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We analyze and interpret resonant Raman-Brillouin scattering by folded acoustic vibrations in short-period
GaAs/AlAs superlattices. Analysis of the spectra and their resonance behavior is performed using a Raman-
Brillouin electronic density constructed by combining thousands transitions between electronic eigenstates of
the system according to their weight in the light-scattering process. We show that plots of this effective
electronic density allow for capturing the essential physics of the electron-phonon interaction and of the
resonant light-scattering process in a situation where complex effects are simultaneously present: electronic
confinement in the quantum wells and wave-function delocalization due to interlayer coupling, folding of
acoustic dispersion and symmetry changes in the deformation fields, resonant selection of optical transitions.
Comparison between the measured spectra and those simulated using the Raman-Brillouin quantum model and
the photoelastic model are presented. Activation and/or deactivation of the scattering by acoustic vibration
doublets and changes in their intensity ratio with excitation energy are directly related to the Raman-Brillouin
electronic density distribution along the superlattices axis. Limitations of the photoelastic model are discussed
by comparing the steplike variation in the photoelastic coefficient to the Raman-Brillouin electronic density

profiles.

DOI: 10.1103/PhysRevB.82.075310

I. INTRODUCTION

Low-frequency Raman scattering in semiconductor super-
lattices (SLs) displays spectral features related to folding of
acoustic phonons which originates in the periodic modula-
tion of the acoustic and acousto-optic properties. This topic
has been extensively investigated in the past'™ and has re-
cently regained a significant interest due to possible genera-
tion and detection of high-frequency coherent acoustic waves
using femtosecond laser pulses. Applications in vibrational
spectroscopy, nanoscale imaging of defects and picosecond
modulation of semiconductors optoelectronic properties are
targeted. In particular, a strong effort is devoted to the en-
hancement of the acousto-optic transduction efficiency in
these devices using optical resonances. Most of the published
works report Raman scattering by folded acoustic phonons
recorded under nonresonant excitation conditions,!? i.e.,
with probe energies far from specific optical transitions of
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the system. These results were fairly well explained using the
photoelastic model (PEM) which assumes a periodic steplike
variation in the photoelastic coefficients along the SL axis:
inside each layer the photoelastic coefficients are constant
and their values in the bulk materials are used.> This model
does not take into account explicitly neither some size de-
pendence of the photoelastic coefficients, nor some changes
in the spatial dependence of the photoelastic function due to
the electronic confinement. Therefore, it fails to describe the
resonance behavior of the Raman scattering due to folded
acoustic phonons. In order to overcome these limitations
some energy dependence of the photoelastic coefficients can
be introduced. However, this reproduces only homothetic
variations in the Raman intensities of folded acoustic vibra-
tion modes.

Since the early work of Colvard et al.’ and Merlin et al.,*
it has been shown that resonant Raman scattering by folded

©2010 The American Physical Society
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acoustic phonons in semiconductor SLs is properly inter-
preted using quantum mechanics: the inelastic light-
scattering process is described within a third-order perturba-
tion theory in which the resonantly excited optical transitions
are taken into account explicitly. The acousto-optic interac-
tion is mediated by the electronic states of the system owing
to the electron-phonon and electron-photon interactions.5-%
Therefore, the resonant Raman spectra strongly reflect the
electronic states selected by the optical excitation. In particu-
lar, the adequacy between the symmetry of the acoustic dis-
placement field and that of the intermediate electronic states
determines the Raman selection rules. However, when sev-
eral electronic transitions are involved in the resonant light-
scattering process, interpretation of the Raman features be-
comes difficult due to interferences between the different
scattering paths.” Moreover, the SL/substrate interface, the
sample surface,'®!! thickness fluctuations of the SL
layers'>'* and the presence of impurities may strongly affect
the electronic states thus reflecting in the resonant Raman
spectra. For these reasons, the relation between the electronic
properties of a system and its resonant Raman spectra can be
complex.

In previous works on quantum dots and quantum wells,
some of us have introduced a Raman-Brillouin electronic
density (RBED) by combining the electronic transitions and
electronic states of a system according to their relative con-
tribution to the light-scattering process.!>!® This approach
allows to generate electronic density profiles that capture the
physics of the electron-phonon interaction and related
Raman-Brillouin spectra, even though thousands of elec-
tronic transitions may be involved. Indeed, the RBED is use-
ful when a large number of electronic transitions are excited
by the optical probe. This is for instance the case of semi-
conductor quantum dots excited close to E; transitions char-
acterized by flat valence and conduction-band dispersions
(i.e., large effective masses).!® In that situation, interferences
between the numerous scattering paths take place, thus blur-
ring the connection between the Raman-Brillouin spectral
features and the excited electronic states. Moreover, it has
been shown that the RBED is the link between the widely
used photoelastic model of the Raman scattering and quan-
tum models which accounts for optical resonance effects.

