shows values of I'h (T)
determined this way.

I I t l I I I I \ I I I i I I t i I I

-100 -80 -60 -40 -20 0 20 40 60 80 100

Raman Shift (cm')
FIG. 10. Temperature-dependent acoustic-phonon Ra-

man spectra of the (16/16) monolayer GaAs/A1As MQW.
Folded-phonon doublets are marked FLA. Positive Raman
shifts indicate Stokes scattering, negative ones anti-Stokes
emission.

B. Temperature dependence ef Fh

The dependence of the intensity ratio I~/ I~ on I'h
and I';„h and its resonance behavior constitutes a connec-
tion of these fundamental electronic structure parameters
to experimental quantities. Figure 10 shows a series of
Raman spectra from the (16/16) monolayer GaAs/A1As
sample measured at various temperatures. All spectra
have been obtained with zero detuning A. To compen-
sate temperature shifts of the electronic structure, the
spectra have been taken with varying excitation ener-
gies such that resonance with the above n=1 Landau
level transition always occurs near B=11T. This has
been checked by monitoring the xnagneto-oscillations of
the continuous emission intensity close to the laser line
in each ease. While the overall scattering intensity of

C. Electron-phonon interaction in MQW

In bulk semiconductors as well as quantum wells
and superlattices the most important contributions
to the temperature dependence of I'g are
due to electron-phonon interaction. Generally,
deformation-potential and piezoelectric scattering mech-
anisms are considered for the interaction of the lowest
exciton state with acoustic phonons. This leads to a lin-
ear increase of I'h with temperature. Frohlich coupling
is invoked for scattering with /ongitudinal optic phonons.
In this case the linewidth is proportional to the Bose-
Einstein population factor nr, o (T). Scattering by ionized
impurities gives an additional thermal-activation type
contribution to I'h (T), which shall not be considered
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tions in bulk materials and quantum wells. Lumines-
cence linewidths have been analyzed in terms of I'h (T)
and I';„h and attempts to deconvolute the two param-
eters have been made. The development of the
time-resolved four wave mixing technique and energy-
and time-resolved differential transmission experiments
have allowed a direct measurement of exciton dephas-
ing times which are related to I'h . Tables I and
II summarize experimental values of o and I',„ for bulk
GaAs and GaAs/Al Gaq As quantum wells obtained
by various techniques.

The solid lines in Fig. 11 have been obtained by fj.tting
Eq. (8) to the experimental results obtained at the two
frequencies. Using an optic-phonon energy of hei, o ——

36.7meV and optimizing the other three parameters we
find

I'h (T) = 0.60 meV+ 2.1 T + 5.9 meVnLQ(T)
p,eV

K

for the 17.lcm phonon and

I I

50 100 150

Temperature (K)
200

FIG. 11. Temperature dependence of the homogeneous
linewidth I h for the sample of Fig. 10 determined from
the resonance intensity ratio Is/Ip. The solid lines are fits
of a theoretical model for I'h, (T). A separate analysis has
been performed for (a) the 17.lcm and (b) the 20.5cm
phonon.

here. The change of the homogeneous linewidth with
temperature is thus given by

(T) = I'p + T + I' r,o(T) (8)

The parameters in this expression have been subject to
intense theoretical and experimental investigations.
A majority of experiments are based either on the de-
termination of spectral linewidths or on the study of
time-domain phenomena. Modulation spectroscopy, es-
pecially photoreHectivity, and absorption measurements
have been performed to study the width of direct transi-

I ho (T) = 0.56 meV + 3 7 T + 4 2 meVnLQ(T)
peV
K

(10)
for the one at 20.5cm . From these Gts we determine
the constant for the acoustic-phonon contribution linear
in T as cr = (3 + 1) yeV/K and that of the LO phonon
term as I',„=(5 6 1) meV.

