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We present a Raman scattering study of CdTe quantum well (QW) optical phonons in a II-VI semiconductor
microcavity. These have been performed under outgoing resonance conditions with the cavity polaritons. The
CdTe optical phonon spectra show a main peak and smaller oscillationlike features towards lower phonon
energies, which are assigned to QW confined phonons. The fact that the oscillations are found to be equidistant,
thus leading to an almost linear effective dispersion for the confined phonons, is attributed to segregation and
interdiffusion of atoms at the QW interfaces providing a rather parabolic-shaped phonon-confining potential.
An “effective-mass” model is used to describe the optical phonon confinement, leading to microscopic infor-
mation on the compositional profile of the QW’s embedded within the optical cavity.

DOLI: 10.1103/PhysRevB.73.085305

I. INTRODUCTION AND MOTIVATION

Confinement of optical vibrations to individual layers of
semiconductor heterostructures (such as superlattices, quan-
tum wells, and slabs) is well known and has been extensively
studied in the past.!”!! The confinement occurs when the
optical-mode frequencies of the constituent materials differ
considerably, impeding the phonon propagation from one
layered material to the next. If such is the case, the phonon
momentum gets quantized along the epitaxial growth direc-
tion Z, normal to the layers, and is given within a perfectly
confining model by'?

o

Td+ A"

4 (1)
Here m=1,2,3... indicates the quantization order, d is the
layer thickness, and A is the phenomenological parameter
that relaxes the “rigid barrier” condition accounting for the
optical vibration penetration into the neighboring layer. Usu-
ally, for zinc-blende-type materials epitaxially grown along
the [001] direction, A is taken as one atomic layer.""!! For
polar semiconductor heterostructures, in addition to this me-
chanical boundary condition the collective movement of the
ionic layers has associated a macroscopic electric field. Be-
cause of these long-range quasielectrostatic forces, the opti-
cal phonon modes (especially the odd-confined modes) result
of highly dispersive nature with increasing in-plane wave
vector (g).27

Raman scattering has been widely used to study these
excitations, proving to be a powerful technique for that
purpose.’? Due to the symmetry of the electron- (exciton-)
phonon interactions involved in the scattering processes, two
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different cases need to be distinguished.® For experiments
performed far from electronic resonance (e.g., with the exci-
tonic 1s state), scattering is mainly through deformation po-
tential interaction and odd-order phonon modes dominate the
Raman spectra in the back scattering (¢;=0) configuration.
In this case, the Raman shift due to the confined phonons
plotted against their effective wave vector [given by Eq. (1)]
map out the bulk dispersion.">!! If, on the other hand, the
excitation energy is tuned near an electronic state, the situa-
tion turns out to be more complex. A Frohlich interaction
dominates over the deformation potential, and since the
Frohlich interaction has opposite symmetry from that of the
deformation potential, even-order phonon modes produce a
Raman-active contribution to the scattering strength for
backscattering experiments.® In addition, due to the activa-
tion of elastic scattering mechanisms (impurity or roughness
induced) at near-outgoing resonant excitation condition, re-
laxation of the wave-vector selection rules allows coupling
with in-plane (g;# 0) modes.>®? Therefore the Raman out-
going line shape results from a mixture of the pure even-
order confined phonon modes and those Raman-active
modes with finite g.!%!!

The fact that optical phonons in heterostructures are
strongly influenced by confinement has led to their use for
the determination of the confinement potential and, through
it, of the quantum well (QW) shape and interface
quality.”'?-1% These latter issues are a matter of great interest
in the search for higher-quality thin QW’s with controlled
interfaces. In fact, the profiles of so-called normal and in-
verted interfaces have been studied in both III-V and II-VI
materials through several techniques that include, besides
Raman scattering, surface-sensitive techniques, x rays, and
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magneto-optics.'>!>"!7 Depending on the materials and the
growth temperature, either or both of the intervening mecha-
nisms (segregation and interdifusion) play a major role. Seg-
regation produces approximately exponential profiles that are
asymmetric relative to the growth direction.”-'#-!7 Interdifus-
sion, on the other hand, leads to symmetric Gaussian-like
profiles.!318