The present work is devoted to the introduction of the
Raman-Brillouin electronic density for two-dimensional pe-
riodic nanostructures. The GaAs/AlAs short-period superlat-
tices, investigated in this paper, are considered here as model
systems on which the utility of the RBED can be tested.
Direct comparison between simulated and measured spectra
are presented. For each SL, the spatial distribution of the
RBED is plotted for various excitation energies. It is shown
how these RBED profiles, combined with the symmetry of
the acoustic vibration modes, allow for a clear understanding
of the resonant Raman-Brillouin scattering in a complex situ-
ation where periodicity, quantum confinement, layering of
the vibrational properties and optical selection of electronic
transitions are simultaneously present. Moreover, the RBED
profiles are compared to the steplike profile of the Photoelas-
tic coefficient. We show why the profile of this coefficient
underestimates or overestimates the electron-phonon interac-
tion thus leading to erroneous Raman-Brillouin scattering in-
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TABLE 1. Number of periods, nominal and measured thick-
nesses of the three superlattices.

Number dGans dGaas daias daias

of ganominal measured nominal measured
Sample  periods (nm) (nm) (nm) (nm)
SL1 200 2.954 2.90 1.173 1.25
SL2 200 1.969 2.00 2.346 2.43
SL3 200 0.985 0.99 3.519 3.55

tensities of folded acoustic phonons. The originality of the
work lies in the introduction of the RBED as a theoretical
tool to understand and interpret the main tendencies ob-
served experimentally. We successfully describe variations in
acoustic phonons doublets that could never be explained pre-
viously and are out of the scope of the standard photoelastic
model.

II. EXPERIMENTS AND STRUCTURES

Three GaAs/AlAs superlattices with nearly the same
nominal folding frequency (dguas/UGaas+daias/Uaias) ™
=1.2 THz and different GaAs (dg,as) and AlAs (dajas)
thicknesses are studied (vguas and vaja, are the longitudinal
sound velocities in GaAs and AlAs). In Table I the nominal
parameters as well as those deduced from the x-ray diffrac-
tion are shown. The measured thicknesses are very close to
the nominal ones. It is well known that changing the well/
barrier thickness ratio in SLs leads to strong variations in the
associated Raman signature (see Sec. III A). Our samples
correspond to three different values of the well/barrier thick-

ness ratio (Zi::s ~2.32, 0.82, and 0.28) while the SLs period
d=dgapns+daas is almost the same (around 4.4 nm). The
samples were chosen to allow for a detailed investigation of
their Raman-scattering properties covering the three situa-

tions 2 <1, S o and {1,

Raman measurements have been performed at room tem-
perature, in near-backscattering (BS) configuration using a
Dilor XY800 triple spectrometer in the subtractive mode and
a charge coupled device detector. Six excitation wavelengths
from an argon ion laser and from a near infrared tunable
Ti:Sa laser have been used. The Stokes Raman spectra, nor-
malized either to the first (SL1) or to the second (SL2 and
SL3) acoustic mode, are shown in Fig. 1. In agreement with
the design of the samples (constant period), the average Ra-
man shift of the acoustic phonon doublets is nearly the same
for the three SLs and independent on the excitation energy;
while the doublet splitting reflects the energy dependence of
the phonon wave vector probed in BS and the slight variation
in the average sound velocity from sample to sample. The
relative intensity of the first and second doublets and of the
two components of each doublet display strong variations
from sample to sample: intensity ratio changes in the spectral
components of the first acoustic doublet and scattering by the
second acoustic doublet.

III. MODELS

The experimental results shown in Fig. 1 can be inter-
preted using either the PEM or the Raman-Brillouin quantum
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FIG. 1. (Color online) Color plots: Raman-Brillouin spectra re-
corded from the three superlattices for the excitation energies indi-
cated in the central panel. The black spectra have been calculated
using the PEM at E;=1.65 eV. The drawings at the top of the
panels help to visualize the GaAs/AlAs thickness ratio.

model (RBQM). In the RBQM, the SL electronic eigenstates
are taken into account explicitly.

A. Photoelastic model

Let us first briefly recall the photoelastic model. The PEM
describes the light-scattering process in terms of modulation
of the dielectric susceptibility by the vibration modes. Here,
we discuss its integral form which has been widely used for
the interpretation of the RB scattering in superlattices.’