The value found for the acoustic-phonon scattering co-
eKcient 0 is in good agreement with other experimental
determinations and provides further evidence for a reduc-
tion of o. with decreasing well thickness. For bulk GaAs
absorption measurements of the exciton linewidth give
o = 12 peV/K. z ' From time-resolved experiments the
acoustic-phonon contribution is determined to be (8.5 +
0.5) peV/K. s In GaAs quantum wells values of cr = 4.5,
2.5, and 1.25 peV/K have been found from dephasing-
time measurements for layer thicknesses of 277, 135, and
120 A. , respectively. ss For wells with widths of . 150 and
325k, acoustic-phonon contributions of 0 = 1.7 and
3 peV/K have been obtained from linewidth studies. ss

Theoretical predictions of u for bulk semiconductors de-
viate signi6cantly &om the experimental values. Possible
mechanisms that may reconcile the large discrepancy be-
tween theory and experiment for bulk GaAs are discussed

TABLE I. Experimental values of the acoustic-phonon scattering coefficient o. contributing to
the homogeneous linewidth given by Eq. (8) for bulk GaAs and GaAs/Al Gaz As quantum wells
with different layer thickness a. See text for a discussion of the various experimental techniques
and fitting procedures used in the determination of these constants.

a (A.)
bulk
bulk
325
277
150
135
120
45

o (peV/K)
12

8.5 + 0.5
3

4.5
1.7
2.5
1.25
3+1

Technique
absorption
dephasing time
photoluminescence linewidth
dephasing time
photoluminescence linewidth
dephasing time
dephasing time
Raman

Reference
23, 38
36
33
36
33
36
36
this work
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TABLE II. Experimental values of the coefBcient I',„due to exciton-optic phonon scattering
contributing to the homogeneous linewidth given by Eq. (8) for bulk GaAs aud GaAs/Al Gai As

quantum wells with difFerent layer thickness a. See text for details on the various experimental

techniques and 6tting procedures used to determine these constants.

a (4)
bulk
bulk
205
200
200
130
120
102
96
84
80
78
60
60
53
45

1',~ (meV)
7

20+1
8.1
7.8

4.7 + 0.6
3.7 + 0.5

12.3
5.5
10.4

11.1 6 1
1.1 6 0.9
12+1

1.7 + 0.9
10.9
9.3

5+1

Technique
absorption
photore6ectance
photore6ectance
absorption
photore6ectance
photore6ectance
photoluminescence linewidth
absorption
absorption
photoluminescence linewidth
photore6ectance
photoluminescence linewidth
photore6ectance
absorption
re6ectance
Raman

Reference
38
29
2?
32
29, 30
29, 30
32
39
32
40
29, 30
40
29) 30
32
28
this work

in the Appendix.
Experimental values for I',„in bulk GaAs vary over a

wide range between 7meV (Ref. 38) and 20 meV. ss The
same holds for GaAs quantum wells where values between
1.1 meV for layers with 80 A (Ref. 29) and 10.9 meV for a
sample with 60k (Ref. 32) have been reported. Similar
discrepancies are also found for the dependence of F,„
on layer thickness. I',„ is predicted to increase with de-
creasing well width up to three times, depending on the
effective masses, in Ref. 26. Values of I',„obtained from
a careful deconvolution of F;„g and Fg in Ref. 32 are
considered to con6rm this notion. Other linewidth mea-
surements suggest F,„to scale linearly with well thickness
and the dependence of the Frohlich Hamiltonian on the
wave vector of con6ned phonons is invoked to account
for the observations. It is therefore evident that more
experimental efforts and a better theoretical understand-
ing are required in order to resolve these controversies.
In view of the highly controversial reduction of F,z with
layer thickness and its implications on changes of the
electron-phonon interaction with dimensionality, a thor-
ough description of the bulk behavior is also called for.

