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Resonant Raman scattering by acoustic phonons in self-assembled quantum-dot multilayers:
From a few layers to superlattices
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We report on resonant Raman scattering~RS! by acoustic phonons in self-assembled Ge/Si quantum-dot
~QD! multilayers. In previous studies the observation of doublet features in the low-frequency Raman spectra
was attributed to superlattice effects, i.e., Brillouin-zone folding, despite the often small number of QD layers.
We propose a model which accounts for the low-frequency resonant RS, whatever the number of QD layers,
i.e., from a few layers to superlattices. It is shown that the features in the low-frequency spectra~peak
frequencies and intensities, doublet splittings and intensity ratios! can all be consistently understood within the
resonant RS interference model. RS interferences occur when acoustic phonons interact with an ensemble of
localized electronic states. Calculations and experiments were carried out in order to investigate how the RS
depends on the number of QD layers and on the multilayer location with respect to the surface. Indeed, spectra
are shown to depend on these finite-size effects: Reliable assignments cannot be made when the analysis is
restricted to the peak frequencies. RS intensities have been calculated in order to identify the relevant scattering
mechanism.
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I. INTRODUCTION

Few studies on Raman scattering~RS! by acoustic
phonons in self-assembled quantum-dot~QD! multilayers
have been reported so far. Liuet al.1 observed a series o
peaks in the RS spectra of the Ge/Si QD superlattice~SL!,
which they attributed to scattering by acoustic phonons.
though several explanations were considered~multiphonon
modes, superlattice related folded modes, and confi
modes! in Yu’s comment2 on this work and in the response o
Liu et al.3 a definitive identification could not be provided
No spectra below 60 cm21 were presented, however, and t
signals were rather weak. The studies reported since do
tually show that characteristic features are systematically
served in the low-frequency RS spectra. Tenneet al.4 re-
ported low-frequency Raman spectra of GaAs and A
QD’s embedded in InAs. Although their samples contain
only five QD layers, they observed peaks similar to tho
observed in planar superlattice spectra, the so-called dou
peaks which are related to folded acoustic phonons. The e
tic continuum model commonly used for planar superlattic
i.e., Rytov’s model,5,6 was shown to predict the frequencie
they observed. More recently, Milekhinet al.7 did also ob-
serve the folded acoustic-phonon related peaks in reso
RS spectra of Ge/Si QD SL~which had actually ten QD
layers!. These peaks were however superimposed on a
tinuous emission. One may wonder why Rytov’s model d
signed for infinite and planar multilayers accounts for t
frequencies of the main features in spectra of finite multil
ers QD’s, i.e., containing three-dimensional nanostructu
It is not straightforward to identify which mechanism ma
induce this RS.
0163-1829/2002/66~19!/195320~7!/$20.00 66 1953
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Here we propose a mechanism for the RS in QD mu
layers. We believe that finding out a mechanism which
counts for the RS in QD multilayers whatever the number
layers, i.e., from a few layers to SL, is important indeed. W
shall not limit this investigation to the frequency behavio
To identify a possible mechanism, electron-phonon inter
tion has to be considered explicitly~studies are often limited
to the analysis of RS in terms of phonon frequencies!. Hunt-
zingeret al.8 and Cazayouset al.9 reported on low-frequency
resonant RS measurements in single- and double-QD lay
respectively. Due to the three-dimensional electronic c
finement, translational invariance is lost. Raman scatte
by acoustic phonons then becomes allowed.10–12 The inter-
action between acoustic phonons and confined elect
yields interferences.9 The latter provide a means of probin
spatial correlations in QD multilayers.13

The aim of this work is to show that these interferenc
may also account for the RS in structures containing m
QD layers, i.e., QD SL’s. We present RS spectra calculatio
We shall discuss how the RS depends on the QD size,
spacing between QD layers, and the number of QD lay
and compare the simulations to experimental data.