For scattering by longitudinal-acoustic (LA) vibrations,
the Raman-Brillouin intensity is given by>!7:18

2
f Af(z)Ai(z)P(z)%Z(Z)dz

Iyg & , (1)

where u,, is the displacement field along the z direction
for a LA mode m, P(z) is the steplike periodic change in the
Photoelastic coefficient along the superlattice axis given by
P(z)=0.48 in GaAs and P(z)=0.005 in AlAs.> A; (respec-
tively, A,) is the potential vector of the incident (respectively,
scattered) light. The displacement fields of LA vibrations are
calculated as a linear combination of reflected and transmit-
ted waves using the transfer-matrix method as described in
Refs. 19 and 20. The displacement field u,,(z) is normalized
over the whole superlattice.

For an infinite superlattice, the dispersion of LA phonons
along the superlattice axis is given by the well-known Ry-

tov’s formula?2!
d d
cos(gd) = cos[ a)q<M + M) }
UAlAs

UGaAs
62 . dGaAs . dAlAs
- —sin| , sin| w,—— |, (2)
2 UGaAs UAlAs
where ¢ is the LA phonons wavevector and €

©GaAsVGaAs~ @ AIAsU AlA
= ; “Q » ),’/2 is a parameter describing the contrast
GaAsY GaAsE AlAsV AlAs,

between the materials acoustic impedances. The LA phonons
dispersion is shown in Fig. 2 for the three studied superlat-
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FIG. 2. (Color online) Left panel: dispersion of LA phonons for
the superlattices, SL1 (green), SL2 (red), and SL3 (blue), calculated
from Eq. (2). The acoustic branches are identified as (+1) and
(*2). Right panels: deformation field div[u,,(z)]=—5— 200 f the
modes (*1) and (*2), calculated using the transfer-matrlx method
for each finite superlattice and excitation energy. The deformations
are shown within a unitary cell, centered on the GaAs layer. The
black dashed lines indicate the GaAs/AlAs interfaces.

tices (considered as infinite).

For both PEM and RBQM, we assume incident (respec-
tively, scattered) electromagnetic field A;)(z) of the form
explik;(2), where k) is the incident (respectively, scattered)
photon wavevector component along the z direction. The in-
plane component 12” of the incident and scattered wavevectors
is here neglected.

In Fig. 1 the Raman-Brillouin spectra calculated using the
PEM (Eq. (1)) are reported. The PEM spectra were generated
with a transferred wave vector corresponding to the near in-
frared excitation (E;=1.65 eV); the PEM intensities do not
depend on the excitation energy. In contrast, it is very clear
from the measured spectra (Fig. 1) that significant variations
in the Raman intensities with excitation energy are observed
and cannot be described by the photoelastic model. The most
evident discrepancy is the absence of the second doublet in
the near infrared spectra of SL1 and SL3 (red line in Fig. 1).
Moreover, strong intensity variations in the second acoustic
doublet and of the intensity ratio within the first acoustic
doublet are observed depending on the excitation energy.

B. Quantum model—Raman-Brillouin electronic
density

Here, we briefly recall the quantum theory of the resonant
Raman-Brillouin scattering according to the approach re-
ported in Refs. 2 and 22 and apply to this context the RBED
introduced in Refs. 15 and 16.

In the frame of the quantum perturbation theory, the reso-
nant Raman-Brillouin scattering is described as a three steps
process in which the emission (or absorption) of a vibration
mode occurs because of transitions between the electronic
eigenstates of the system. In the case where the process is
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mediated by conduction electrons, the scattering efficiency is
proportional to®8

<h|HZ—pht|e’><e’ |He—vib|e><e|H2—pht|h> ?
(Es - Ee’—h + i’)/e’—h)(Ei - Ee—h + i’)’e—h)

>

r
ee'h

3)

where e,e’ and h are electron and hole eigenstates;
E,, and vy, are the energy and homogeneous broadening
of the e-h transition, respectively; E,;, is defined as:
E,,=E,+E,+E, where E, (respectively, E}) is the electron
(respectively, hole) confinement energy and E, is the GaAs
band-gap energy. E; and E,=E; * fiw,, are, respectively, the
incident and scattered photon energies (A w,, being the energy
of the absorbed or emitted vibration mode). The electron-

. . . . . . [ el A'IA:,' 0 -
photon interaction Hamiltonian is given by H’;_j}hF%; p

being the electron quantum momentum, ¢, the elementary
charge and A i(s) the potential vector of the incident (respec-
tively, scattered) light. We assume deformation-potential in-
teraction between the electronic states and the LA vibrations
He_visze(h)(z)Vﬁm(z), where D,(z) is the conduction
(respectively, valence) band deformation potential.>-27

The sum in Eq. (3) runs over all intermediate conduction
states ¢ and e’ and initial valence states h. For the sake of
simplicity we consider here only zero in-plane wavevector
electron-hole transitions. Each state is described by a Bloch
wave function W, (7) = v, (7) o) (2) Where v,,)(7) is the
atomiclike wave function of the electrons (respectively,
holes) and ¢,(;,)(z) the envelope wave function along the su-
perlattice axis. The latter is calculated by solving
Schrodinger equation numerically and assuming parabolic
dispersion of the valence and conduction bands. The validity
of this assumption is discussed further. Calculations are per-
formed for the real superlattices: the fact that the SL size is
limited by the surface and substrate presence has been taken
into account. However, the superlattices length was limited
to 40 periods to keep within reasonable computation times.
As a matter of fact, we have checked that the results do not
to differ significantly when changing the number of periods
from 20 to 40.