In the present paper we report results of first-order Raman
scattering due to confined optical phonons of CdTe QW’s
embedded in an optical microcavity. This microcavity has
been designed to show strong exciton—cavity-photon
coupling.!®?! The strong coupling leads to new mixed
photon-exciton eigenstates denominated cavity-exciton po-
laritions. In the strong-coupling regime, Raman scattering
due to phonons is not mediated by QW excitons, but by
polaritons.'*?° The process of Raman scattering mediated by
polaritons was the subject of previous investigations.”! These
experiments were performed with the laser excitation tuned
at outgoing resonance with one of the polariton branches of
the cavity.?! The added cavity and excitonic resonance in-
volved in the polariton-mediated Raman process leads to
strongly enhanced Raman efficiencies (~10°-107). In the
present work, we will use such a strong enhancement to
study the details of the phonon spectra in the CdTe QW'’s.
Because of this cavity-polariton resonant enhancement, we
have been able to observe confined phonons up to an order of
m=12. Since the confined phonons are very sensitive to the
local properties of the structure, they give information on the
potential well in which they are confined.®”!31422 Based on
the effective phonon dispersion we analyze the composition
profile of the QW’s embedded within the optical microcavity.

II. SAMPLE AND EXPERIMENTAL DETAILS

The sample studied was grown by molecular beam epi-
taxy (MBE) and consists of three d;=72 A CdTe QW’s,
separated by d,=69 A Cd, ;Mg Te barriers, and embedded
in a N/2 Cdy4Mg,cTe cavity spacer. The latter is enclosed
by Cdy Mg, ¢Te/Cd,75Mn ,sTe Bragg mirrors, with 21 mir-
rors pairs on the bottom and 15.5 pairs on the top. All layers
constituting the sample were grown with a thickness gradient
that enables the tuning of the cavity mode by displacing the
spot over the sample. The experiments were performed in a
backscattering z(x,x’)z’ configuration, where z (z’) and x
(x") describe the incident (scattered) beam direction and po-
larization, respectively.23 In our case, x and x’ refer to the
(110) direction, z to the (001) growth direction, and z' =7
(backscattering along (001)). A tunable cw Ti:sapphire laser
was used at almost normal incidence with power ~50 uW
and focalized to a spot of @ ~50 um. The collection cone
normal to the sample surface was fixed at 3°, corresponding
to an uncertainty in the in-plane wave vector of k=4.2
X 10° cm™'. The working temperature was set at 2.3 K using
a liquid-He cryostat. At this temperature, the sample shows a
double anticrossing of the cavity mode with both the 1s and
2s exciton modes;2! i.e., three polariton branches are present.
Figure 1 shows the experimental polariton dispersion
(circles) for the middle (MP) and lower (LP) branches, de-
rived from photoluminescence spectra. The upper polariton
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FIG. 1. (Color online) Polariton-mode energy as function of the
position of the spot on the sample. The experimental data (circles)
were derived from photoluminescence spectra and were fitted (solid
lines) using a simple three-coupled-mode model (see text for de-
tails). The dashed and dash-dotted lines correspond to the bare ex-
citon (X,, X5,) and cavity-photon (P) dispersions, respectively. The
dotted line indicates the position and photon-exciton detuning at
which the reported results were performed. These were taken at
outgoing resonance with the MP branch, as highlighted with a
larger dot.

branch (UP) was not observed with luminescence at this tem-
perature. The solid lines are a fit to the data using a simple
three-coupled-mode model, with Rabi splittings of Qp
~13 meV and Qp,,~5 meV. The dashed and dash-dotted
lines correspond to the bare (noninteracting) exciton (X;, and
X,,) and cavity-photon (P) dispersions used in the model,
respectively.”! The small positive slope of the bare exciton
dispersions is due to the thickness gradient, which also af-
fects the QW’s. All the results reported here were performed
at constant cavity photon-exciton detuning (i.e., at a fixed
spot position), tuned to match the first anticrossing, which is
the minimum separation between the middle and lower po-
lariton branches (AE;p_; p= 13 meV). The experiments were
performed at outgoing resonance with the middle polariton
branch, as indicated with the larger dot in Fig. 1. Similar data
were obtained for other detunings. The spectra were ana-
lyzed using a Jobin-Yvon T64000 triple spectrometer in sub-
tractive mode, equipped with a liquid-N,-cooled charge-
coupled device (CCD).