At this point our results from resonant acoustic-
phonon Raman scattering may provide a stimulus for
a consistent description of these effects. Let us note
that most experiments that measure F „have been an-
alyzed neglecting the acoustic-phonon term, linear in
temperature. 2~ '2 3 According to our and the above-
mentioned other determinations of 0 3 yeV/K in GaAs
quantum wells, this term accounts for a contribution to
I'g of almost 1 meV at room temperature and therefore
cannot be neglected with respect to an optic-phonon in-
duced broadening of 2.5meV evaluated for I' „=8meV
and the LO phonon of GaAs. In fact we obtain a value
of 1,„=8.6meV from 6tting the data of Fig. 11 with
Eq. (8) while setting cr = 0. Our results for GaAs wells

with a thickness a of 45k. are thus in good agreement
with most other determinations ranging from a = 53/
[I',z ——9.3meV (Ref. 28)] over 60k [I',„= 10.9meV
(Ref. 32)] and 96k. [I',~ = 10.4meV (Ref. 32)] up to
about a = 200 A [I',„=7.8, 8.1 meV (Refs. 32 and 27)],
regarding that the acoustic-phonon contribution has been
neglected in these studies.

Much smaller values of I',„have been obtained in
the photoreQectance study of GaAs quantum wells with
thicknesses between a = 60 and 200 k in Refs. 29 and 30.
Decreasing coupling constants between F,z ——4.7meV
at a = 200k and 1.7meV at a = 60k. have been in-
terpreted as a reduction of the electron-phonon interac-
tion due to phonon confinement and the reduced dimen-
sionality of electronic subbands. 9' In this context we
want to emphasize the necessity to treat Fg and F;„~
separately when extracting information on coupling con-
stants from linewidth measurements. This requirement
is ful61led in our analysis and has also been met by ear-
lier studies which used a deconvolution of homogeneous
and inhomogeneous contributions to the broadening of
excitonic transitions. 32 It can only be circumvented in
highest-quality quantum wells where I';„p is much smaller
than 1g . ' ' In samples with F;„g )) Fg the in-
crease of the homogeneous linewidth with T will show up
in line-shape Gts which do not distinguish between these
two quantities, at much higher temperatures, and thus
lead to a Hatter increase of the broadening vs T. This
might lead one to interpret the smaller values obtained
for F „ from such 6ts as a reduction of the electron-
phonon interaction. ' In fact we also obtain a signif-
icantly reduced value of 1',„=2.7meV for our sample
when fitting Eq. (8) with cr = 0 to the temperature-
dependent width of the continuous emission magneto-
oscillation of the n=1 heavy hole to electron Landau level
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transition under the above conditions, which is essentially
determined by I;„h.

From our and other determinations of I',„,which take
homogeneous and inhomogeneous broadenings into ac-
count or use samples where the influence of I';„h can in-
deed be neglected, ' ' it appears that a value of
I',„5meV reasonably describes the LO phonon con-
tribution to I'h (T) for well widths between 45 and

200k. , provided that the acoustic-phonon term is taken
into account. This limit may even be extendable to
well thicknesses below 30k. as follows from Sec. III and
Fig. 7 where a constant I',z ——8 meV has been used for a
(10/10) monolayer GaAs/A1As superlattice and reason-
able values for 0 and I"0 have been obtained &om the
fit of I'h, (T) as given by Eq. (7). Reliable theoreti-
cal estimates of I',z for bulk GaAs and other semicon-
ductors have to take into account a variety of eKects,
such as excitonic-polariton states, an accurate descrip-
tion of mixed valence bands, or the various contributions
to exciton-phonon scattering from discrete and contin-
uum excitons. It is also necessary to treat the excitonic
continuum as scattering states; simple plane waves are
insufBcient. A careful calculation along these lines has
recently yielded a value of I',p: 8 meV for bulk GaAs.
This value, which is also in agreement with theory and
experiment of Ref. 38, is rather close to the I',„ found
for GaAs quantum wells. It resolves the problem of an
apparent reduction of the electron-phonon interaction in

quantum wells as compared to the bulk posed by the pre-
viously evaluated theoretical value of I',„20meV.2