In the case where only one electron-hole transition is
resonantly excited by the probe light, the sum in Eq. (3)
reduces to one dominant term and the RB peak frequencies
and intensities are directly related to the spatial distribution
of the electronic density selected by the optical excitation.'®
When considering a large collection of intermediate states,
summation of the scattering amplitudes in Eq. (3) leads to
strong interferences in the overall RB intensity. Interpretation
of experimental data becomes difficult due to the fact that the
relation between the RB spectral features and the excited
electronic states is hidden by the interfering scattering paths.’

In previous works,'>!® by rewriting the inelastic light-
scattering efficiency (Eq. (3)), we introduced a Raman-
Brillouin electronic density which combines the wave func-
tions of the intermediate electronic states according to their
incoming and outgoing resonance factors. For a scattering
process mediated by the conduction electrons, the normal-
ized RBED is

PHYSICAL REVIEW B 82, 075310 (2010)

TABLE II. Damping parameters of the electron-hole transitions
v;; and electron/hole deformation potentials D, in GaAs and
AlAs. The ij subindices refer to the electron and hole subbands.

GaAs AlAs
Y11 Y22 Y13 D.* D,* D,* D,°
(meV) (meV) (meV) (eV) (eV) (eV) (eV)
10 200 500 7.17 2.72 5.64 2.61

#Reference 26.
PReference 27.

1 . .
Pro(d) =75 2 Ry b, (DR, e(2), @)

ee'.h
where R,, and R, , are dimensionless resonance factors
given by
i
i (e|H, »ght|h>
eh = . ’ (Sa)
Ei - Ee—h + Ye-n

(hlH, ,ple")

R, .= , 5b
e Es_Ee’—h+ i’Ye’—h ( )
and
R= 2 R;l,e i,h (6)
eh

is a normalization factor satisfying [pig(z)dz=1. pgp(2) is
the sum, running over h, of the overlapping between the
effective wave functions EeRi’hdk(z), excited at the probe-
laser energy E;, and Ze,R;’e,g{)g/(z) giving rise to emission of
the scattered photon with energy E,=F;* hw,, The scatter-
ing paths involving hole-vibration interactions also contrib-
ute to the RB scattering: the corresponding normalized
Raman-Brillouin electronic density is given by

1 o .
Pro(@) = 2 Ry (R, h(2). (7)
e.hh'

The overall RB scattering efficiency by a given vibration
mode, Eq. (3) plus the contribution from the hole-vibration
interaction, may then be rewritten

2

Mn2) 17 ()

R f [D.(2)pkp(2) + Dy(2)pp(2)]

From Eq. (8), Rpal)(z) appears as the electronic density
distribution interacting with the vibration modes and giving
rise to the Raman-Brillouin scattering. Rpl‘i(g)(z) are complex
functions (Eq. (4)) because of the homogeneous broadening
of the electron-hole transitions (Table II) and because the
photons potential vectors are complex.

One can notice the similarity between Egs. (1) and (8):
RDg(h)(z)pf{%)(z) in Eq. (8) plays the same role as
A;(2)A,(2)P(z) in Eq. (1). Since RD,, is constant and A,
is nearly constant within each layer (dguas(aias)<MNiis)>

peR(g)(z) can be compared to P(z). However, p]i(é‘)(z) includes
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FIG. 3. (Color online) Raman-Brillouin spectra of SL1 calcu-
lated using the RBQM and for different excitation energies E;. For
each excitation energy the scattered intensity is normalized to the
first peak (—1). Calculated electron-hole transition energies involv-
ing the different subbands are shown on the right.

the electromagnetic fields and the electronic structure of the
system and is therefore well suited for the analysis of the
resonant light-scattering process. As discussed in Ref. 16, the
RBED is the link between the Raman-Brillouin quantum
model and the photoelastic model.

IV. RESULTS AND DISCUSSIONS
A. Comparison between measured and simulated spectra

In this section we compare the measured RB spectra to
those calculated using the photoelastic model and the
Raman-Brillouin quantum model. Our aim is to point out
some limitations of the PEM and to show that the Raman-
Brillouin quantum model gives a more accurate and com-
plete description of the experimental spectra and of their
change with excitation energy (resonance effects). This is
particularly important because it ensures that the RBED,
which will be plotted and discussed in the next section, are
indeed those giving a good agreement with experiments.