II. EXPERIMENTS

Self-assembled Ge/Si QD multilayers were grown
Si~001! substrates by solid source molecular beam epitax
600 °C. Growth was monitored in real time using a reflecti
high-energy electron-diffraction system, allowing to che
the growth morphology. The multilayers were preceded
the deposit of a 50-nm Si buffer layer. The Strans
Krastanov growth mode leads, after deposition of 6.5
©2002 The American Physical Society20-1
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monolayers, to the formation of hut islands having$105%
facets and with a height-to-width ratio close to 1/10 befo
capping. Erosion of the island apex is limited during capp
by choosing a high Si deposition rate.14 As we intend to
investigate here how the RS depends on the QD layer st
ing ~and not on the QD ordering!, rather thin Si spacing
layers were grown in order to obtain vertically ordered QD
SamplesA, B, andC contain 2, 5, and 20 QD layers, respe
tively. The Si spacing equals 18.5 nm for samplesA andB,
and 20 nm for sampleC. SamplesA, B, andC were capped
with a 35-nm Si layer. SampleA8 has the same characteri
tics as sampleA but a 65-nm cap layer. The QD’s have
typical heighth56 nm and widthw580 nm. The Ge con-
tent in the QD’s is 75% as deduced from the RS by opti
phonons.15

A T800 Coderg triple monochromator with a cooled Ga
photomultiplier was used for the low-frequency RS measu
ments. They were performed at room temperature and
samples were kept in vacuum in order to avoid air rela
Raman peaks. The excitation with theE1 transition of the
QD’s was achieved with the 488-nm laser line of an arg
laser. Notice that no specific confinement inducedE1 sublev-
els can be selected via resonance.9,13

III. MODEL

Raman spectra of QD multilayers were simulated us
the model presented in Ref. 13. In this model we consider
deformation-potential interaction between an ensemble
spatially distributed confined electronic states and longitu
nal acoustic modes. The resonant Raman intensity~Stokes
scattering! is proportional to13

U(
p,l p

eiDkW•rWp,l pE c* ~rW !@,W •uW ~v,qW !#c~rW !d3rWU2

. ~1!

c(rW) is the electronic wave function which accounts for t
confinement,p is the layer index, andl p is the QD index
within layerp. Dk is the difference between the incident a
scattered photon wave vectors.

Due to the lack of translation invariance, the usual wa
vector conservation law does not hold here: all acou
phonons may contribute to the Raman scattering. Accord
to the three-dimensional confinement neitherqz nor quu are
conserved.

The coherent sum of the scattering amplitudes yields
terferences; oscillations are observed in the low-freque
resonant RS spectra.9,13 Two terms can be identified in th
RS intensity: a form factor and a structure factor.

~i! The form factor is related to the Fourier transform
the electronic density inside a QD and determines the s
tral envelope of the interference oscillations. In the f
quency range investigated here, the acoustic-phonon dis
sion is linear. The spectral extent of the RS is thus sim
related to the QD dimensions. Here, according to the
shapes, the envelope is mainly determined by the QD he

~ii ! The structure factor includes the relative QD positio
and determines the interference oscillation period and c
trast. Ordered QD’s yield maximum interference contrast
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QD’s are modeled by quantum disks, including thus
plane and vertical confinement. The QD distribution cons
ered in the simulations are vertically correlated but rand
in plane. Acoustic phonons with both wave-vector comp
nents in-plane and along the growth direction are conside
According to the QD height/width ratio, the acoust
phonons that contribute significantly to the signal have sm
in-plane wave-vector components. They were calcula
considering displacement and stress continuities at the in
faces, i.e., acoustic wave reflections at the interfaces and
at the sample surface. In each layer, the appropriate so
velocities (vQD and vSi) and densities (rQD and rSi) are
considered. Further details on the simulations can be fo
in Ref. 13.

Simulations are performed using Eq.~1!. We shall how-
ever provide here a simplified but useful expression for
structural factor. Let us assume~unlike in the simulations!
that one can describe an acoustic mode using a sing
average or effective—sound velocityv. We shall focuss on
the part of the structural factor related to the growth axisz.
Unlike the structural factor given in Ref. 13, we shall prese
here the contributions of the two counterpropagating com
nents of each acoustic mode~labeled1qz and 2qz for the
component propagating away and towards the sample
face, respectively! and the difference between incident an
scattered photon wave vectorsDkz5ki ,z2ks,z . After per-
forming the coherent sum over theN QD layers, one finds
that the RS interference structural factor is proportional t

H2~Dkz1qz!1H2~Dkz2qz!22H~Dkz1qz!