III. RESULTS AND DISCUSSION

Figure 2 shows a typical outgoing resonant Raman scan
taken in the z(x',x’)Z configuration, in proximity to the
middle polariton branch. The spectra correspond to first-
order LO-phonon scattering. The scan was performed for
varying laser energy at a fixed detuning (6=0) corresponding
to exact anticrossing between the cavity mode and the ls
exciton. In the picture, the broad peak centered around
1.6532 eV, indicated with a vertical dotted line, corresponds
to the middle polariton luminescence. On top of it, narrow
peaks are observed that correspond to the Stoke-shifted pho-
tons due to the CdTe QW LO phonons. They shift with vary-
ing laser energy. The Raman spectra consist of a main peak,
which becomes enhanced when tuned at exact outgoing reso-
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FIG. 2. (Color online) First-order LO-phonon Raman spectra
taken at 2.3 K, for varying laser energy at outgoing resonance with
the middle polariton mode. The Raman intensity resonates at the
middle polariton energy, seen as a broad luminescence peak located
around 1.6532 eV. Excitation energies for the bottom, at resonance,
and top spectra are around 1.6761, 1.6747, and 1.6713 eV, respec-
tively. Note in the spectra that, besides the main LO-phonon peak,
small oscillations can be observed towards higher energies. The
latter, assigned to the QW-confined LO phonons, also become more
evident at resonance with the middle polariton.

nance with the middle polariton.”! Some resonant spectra are
highlighted in the figurewith thick solid lines. Besides the
main LO peak, clear small almost equidistant oscillations
towards higher energies (i.e., smaller Raman shift) are ob-
served. These, as well as the main LO peak, become more
intense when their energy coincides with the middle
polariton.”! As will be shown below, the oscillations are due
to CdTe QW confined LO phonons. The tail observed at
lower energies in Fig. 2 is due to luminescence coming from
the lower polariton branch.?!

For the purpose of a better analysis of the Raman spectra,
the three selected spectra indicated with thick solid lines in
Fig. 2, are plotted in Fig. 3 as function of the Raman shift. It
is important to keep in mind that each spectra corresponds to
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FIG. 3. (Color online) A close-up of the three Raman spectra
indicated in Fig. 2 with thicker lines and labeled with the same
indexes (i), (ii), and (iii), respectively. The vertical dotted lines
indicate the even-confined phonon-mode order to which each maxi-
mum is assigned.
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a different resonant condition, and therefore the intensity of
the peaks, as well as the background due to the middle po-
lariton luminescence, need not be the same. For spectrum (i)
the main peak is tuned at exact resonance with the middle
polariton, whereas (ii) and (iii) are detuned to lower absolute
energies. In this close-up the Raman line shapes can be
clearly observed. The main peak at 173.25 cm™! is slightly
asymmetric and displays a shoulder 1.41 cm™! towards lower
energies. The spectra display towards smaller Raman shifts
the oscillations, with maxima 3.42, 5.51, 7.65, and 9.83 cm™!
downshifted from the main LO peak. These maxima are in-
dicated in the figure, together with the main peak and the
shoulder, by vertical dotted lines.

Since exciton polaritons interact with phonons only
through their exciton component,'~! the same Raman selec-
tion rules as for pure exciton-mediated inelastic light scatter-
ing hold. As mentioned above, under resonant conditions the
Raman scattering by LO phonons is mediated by the
Frohlich interaction. The established knowledge indicates
that this leads, for the z(x’,x’)Z scattering geometry used, to
the observation of QW-confined phonons of even order.?!' A
quantitative detailed description of the Raman line shape un-
der outgoing resonance in GaAs QW’s has been provided by
Shields and co-workers.!! When a full description of the Ra-
man process is performed, it turns out that for the strong
outgoing resonant case the Raman line shape does not corre-
spond only to confined even modes of ¢~ 0, but to a mixture
of even-order confined modes and bands formed by the scat-
tering due to strongly dispersive modes with finite in-plane
wave vector. The latter become active due to roughness in-
duced elastic scattering. These bands (due to so-called “in-
terface” modes) display anticrossings with the odd-confined-
mode energies.>!%!! At these anticrossings, dips in the
scattered intensity arise, leading to maxima in between the
odd modes—that is, to peaks close to the position of the
even-order confined modes. Thus, both Frohlich-allowed
scattering and roughness-induced processes lead to peaks
that, in a good approximation, correspond to the even-
confined-mode position. Therefore we attribute the observed
main Raman peak to scattering due to the first even-order
confined CdTe phonon (LO,) and assign the oscillation
maxima to confined QW phonons of higher even order (LO,),,
with m even).