Figures 3-5 show the Raman-Brillouin spectra of the
three superlattices calculated using the RBQM (Eq. (8)) and

©

=
o

Raman intensity

50//70 75 80 i
Ra?nan-Brillouln shift (cm™)

FIG. 4. (Color online) Raman-Brillouin spectra of SL2 calcu-
lated using the RBQM and for different excitation energies E;. For
each excitation energy the scattered intensity is normalized to the
first peak (+1). The inset is a focus (color scale multiplied by 20) on
the excitation energies for which the small activation of the second
doublet (*2) is predicted. Calculated electron-hole transition ener-
gies involving the different subbands are shown on the right.

PHYSICAL REVIEW B 82, 075310 (2010)

";}

- &
AlAs

(4
o

Raman intensity

o

Q e1'hh1
6.‘,0 26
@o 24
%, 2.
s =
00" X3 N~
9 18 =~~~ sos70 75 80 % *
% 16 30 35 40 paman-Brillouin shift(om™)

FIG. 5. (Color online) Raman-Brillouin spectra of SL3 calcu-
lated using the RBQM and for different excitation energies E;. For
each excitation energy the intensity is normalized to the first peak
(+1). The inset is a focus (color scale multiplied by 20) on the
excitation energies for which the broadening of the second doublet
(£2) is predicted. Calculated electron-hole transition energies in-
volving the different subbands are shown on the right.

for excitation energy ranging from 1.65 to 2.75 eV. The cal-
culated electron-heavy hole and electron-light hole transition
energies are indicated in each figure. The optical indices used
in these calculations were extracted from ellipsometry mea-
surements and depend on the excitation energy. The electron-
hole transition dampings used in the simulations as well as
the deformation potentials are quoted in Table II. The values
for the damping are the ones giving the best agreement with
the experimental results and are in agreement with the work
of Kushibe et al.?

Since the Raman-Brillouin peak frequencies of the (*1)
and (*2) doublets are well reproduced by both the PEM and
RBQM, the comments will be focused on the scattered in-
tensities and on the comparison with the experiments. For
SL1 (Fig. 3), the most remarkable point concerns the scatter-
ing by the second doublet (£2). Indeed, the spectrum calcu-
lated using the RBQM (Eq. (8)) shows no activation of the
second doublet (*2) for red excitation (E;=1.65 eV) and up
to 2.2 eV. This is in a very good agreement with the spectrum
measured with excitation at 1.65 eV (Fig. 1): scattering by
the second doublet is indeed completely absent. On the con-
trary, the spectrum calculated using the PEM (lower spec-
trum in Fig. 1) exhibits scattering by both first and second
doublets with similar intensities whatever the excitation en-
ergy is (not shown here). Indeed, only small variations in the
scattered intensities are expected due to small changes in the
exchanged wavevector (see Eq. (1)). Moreover, scattering by
the second doublet is clearly activated for excitation at 2.41
eV and then decreases with increasing energy (Fig. 1). This
behavior is well reproduced by the calculated spectra: in Fig.
3 the intensity of the second doublet is maximum at 2.55 eV
and then decreases with further increase in the excitation
energy. The appearance of the second doublet coincides with
the resonant excitation of the electron-heavy hole e,-hh, and
electron-light hole e,-lh, transitions (indicated in Fig. 3). For
GaAs quantum wells of few monolayers, as those of our SLs,
the parabolic band approximation overestimates the elec-
tronic subband energies. Therefore the calculated electronic
transitions may be larger than the actual ones. This results in
underestimation of the interference effects and thus leading
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to an overestimation of the Raman intensity of the second
doublet, and could explain why the calculated intensity
maximum of the second doublet occurs at higher excitation
energy (2.55 eV) than observed (2.41 eV).

Concerning the scattering by the first doublet (*1) the
experimental intensity ratio /,;//_; increases from 0.25 at
1.65 eV to 0.7 at 2.54 eV and then decreases to 0.45 at
2.71 eV (Fig. 1). This variation is also connected with the
resonant excitation of e,-hh, transitions and is well repro-
duced by the simulations based on the RBQM (see Fig. 3).

For SL2, the scattering by the second doublet (*2) is
predicted to be very small (with respect to scattering by the
first doublet (1)) by both the RBQM (Fig. 4) and the PEM
(Fig. 1) in agreement with the measurements (Fig. 1).
However, the RBQM shows that a small activation is ex-
pected for excitation energies close to the e,-hh, transitions
(2.88 eV<E, 4,<2.97 eV). This is indeed observed ex-
perimentally for £;~2.47 eV (Fig. 1). As mentioned above,
the parabolic bands approximation may explain the shift be-
tween the calculated and observed excitation energies for this
activation.