3H~Dkz2qz!cos@qz$~2z11~N21!t%#, ~2!

wheret is the spacing between QD layers andH is the usual
interference function,16

H~Q!5

sinS Nt

2
QD

sinS t

2
QD . ~3!

The first term in Eq.~2! is related to the1qz component and
the second one to2qz . The contributions of1qz and2qz
components are different. Indeed, intensity maxima are
tained for

~Dkz6qz!
t

2
5pn, ~4!

wheren is a relative integer. The third term in Eq.~2! in-
cludes contributions of both components and depends on
position z1 of the first QD layer with respect to the samp
surface. Equation~2! allows to point out easily the QD laye
stacking and the surface effects to be discussed below.

IV. SIMULATIONS AND EXPERIMENTAL RESULTS

A. Stacking effects

Figure 1 shows low-frequency Raman spectra calcula
for an interlayer spacingt515 nm and the number of QD
0-2
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FIG. 1. Simulated resonant Raman spectra
N ranging from 1 to 25 for a given spacingt
515 nm. Arbitrary scaling factors were used
order to enable observation of the changes in
spectra. The left inset shows the full width at ha
maximum ~FWHM! of the two first peaks as a
function of N ~square and circle, respectively!.
The right inset is an enlargement, showing t
changes for smallN values (N51 –4).
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layersN ranging from 1 to 25. The QD height and diamet
are equal to 6.5 nm and 80 nm, respectively. A large final
layer (z151 mm) was considered to avoid surface effects~to
be discussed in Sec. IV C!. In order to further compare with
the experimental results the theoretical spectra have b
convoluted with the spectral reponse of our experimen
setup (2 cm21 resolution!.

The form factor is obtained forN51. This spectrum is
related to the Fourier transform of the electronic density. T
smaller the QD’s the more the envelope spreads out.17 This
spectrum displays a typical signature of the thre
dimensional electronic confinement: because phonons
both qz and quu wave-vector components are involved, t
spectrum vanishes forv→0.11,12

For N.1, the spectra display periodic oscillations. T
envelope of these oscillations is the previous form fac
(N51). Intensity maxima~minima! correspond to construc
tive ~destructive! interferences comparable to the we
known bright and dark fringes in optics. The spectra disp
doublet features; notice that they start forming forN52.
These doublets are due to the two first terms in Eq.~2!. The
phase conditions yielding maxima differ for the1qz and
2qz components of a given vibrational mode, i.e., giv
wave number. Let us now consider the whole spectrum,
different wave numbers. Maxima appear at different wa
numbers for the first and second terms in Eq.~2!: doublets
appear. According to Eq.~3!, the interference period varies a
1/t. The peak frequencies and doublets splitting depend
Dkz , whereas the period does not.Dkz is determined by the
scattering geometry. The relative peak intensities within
given doublet or between doublets are determined by
19532
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interference envelope~i.e., the electronic confinement! and
the acoustic impedance mismatch~here h5rSivSi /rGevGe
50.78). According to the interference functionH, whenN
increases peaks get sharper~see inset Fig. 1! and weak sec-
ondary intensity maxima appear.

In infinite and periodic multilayers~i.e., SL! the Brillouin
zone is folded into a minizone~delimited byq50 andqm
5p/d) and phonon energy gaps are opened at the miniz
boundaries. Rytov’s model is usually used to calculate
acoustic-phonon dispersion within the SL Brillouin minizon
v(qSL). The SL dispersion relation derived in Rytov’s mod
can be written in the following simplified form~assuming no
acoustic mismatch!:18

v5vS 6qSL12p
m

t D , ~5!

where v is the mean sound velocity andm the folding
index.19

Even in multilayers containing only very few QD layer
oscillations of the low-frequency RS are well defined. W
emphasize that neither the peaks nor the doublets are du
Brillouin-zone folding, phonon energy gaps, or accumu
tions in the phonon density of states.20,21 Our calculations
deal with finite-size structures~similar to those investigated
experimentally!. No phonon energy gaps are opened. Phon
energy gap opening requires multiple constructive wave
flections, i.e., many layers.20 Assuming an infinite multilayer,
one would obtain small phonon energy gaps (.1.2 cm21) at
the minizone boundaries.
0-3
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Moreover, one can notice small frequency changes of
intensity maxima whenN increases~Fig. 1!. The frequencies
tend however rapidly towards those predicted by Ryto
model~Fig. 2!. These frequencies were derived from the
minizone dispersion, considering the phonon wave vec
qSL5Dkz given by the momentum conservation for th
backscattering geometry in a SL.22 Deriving the intensity
maximum positions from Eq.~4! ~with v5vqz) or from Eq.
~5! ~with qSL5Dkz) yields the same wave numbers. As so
as defining a mean velocity makes sense~i.e., for largeN
values!, the momentum conservation for SL and the co
structive interference condition are equivalent~as far as peak
positions are concerned!. For smallN values, the simulations
predict small frequency changes. Equation~2! does not hold;
one has to consider the sound velocitiesvQD andvSi in the
QD and Si layers. Our simulations show that the frequenc
predicted by Rytov’s model are already recovered for sm
N values (N>5). If one omits the peak narrowing~inset in
Fig. 1!, no major changes in the spectral shape occur wheN
further increases.