In Fig. 4, the differences of each Raman oscillation
maxima with the LO, peak (A ®ro, L0, in cm™) is plotted as
a function of the LO, Stokes energy (in eV) for all spectra in
the scan of Fig. 2. Two main observations follow from this
figure. First, the oscillation maximum separation with the
LO, line is independent of the laser energy, thus unambigu-
ously identifying these features with Raman signals. And
second, the oscillations and the shoulder are almost equidis-
tant. This follows from the horizontal lines in Fig. 4, which
are fits to the experimental data with a constant value.’’
From these fits the separation Awwm_wm+2 equals 2.01, 2.09,
2.14, and 2.18 cm™' for even m=4-10, respectively.

Figure 5 shows the experimental Raman shifts, derived
from Fig. 4, plotted against the corresponding effective con-
finement order (open squares). Plotted in the same figure
(solid squares) is the calculated dispersion for the confined
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FIG. 4. (Color online) The frequency difference of the main
peak (m=2, LO,) and the other even confined modes (LO,,
m=4-12), as a function of the LO, Stokes energy, for the Raman
scan with varying laser energy shown in Fig. 2. The solid lines are
a constant fit to the experimental data.

phonons assuming the perfect confining or rigid barrier
model described by Eq. (1). Note again the rather anomalous
linearity of the experimental dispersion in contrast to the
paraboliclike curve described by the simple model. As we
discuss next, this will provide valuable information about the
phonon confining potential—i.e., the compositional profile of
the QW’s inside the optical cavity.®”-??

Detailed studies of the effect of QW shape on the phonon
dispersion have been reported by different authors using both
Raman and x-ray diffraction techniques in III-V-type semi-
conductor superlattices.®”!3?2 The observation of phonon
dispersions that differ strongly with those corresponding to
the “ideal square confining” potential has been interpreted as
evidence that the studied QW’s are indeed far from having
abrupt interfaces and tend more to exponential-like asym-
metric profiles, induced by segregation, or to parabolic
shapes due to interdiffusion. To quantitatively derive the po-
tential acting on the phonons on the studied CdTe QW'’s,
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FIG. 5. (Color online) Comparison between the experimental
(open squares) and calculated effective confined phonon disper-
sions. Triangles and solid circles correspond, respectively, to disper-
sions obtained for the proposed segregation and interdiffusion pro-
files. For completeness, the calculated confined phonon dispersion
using the perfect confining rigid barrier model is also shown (solid
squares). The dotted, solid, and dash-dotted lines are interpolations
of the calculated results, respectively. Note the linearity of the ex-
perimental data.
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calculations using a LO-phonon effective-mass model have
been performed and will be described next.

IV. COMPARISON OF CALCULATIONS AND
EXPERIMENT

We assume a phenomenological model valid for polar
long-wave LO vibrations in semiconductors and based on a
macroscopic continuum theory.>* Neglecting electrostatic
boundary conditions, under the assumption of in-plane trans-
lational symmetry and zero in-plane wave vector (g,=0), the
equation for the longitudinal relative ionic displacement field
u(z) along the confinement direction is described by>*!3

sZin o
@t B 5 u(z) = 0u(z), (2)

where the bulk LO frequency w; and the velocity parameter
B depend on the material. For binary alloys like
Cd,_yMgyTe, these parameters can be taken as functions of
the atomic fraction X.

Since our interest is centered on the QW phonons, w;,
corresponds to the bulk CdTe-like mode of the alloy at I’
(q=0). The dependence of the mode frequencies on X is
modeled as a simple linear expression, similar to that used in
Ref. 13:

o} o(X) = wi(1 — aX). (3)

wy is the CdTe bulk frequency at I', and the parameter «
~0.26 was obtained fitting the experimental data from Ref.
24. « is assumed as constant and sample independent, while
w, Will a priori be more susceptible to sample conditions
(i.e., temperature, strain, confinement, etc.?’) and is thus left
as a fitting parameter w, in our model. The dependence of
the dispersion parameter S of the alloy CdTe-like mode with
X is, to the best of our knowledge, not reported in the litera-
ture. We thus adopt a similar assumption as that made in Ref.
13 for GaAs: that is

BHX)=(1-X)8, (4)

where 8,~2.33 X 10° cm/s is the CdTe-bulk dispersion pa-
rameter, which was obtained by fitting neutron-scattering
data from Ref. 26 using a quadratic dispersion relation. The
factor (1-X) takes into account the fact that, for low Mg
concentration, the CdTe-like LO phonon mode of the alloy
tends to the CdTe-bulk dispersion.