The scattering by the first doublet shows an inversion of
the I_,/1,, intensity ratio that occurs (Fig. 1) when changing
the excitation energy from 2.41 to 2.71 eV: I_;/1,;,=0.72 at
241 eVandI_;/1,,=1.37 at 2.71 eV. This behavior is repro-
duced by the RBQM even though the intensity ratio is re-
versed compared to the experimental one. This discrepancy
can be explained by the fact that, for SL2, the GaAs and
AlAs thicknesses are very similar and very small. Indeed, a
difference of only one monolayer between the nominal and
the actual average thicknesses can be responsible for the in-
version of the I_,/I,, intensity ratio.!

For SL3, the RBQM simulations are also in good agree-
ment with the experimental data. First, the measured /_;/1,;
intensity ratios are very close to the calculated ones (see
Figs. 1 and 5). Even the oscillatorylike variation in the
1_,/1,, ratio with excitation energy is well reproduced by the
simulations: the measured I_,/1,, oscillates between 0.2 (ex-
citation at 2.45 eV) and 0.6 (excitation at 2.71 eV); this
behavior is well reproduced by the RBQM.

Scattering by the second doublet (£2) is predicted by the
RBQM (Fig. 5). The calculated intensity ratio I.,/I,; is
around 0.2 compared to 0.6 experimentally. It reaches a
maximum for excitation around E;=2.45 eV, close to the
resonances with the e;-hh, and e,-lh, transitions (see inset in
Fig. 5), in agreement with the experiments (Fig. 1). The dis-
crepancy between measured and calculated /.,/1,, intensity
ratio, like for SL1, is mostly due to the overestimation of the
electronic subbands energies which weaken the interference
effects. Moreover, close to the maximum of the second dou-
blet, a broadening of the (*2) Raman bands is predicted
(inset in Fig. 5). This effect can explain the broad band
observed experimentally (see Fig. 1) for an excitation at
E;=2.47 eV. Since the quantum wells (QWs) of SL3 are
very narrow, the symmetries of the deformation fields asso-
ciated to the acoustic modes are not well defined as in SL1
and SL2. Indeed, a slight shift of the nodes with respect to
the center of the QW changes significantly the overlap be-
tween the deformation field and the RBED. This leads to a
bad selection of the wavevector ¢, resulting in a broadening
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of the (£2) Raman bands. Such effect appears for the second
doublet because the associated deformation fields are
strongly varying and are therefore more sensitive as com-
pared to the first doublet.

B. Raman-Brillouin electronic density

In order to understand better the resonant Raman-
Brillouin scattering, it is necessary to consider the symmetry
of the acoustic vibration modes and their coupling to the
optically excited electronic states.

We found, from our band-structure calculations that, ac-
cording to the GaAs thicknesses, and to the number of peri-
ods in the SLs (used for the simulations), about 4500
electron-hole transitions may significantly contribute to the
light-scattering process depending on the considered SL
(symmetry forbidden transitions such as e;-hh,, e;-lh,,
e,-hh,, and e,-lh, were excluded). Since we consider finite
superlattices, there is no translational invariance because of
the presence of the surface and of the substrate. Therefore,
there is no wave vector conservation in the three interaction
steps (Eq. (3)) of the light-scattering process, and thus no
(spatial) selection of electronic transitions; wave vector con-
servation progressively and naturally comes out in our simu-
lations when increasing the SLs length with respect to the
optical wavelength (i.e., when translational invariance is re-
covered). Hence, due to the huge number of possible inter-
fering scattering paths, it is very difficult to connect the elec-
tronic structure of the SLs to the changes in the Raman-
Brillouin spectral features. The Raman-Brillouin electronic
density introduced in Sec. III B, allows to overcome this dif-
ficulty as it combines the thousands scattering paths into a
single effective function.

The RBED generated for electrons (Eq. (4)) and for holes
(Eq. (7)) are very similar due to the fact that both are mostly
confined within the GaAs QWs (type I SLs). We found only
small differences in their spatial extension around the QWs
due to their different effective masses. Therefore, we will
focus on the RBED generated for the electrons only. More-
over since the RB scattering amplitude is proportional to the
RBED Rpgg(z) (see Eq. (8)), we will discuss plots of this
quantity rather than the normalized RBED pgg(z) (Eq. (4)).