Figure 3 shows how spectra depend on the spacing
tween QD layers for a given number of layersN520 (h
53 nm andw530 nm). Increasingt reduces the interfer
ence oscillation period, as expected. According to the la
number of QD layers, the frequencies of the intens
maxima can be derived from Rytov’s model.23 Although the
Brillouin-zone folding scheme is not valid, it allows to easi
understand how the peaks shift and merge together. Ch
ing t is equivalent to exploring minizone dispersio
branches. The doublet splitting depends much on the
layer spacing too. It is worth noting that when the interf
ence oscillation period is comparable to the doublet splitt
~upper part of Fig. 3!, oscillations have only a small contras
even when the QD’s are vertically correlated.13

B. Comparaison with experiment

Figure 4 shows calculated and measured resonant Ra

FIG. 2. Frequencies of the interference maxima~bright fringes!
in Fig. 1 as a function of the stack numberN. Straight lines are the
frequencies derived from Rytov’s model assuming a superlattic
19532
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spectra of the structures consisting of 2, 5, and 20 QD lay
~samplesA, B, and C). As expected, doublets features a
observed and peaks get sharper whenN increases. The cal
culations account rather well for the peak frequencies, d
blets splitting, and relative intensities within a doublet a
between doublets. The spectral envelope of the lo
frequency oscillations depends on the QD height a
width.13 Such size effects were already reported and d
cussed in Ref. 17.

Figure 5 shows how the interference oscillation peri
and doublet splitting depend on the QD layer spacing. E
perimental data from sampleB and Ref. 13 (N55, h

FIG. 3. Simulated Raman spectra for interlayer spacing rang
from 5 to 105 nm with a step of 2 nm (N520).

FIG. 4. Experimental and simulated resonant RS spectra
samplesA, B, andC (N52, 5, and 20, respectively!.
0-4
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RESONANT RAMAN SCATTERING BY ACOUSTIC . . . PHYSICAL REVIEW B 66, 195320 ~2002!
56 nm, w585 nm) are included in Fig. 5. Again goo
agreement is obtained. Notice the beats in the doublet s
ting.

C. Surface effects

Surface effects are related to the last term of Eq.~2!. This
term appears because in each layer two counterpropag
wave components are considered. These components

FIG. 5. Oscillation period~dashed line! and doublet splitting
~straight line! as a function of spacingt for the number of layers
N55. Open and filled symbols are experimental data from sam
B and Ref. 13, respectively.

FIG. 6. Simulated Raman spectra forN52 andt518.5 nm with
z1 being the distance between the first QD layer and the sam
surface ranging from 11 up to 72.5 nm~from bottom to top!. The
arrows indicate the spectra corresponding to samplesA andA8.
19532
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linked together due to reflections at Ge/Si interfaces and
sample surface. Notice that the reflection coefficient o
sound wave at the Ge/Si interface is very small ('1%). One
expects an additional modulation; its period varies as 1/@z1
1(N21)/2t# @Eq. ~2!#, i.e., inversely with the distance be
tween the surface and the middle of the QD layer stack.

In order to point out the surface effects we perform
simulations withz1 varying from 11 up to 72.5 nm. In orde
to maximize the role of the surface, we choose a double-Q
layer structure. These simulations are reported in Fig. 6. W
respect to the simulations discussed so far, an additiona
riodic intensity modulation is observed, indeed. This mod
lation is not resolved for thick cap layers~upper part of Fig.
6! but modifies significantly the spectra when the cap lay
are thin~lower part of Fig. 6!. Although the spacing is kep
constant, the apparent maxima shift when the cap la
thickness changes. One should not confuse these small o
lations with the doublets discussed above. Arrows in Fig
indicate the spectra corresponding to samplesA andA8. Fig-
ure 7 shows that the simulations compare well with the
perimental data. Obviously, the observation of this modu
tion is definitely a finite-size effect and demonstrates that
interference model in which surface effects are included p
vides a relevant description.