Under these assumptions, the compositional profile of the
sample can be represented by a variation of X with z [X(z)],
taking values between zero for pure CdTe (QW material) and
0.6 for Cdy4Mg,¢Te (barrier material). Replacing Egs. (3)
and (4) in Eq. (2) leads to the “effective-mass” equation

2
wg(l -aX(z))+(1 —X(Z)),B(%j_zz u(z) = 0u@). (5)

The square root of the first term on the left-hand side de-
scribes the energy of the CdTe-like optical phonons as a
function of composition (consequently of z) and plays the
role of a phonon-confining potential. The eigenvalues of Eq.
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FIG. 6. (Color online) Sketch of the compositional profiles of
one of the three QW’s used in our effective-mass model. d,
=72 A and dr=69 A indicate the nominal QW and barrier widths,
respectively. The dashed line corresponds to the segregation profile
and the solid line to the proposed interdiffusion profile. d; is the
transition (interface) width, which turned out to be of about 11 A.
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(5) represent the confined phonon energies w,,, and the
eigenvectors correspond to the vibrational normal modes
u,,(z) of the structure.

To solve Eq. (5), two interface profiles were used corre-
sponding to different interface-intermixing mechanisms:
namely, a discrete quasiexponential one, related to segrega-
tion, and a continuous error function profile, linked to inter-
diffusion. The segregation-induced profile was calculated as-
suming that exchange of Mg and Cd takes place only
between the layer being grown and the one immediately be-
low. For this purpose we used the mass action law, which
relates the magnesium atomic fraction x at the last layer that
is being grown (x,) to that of the first underlying layer (x;)
by the relation x,(1-x,)/x,(1-x,)=C=exp(E/kgT).!>
Here T is the growth temperature, kg is the Boltzmann con-
stant, E, is a phenomenological segregation energy, and the
process is recursively repeated to determine the concentra-
tion of all layers.'>!417 For Mn and Cd exchange it has been
experimentally determined that C~1.%!7 We are not aware
of similar data reported for Mg, and thus we have assumed
the same value in our calculations. The resulting profile is
shown in Fig. 6 (dashed line). It is worth mentioning that the
segregation process (within this model) depends only on the
thermodynamic (chemical) equilibrium between the two in-
volved layers (the surface and first underlying one). Once the
parameter E| is fixed by the materials involved, the profile is
derived without any additional fitting parameter. The other
considered profile is interdiffusion with a uniform diffusion
coefficient. Though this mechanism is reported to be less
important than segregation in typical CdTe QW’s, the situa-
tion turns out to be different for the structures studied em-
bedded within an optical cavity. For the latter, the compara-
tively long DBR deposition periods lead to sizable interface
diffusion. A combination of error functions (erf) has been
used to model the interdiffusion induced compositional pro-
file X(z) of the QW’s (Ref. 6):
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d, and d, indicate the nominal widths of the CdTe (X=0)
and Cd,4Mg,¢Te (X=0.6) layers, respectively, and d, is the
transition width. Figure 6 shows, with the thicker symmetric
curve, a sketch of the profile of one of the three QW’s. The
shadowed area of width 2d,, defines the interface region from
8% to 92% of the maximum Mg concentration (i.e., from
X=0.047 to X=0.553). Note that for d,—0, since erf(z)
tends to a Heaviside function (step function), the structure
approaches three perfect squared wells. For the interdiffusion
model, Eq. (5) was solved recursively, changing the compo-
sitional profile through the parameter d,), and changing w, to
fit the frequency of the LO, peak. On the other hand, for the
segregation case the compositional profile is fixed by the
model, and only wgywas changed to adjust the LO, peak’s
position.