Figures 6—8 show the Raman-Brillouin electronic density
Rpgg(z) profiles along the z axis of the three superlattices
and for excitation energies ranging from 1.6 to 2.85 eV. The
real R[Rpgp(z)] and the imaginary J[Rpgy(z)] parts of the
RBED as well as its modulus |Rpgg(z)| are shown. The
modulation along the superlattice axis is due to the spatial
variation in the electromagnetic fields and to the spatial dis-
tribution of the electronic states. The modulus of the RBED
is mainly localized in the QWs and reflects the SLs period-
icity. The RBED profiles (Figs. 6-8) strongly depend on the
excitation energy due to optical resonances with the electron-
hole transitions involving the different SLs subbands. More-
over, one can notice that for some excitation energies the
RBED profiles (real and imaginary parts and modulus) ex-
hibit minima: around 1.7 and 1.9 eV in Fig. 6 for instance.
These minima arise from destructive interferences between
scattering paths from the e;-hh;, e;-lh;, and e|-hh; transi-
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FIG. 6. (Color) RBED Rpjg(z) spatial distribution for SL1 and
for different excitation energies E;. From top to bottom are shown
the real, imaginary parts and the amplitude of the RBED shown
within a few periods of the SL. The color scale of the real and
imaginary parts is the same. In the lower panel [modulus of
Rpgg(z)], the color scale for energies above 2.2 eV should be di-
vided by 50. The dashed lines show the barrier/well interfaces. The
electron-hole transition energies are reported on the right of the
lower panel.

tions. Let us examine for each superlattice how the RBED
captures the essential physics of the resonant Raman-
Brillouin scattering.

For SL1, the RBED profiles (real and imaginary parts and
modulus in Fig. 6) exhibit maxima or minima (for the real
and imaginary parts) centered on each quantum well for ex-
citation energy 1.8 eV<E;<2.2 eV, i.e., close to resonance
with the e-hhy, e;-lh;, and e,-hh; transitions. Therefore, the
coupling of the RBED to the acoustic mode (—1) is optimum
since the associated deformation field is mainly symmetric
with respect to the center of the QWs (see Fig. 2 and Eq.
(8)). On the other hand, one can notice from Fig. 2, that the
deformation field of the (+1) mode is mainly antisymmetric
leading to a weaker overlapping with the RBED. The corre-
sponding Raman-Brillouin scattering is less intense than that
of the (—1) mode (see simulated spectra in Fig. 3), in agree-
ment with the measured spectra (Fig. 1).

For excitation close to resonance with the e,-hh, transi-
tions (2.4 eV<E;<2.6 e¢V), the RBED profiles (real and
imaginary parts and modulus in Fig. 6) are double peaked
with maxima close to the edges of the GaAs QWs. This( %ives

Z

. . . . .
rise to a good overlapping with the deformations E2E -

sociated with the second acoustic doublet (*2) sincaicZ these
deformations are symmetric with two nodes in the QW (see
Fig. 2). As a consequence, Raman-Brillouin scattering by the
second acoustic doublet is activated (Figs. 1 and 3).
Moreover, scattering by the (+2) doublet does not come

out (see Figs. 1 and 3) for red excitation (E;=1.65 eV) be-

PHYSICAL REVIEW B 82, 075310 (2010)

65 70
Z (nm)

FIG. 7. (Color) RBED R pgg(z) spatial distribution for SL2 and
for different excitation energies E;. From top to bottom are shown
the real, imaginary parts and the amplitude of the RBED shown
within a few periods of the SL. The color scale of the real and
imaginary parts is the same. In the lower panel [modulus of
Rpgg(z)], the color scale for energies above 2.4 eV should be di-
vided by 50. The dashed lines show the barrier/well interfaces. The
electron-hole transition energies are reported on the right of the
lower panel.

FIG. 8. (Color) RBED R pgg(z) spatial distribution for SL3 and
for different excitation energies E;. From top to bottom are shown
the real, imaginary parts and the amplitude of the RBED shown
within a few periods of the SL. The color scale of the real and
imaginary parts is the same. The dashed lines show the barrier/well
interfaces. The electron-hole transition energies are reported on the
right of the lower panel.
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cause, although mainly symmetric, the associated deforma-
tions has negative and positive values (Fig. 2) that cancel the
overlapping with the single peaked symmetric RBED (see
Fig. 6).

It is worthwhile to mention that the RBED profiles re-
ported in Fig. 6 point out the reason why the PEM, with a
steplike variation in the Photoelastic coefficient (Eq. (1)),
fails to describe the Raman-Brillouin scattering in SL1 even
for nonresonant excitation (Fig. 1). Indeed, scattering by the
second acoustic doublet (*2) is overestimated by the PEM
with respect to the experimental data. Due to its steplike
shape, the PE coefficient strongly overlaps with the symmet-
ric deformations of the (*2) doublet leading to overestima-
tion of the corresponding Raman-Brillouin intensity.