The experimental coupling constant I',„=20meV for
bulk GaAs of Refs. 29 and 30 can be reconciled with
these lower values of I',„by including an acoustic-phonon
contribution of 0 = 10peV/K, the average of the exper-
imental determinations in Refs. 23, 38, and 36, which

reduces I',„ to about 12meV. New calculations, which

properly consider phonon confinement and changes of
the electronic structure with decreasing well thickness,
yield that I.",„ is almost independent of well width and
hardly diferent &om the bulk value. Small variations
of I',„by about 1meV, however, are predicted to occur
at layer thicknesses where electronic intersubband ener-

gies are comparable to that of the LO phonon. It is for

this reason that we have decided to fit the data of Fig. 7

[see Eq. (7)] with the constant I',„= 8meV obtained
from these calculations. Similar results have also been
obtained in Ref. 42 using bulk phonons and plane-wave
continuum states, but the three-dimensional limit of I',„
could not be recovered. Further experimental and theo-
retical work is required to determine the remaining minor
differences between bulk and two-dimensional values of

These results for I'h, a quantity which is only
sensitive to the total electron —optic-phonon interaction
contributions from all confined and interface phonons,
bear no relationship to experiments which distinguish
between the individual modes, such as time-resolved in-

traband Raman scattering. There it has been demon-
strated that the electron-phonon coupling for confined
phonons indeed decreases with well thickness whereas, on
the other hand, that for interface modes becomes more

signihc ant.

V. CONCLUSIONS

We have used resonant acoustic-phonon Raman scat-
tering to investigate growth-related and intrinsic param-
eters of GaAs/AlAs quantum wells and superlattices.
Disorder due to layer thickness fluctuations and inter-
face roughness is the origin of a relaxation of crystal-
momentum conservation in Raman processes. In ad-
dition to crystal-momentum conserving folded-phonon
doublets, disorder causes a Raman emission continuum
where all acoustic phonons from the mini-Brillouin zone
contribute to the scattering. The continuum reflects fea-
tures of the phonon density of states, such as dispersion
gaps of the longitudinal branches at q, = 0 and vr/d, but
also at internal gaps where anticrossings of LA and TA
branches occur for

q~~ g 0. The ratio of features at the
zone edge and at internal dispersion gaps has been inter-
preted in terms of characteristic sizes of growth islands
which mediate higher-order Raman processes as in-plane
scattering potentials.

Experimental continuous emission spectra have been
theoretically modeled. Prom fits of their resonance and
temperature behavior we have obtained values for the ho-

mogeneous linewidth of the underlying electronic struc-
ture. In indirect gap superlattices this method can be
used to determine I"-X transfer times. It also allows one
to determine contributions to the homogeneous linewidth

by electron —acoustic-phonon and optic-phonon interac-
tion even in samples with considerable inhomogeneous
broadening.

In quantum wells we have used resonances in the ratio
of continuous emission and folded-phonon scattering to
determine homogeneous and inhomogeneous linewidths
separately. We have analyzed the temperature depen-
dence of the homogeneous linewidth for a sample with a
well width of 45 A and found a reduction of the electron—
acoustic-phonon interaction contribution to the linewidth
as compared to the bulk. Nevertheless this contribu-
tion may not be neglected in a thorough analysis of
temperature-dependent linewidths. The coupling con-
stant due to electron —optic-phonon interaction is not
considerably reduced as compared to bulk GaAs. We
have pointed out the importance of treating homogeneous
and inhomogeneous linewidths separately in such stud-
ies. The failure to do so has been identi6ed as the origin
of previous misinterpretations of reduced coupling con-
stants for smaller quantum well thicknesses as strongly
suppressed electron-optic phonon interaction.
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APPENDIX

A comprehensive theoretical investigation of tempera-
ture-dependent exeiton hnewidths in bulk semiconduc-
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~2 a2 + ~ (b2 + 1/2)
t

(A1)

where a, b„, and d are the valence band deformation
potentials and C~ and Cq are spherically averaged elas-
tic constants of longitudinal and transverse dispersion
branches given by

s (3+11+ 2+12 + 4&44)

&a = E'(t-"ll +12 + 3&44) ~

(A2)