The calculated phonon dispersion derived assuming an
exponential-like segregation profile is shown in Fig. 5 (tri-
angles). It is evident from this calculation that segregation
alone cannot explain the observed equidistance between con-
fined optical phonon modes. In fact, though the phonon dis-
persion is flattened respect to the bulk, it maintains a qua-
draticlike behavior markedly different from the almost linear
dependence observed in the experiments. The latter, on the
other hand, can be well accounted for when the more para-
boliclike interdiffusion profile is assumed. Best fits were
achieved for wy=173.8 cm™' and dy=11 A. The calculated
phonon dispersion is shown in Fig. 5 with small dots, and the
solid line is an interpolation between the corresponding cal-
culated points. These results are relatively stable (within
0.02% and 1%, respectively) for variations of 7% of the pa-
rameters a and ;. One point worth mentioning is that the
QW barriers of the phonon potential are high enough for the
confined phonons of the three QW’s to be uncoupled and
degenerate. Thus, modeling the system with only one QW
inside the cavity gives identical results.

The obtained phonon confining potential evidences a rela-
tively strong rounding of the ideally square QW potential. In
fact, the value derived for d|, corresponds to a total interface
width (2dy~2 nm) of about 14 atomic layers, while the
nominal QW thickness amounts to 44 atomic layers. In fact,
previous studies indicate that cation atomic diffusion mobili-
ties in CdTe are high. This is partially explained by the fact
that Mg is 5 times lighter than Cd and Te. We note that,
although the MBE growth temperature used was relatively
low (~300 °C), the time required to deposit the top Bragg
reflector of the microcavity is large (~3 hours), further con-
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tributing to the potential rounding. Based on the published
diffusivity of Mg in CdTe,'® we have estimated a diffusion
length of ~1.5 nm, which agrees well with the phonon po-
tential shape derived from our Raman data. On the other
hand, the fitted frequency o, is slightly larger (<3 cm™')
than the “bulk” value found in the literature.?2” This fact
might indicate the presence of some uniform strain through-
out the well structure,”?® something probably related with
the altered compositional profile.

Very few papers have addressed, to the best of our knowl-
edge, the Raman scattering due to confined optical phonons
in single or few QW’s.?° The reason for this relies on the fact
that the cross section for these scattering processes is rela-
tively low. Most of the research on confined vibrations and
the knowledge derived from this research have dealt with
superlattices based on III-V materials. In fact, there is only a
small number of reports dealing with confined vibrations in
superlattices grown from II-VI materials and phonon disper-
sions derived from this QW confinement.?®3%-32 The relative
poorer sample quality of II-VI QW’s (as compared to, e.g.,
GaAs/AlAs) has probably hampered the observation of the
rich related phenomena studied in III-V materials. We have
thus approached this problem using a strategy based on Ra-
man amplification in optical microcavities. In fact, it has
been demonstrated that Raman scattering is strongly en-
hanced by embedding the structure studied within a semicon-
ductor microcavity.*3-3 The strong photon confinement and
consequent enhancement of the electric field at the cavity
spacer leads to an amplification of the Raman cross section
on the order of 10*~10°. In addition, when the scattering
process is tuned at resonance with “real” electronic transi-
tions the Raman cross-section enhancement can be further
increased.”® In the experiments reported here, the middle
polariton to which the resonant Raman scattering is tuned is
a mixed state of strongly enhanced electric field and QW-
confined excitons. Thus, both effects, cavity and exciton
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resonant enhancement, are present. As previously
demonstrated,'”?° the Raman scattering process in the
photon-exciton strong-coupling regime is amplified, on top
of the pure electromagnetic factor, by at least two orders of
magnitude, leading to efficiency improvements in the range
10%-107. This strong amplification explains the clear obser-
vation of confined vibrations in the studied structure with
only three CdTe QW'’s.

V. CONCLUSIONS

In summary, we have reported the experimental observa-
tion of polariton-mediated outgoing resonant Raman scatter-
ing due to confined longitudinal optical phonons of three
CdTe quantum wells embedded in a II-VI-type semiconduc-
tor microcavity. The Raman line shape in the optical phonon
region, corresponding to the confined phonons, consists of a
main peak plus a series of equidistant oscillations towards
lower Raman shifts. Using an effective-mass model and
based on the effective dispersion of the observed Raman
modes, we have proven that it is possible to derive and esti-
mate with good accuracy the compositional profile of the
quantum wells. Our experimental results together with the
obtained profiles indicate the existence of interdiffusion in
addition to segregation at the interfaces and the possible
presence of uniform strain throughout the well structure.
Segregation, interdiffusion, and strain are responsible for
providing the elastic-scattering mechanism required for the
observation of the Frohlich-interaction-mediated vibrations
with finite q-.
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