For SL2, the RBED profiles are symmetric with respect to
the center of each GaAs QW. As for SL1, the RBED modu-
lus is maximum at the center of the GaAs QWs for excitation
close to resonance with the e;-hh; and e;-lh; transitions
whereas for excitation close to resonance with e,-hh, transi-
tions (2.88 eV<E, ;,,<2.97 eV), the maxima occur close
to the edges of the QWs (see real and imaginary parts in Fig.
7). The latter occurs at higher energy than in SL1 because of
the smaller GaAs thickness. For energies around 2.8 eV, one
can notice that part of the RBED is delocalized within the
AlAs barriers.

In SL2, the deformation fields of the (*2) vibration
modes are mainly antisymmetric with respect to the center of
the QWs (Fig. 2). Therefore, their overlapping with the sym-
metric RBED is very small (in comparison with the case of
SL1) and the corresponding Raman-Brillouin scattering is
very weak (see Figs. 1 and 4). As noticed in the previous
section, a small activation of the (#+2) doublet is observed
experimentally (Fig. 1) for excitation energy around 2.41 eV
and is well reproduced by the simulations (Fig. 4).

Moreover, the change in the /_;/I,; intensity ratio with
excitation energy, noticed in the previous section, arises from
a slight changes in the symmetry of the (*1) vibration
modes: indeed from Fig. 2 one can see that the nodes of the
deformation fields are shifted with respect to the center of the
GaAs QW so leading to different overlapping with the
RBED and to the intensity inversion observed in Fig. 1 when
changing the excitation energy.

For SL3 since the QW thickness is only 0.99 nm, there are
neither e, nor hh, subbands; the RBED is constructed with
ey, hhy, and [h, subbands, only. Therefore, the modulus of
the RBED, as well as its real and imaginary parts, are sym-
metric and exhibit a single lobe with respect to the center of
the GaAs QW whatever the excitation energy is (Fig. 8).
From Fig. 2 one can see that the (-1) vibration mode is
mainly antisymmetric with respect to the center of the GaAs
QW whereas the (+1) mode is mainly symmetric. Hence, the
overlapping of the (+1) mode with the RBED (Fig. 8) is
larger than that of the (—1), giving a stronger Raman-
Brillouin intensity as observed experimentally (Fig. 1) and in
the simulations (Fig. 4).

The deformation fields associated with the (*+2) modes
are mainly symmetric with a single maximum located around
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the center of the GaAs QW (see Fig. 2). Their overlapping
with the symmetric RBED give rise to the activation of the
Raman-Brillouin scattering observed in Fig. 1. It is worth-
while to notice that, once again, the PEM overestimates the
scattering by the second acoustic doublet with respect to the
experimental data (spectra of SL1 and SL3 in Fig. 1) and to
the simulation performed with the RBQM (Figs. 3 and 5; red
excitation E;=1.65 eV).

Finally, it is interesting to mention that according to the
spatial distribution of the RBED (Figs. 5-7) in these super-
lattices, the light-scattering process originates mainly from
the GaAs QWs. This is the reason why the empirical as-
sumption Pajas<< Pgaas has been often used in the PEM to
describe the RB scattering in such structures.

V. CONCLUSION

In summary we have introduced, here for the first time,
the Raman-Brillouin electronic density for semiconductor
superlattices. We have shown that plots of the spatial distri-
bution of the RBED along the superlattice axis, combined
with the symmetry of the acoustic vibrations, allow for a full
understanding of the activation (or the absence) of light scat-
tering for resonant and nonresonant excitation of the optical
transitions. The electronic properties of the superlattices
were described in the frame of the envelope function ap-
proximation and using parabolic dispersions of the valence
and conduction bands. Despite this simple model, which be-
comes questionable for very short superlattice periods, the
agreement between measured and simulated Raman-
Brillouin spectra is satisfactory and the observed resonance
behaviors are well accounted for. Comparison and analogy
between the profiles of the photoelastic coefficient and of the
RBED were presented and discussed. In particular, the im-
pact of the steplike variation in the PE coefficient on the
electron-vibrations interaction has been pointed out: it has
been shown that because the PE coefficient is constant within
each quantum well the electron-vibrations interaction can be
overestimated or underestimated depending on the consid-
ered excitation energy. This leads to important discrepancies
between the spectra simulated using the PE model and the
measured ones even for nonresonant excitation, i.e., in a situ-
ation where the PEM is supposed to work. Finally, we would
like to stress that the approach making use of the RBED as a
theoretical tool for the interpretation of the Raman-Brillouin
scattering is general. It is very useful when several electronic
transitions may be resonantly and simultaneously excited by
the probe light. It can be thus extended to a large variety of
semiconductor and metallic nanostructures. Moreover since
the RBED depends only on the electronic properties it can be
used for the analysis of the resonant Raman scattering by
optical vibrations as well.
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