Prom the pressure dependence of deep transition metal
defects absolute values a, = (—9.3 + 1) eV and a„
(—0.7+ 1) eV of hydrostatic conduction and valence band
deformation potentials have been determined using a gap

tors has been given in Ref. 23. The contribution to the
linewidth from exciton-acoustic-phonon interaction has
been evaluated using the deformation potential and the
piezoelectric scattering mechanisms. %hile piezoelectric
coupling was found to give a negligible contribution to
the broadening, a coefficient of o = 0.64 peV/K was ob-
tained for the term linear in temperature due to defor-
mation potential interaction with longitudinal acoustic
phonons in bulk GaAs. In view of the large discrepancy of
this theoretical result to experimental values of 0. = 12p
eV/K (Refs. 23 and 38) and 0 = (8.5 + 0.5) peV/K, ss

excitonic polariton effects were additionally taken into
account in the calculations of Ref. 23. This yields val-

ues of O'T = 0.95peV/K and 0'~ ——1.12peV/K for the
transverse and longitudinal exciton polariton branches,
respectively. Even though these coefficients are some-

what larger than the one calculated without this cou-

pling, they are still much smaller than the experimen-
tal value. Due to the insufficient understanding of bulk
properties similar calculations for MQW's have not been
attempted. In this appendix we estimate the in8uence of
two further contributions to u in bulk GaAs which might
be used in a more detailed calculation to overcome the
above problem.

One additional contribution to 0 is found in a more
complete treatment of electron —acoustic-phonon interac-
tion which usually 24 only includes longitudinal acous-
tic phonons and the hydrostatic component of the defor-
mation potential. The next step beyond this approxima-
tion has to take into account also the scattering by lon-

gitudinal and transverse acoustic phonons via the shear
components of the deformation potential which acts on
the valence band states. In order to circumvent the com-
plications brought about by the mixing of the valence
bands and the anisotropy of the elastic properties, an
effective deformation potential has been de6ned as

deformation potential of ~a, —a„~ = 8.6eV.4 With these
numbers and elastic constants from Ref. 46 an effective
valence band deformation potential of:-,~ = 6.1eV is
obtained. Due to the smallness of a this value is almost
entirely due to the shear components b and d, which are
usually neglected in the calculation of the broadening co-
eKcient u. Adding to the dependence of u on the square
of the gap deformation potential the valence band contri-
bution approximately equal to = & increases its value by
50%%uo, almost as much as when excitonic polariton effects
are taken into accout.

Another contribution to o has its origin in the fact that
typical energies of 6nal states in processes of exciton-
acoustic-phonon scattering are much smaller than the
broadening caused by other mechanisms. Due to energy
and crystal-momentum conservation acoustic phonons
absorbed in a scattering event f'rom the bottom of the
exciton dispersion have an energy of

52q2
E = = Avq.

2M
(A3)

With parameters for GaAs (M = m,' + m& ——0.55mo)
and a longitudinal sound velocity of u = 4.8 x 10s cm/s, a
value of E 150 p, eV is obtained. According to Fermi's
golden rule, the scattering rate is proportional to the
density of 6nal states at this energy. However, due to
other processes, such as electron —optic-phonon interac-
tion and residual broadenings, the actual total homoge-
neous linewidth ri„ is much larger than E. This leads
to a modification of the final density of states, which for
bulk semiconductors vanishes at the direct band gap pro-
portional to v E and therefore to an increase of o. The
linewidth then has to be determined in a self-consistent
way similar to the approach chosen in Ref. 47. An esti-
mate of the change in 0' due to this effect is possible by
adding the actual linewidth as an imaginary part to E in
the expression for the scattering rate which then reads

(A4)

Using an observed broadening of rh 2meV at
100K (Ref. 38) for bulk GaAs and the above value of
E, the enhancement factor for the linewidth coefficient
o &om acoustic-phonon scattering can be estimated as
Q2/0. 15 = 3.7.

From these estimates we 6nd a total enhancement of
0 by more than a factor of 5 when both effects on the
scattering are taken into account. Together with the en-
hancement by a factor of 2 due to excitonic polariton
formation an order of magnitude increase of 0. can be
justified and good agreement between theory and exper-
iment is obtained. We hope that these suggestions will
stimulate further studies and eventually lead to a theo-
retical description of a even for MQW's.
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