According to Eq.~2!, oscillations are expected even in th
low-frequency spectra of single-QD-layer structures: th
oscillations are related to the acoustic wave reflection at
sample surface and their period varies as 1/z1. These features
were indeed observed experimentally.8 These oscillations can
be viewed as interferences between the QD layer and
acoustic image with respect to the sample surface.

For structures having thin cap layers but containing ma
QD layers, these oscillations can hardly be resolved~see Fig.
4!. Indeed, whenN increases, the modulation period and t
overlap betweenH(Dkz1qz) andH(Dkz2qz) decrease.

V. DISCUSSION

The good agreement between the simulations and the
periments suggests that RS interferences are relevan

le

le

FIG. 7. Experimental and simulated Raman spectra for sam
A and A8 (N52). The caplayer thicknessz1 is 65 and 35 nm,
respectively.
0-5



is
a

c
u
ie

s
su
sio
-

ci
pe
e
t

tw
e
re

o
u
tin
ls
de
in
e
s

nc
rt
y
c

ru
e
s
p
T
a

fu
ul
R

ed
late

o-
rs

ike
ed

-

re

y
ive

d

the
the
ions.
ry

the
rs.
e is
per-
be
ose
in
ies.
e-
r is
c-
and
de-
u-
at-
or
ell.
r.

M. CAZAYOUS et al. PHYSICAL REVIEW B 66, 195320 ~2002!
resonant RS in QD multilayers. Intensities~including ratios
and fine structures! are well accounted for. Moreover, th
comparison shows that the same mechanism is able to
count for the RS in structures with small and large sta
numbers. It was shown that Rytov’s model and the constr
tive interference condition yield the same peak frequenc
already for rather smallN values. Significant difference
have to be pointed out however. First, in planar SL, the
perperiodicity opens gaps in the acoustic-phonon disper
relation at Bragg wave vectors~due to the constructive pho
non wave reflection at the interfaces! and the Brillouin zone
can be folded. Because of superperiodicity, momentum
conserved in the scattering process and sharp peaks~dou-
blets! are observed. In the interference scheme no periodi
is required. Momentum is not conserved and peaks ap
because of constructive interferences. Second, doublet p
and the gap opening originate in Rytov’s model only due
the difference between the acoustical properties of the
materials. In our model, even with identical acoustic prop
ties, one would obtain low-frequency oscillations which a
only due to interferences.

Milekhin et al.7 reported the simultaneous observation
oscillations and a broad continuous emission. They s
gested that the oscillations are superimposed on the con
ous emission, attributing the appearance of those signa
different mechanisms: oscillations were assigned to fol
acoustic phonons and the continuous emission was expla
in terms of the breakdown of the crystal momentum cons
vation. We suggest that the oscillations are not superimpo
on the continuous emission. Indeed, within the interfere
scheme, the oscillations and continuous emission are pa
the same RS signal. Their simultaneous observation ma
due to interferences with a limited or reduced interferen
contrast.

The application of the model presented here to the st
tures investigated in Ref. 4 would be questionable. Inde
Ref. 4 deals with GaAs and AlAs dots embedded in InA
Since the matrix has a smaller band gap, one does not ex
confined electronic states in the self-assembled islands.
model presented here involves localized electronic states
deals with resonant RS. In experiments, one has to care
identify which electronic states are involved. One sho
note that the low-frequency measurements presented in
4 were recorded in the vicinity of theE1 transition of InAs,
i.e., the barriers.24
,

,

-
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Finally, we would like to compare the model present
here and the photoelastic model widely used to calcu
low-frequency off-resonance RS of planar SL.21,25 RS is de-
scribed in terms of polarizability modulation due to the ph
toelastic effect. In the photoelastic model, RS in multilaye
is treated as a coherent sum of scattering within bulkl
layers. The scattering efficiency within each layer is includ
by means of photoelastic constants26 @instead of the electron
phonon interaction in Eq.~1!#. There is a similarity between
the two models: contributions of the different layers a
summed coherently. The form factor~related to the elec-
tronic confinement! and the photoelastic constants pla
equivalent roles. They determine, in particular, the relat
intensities between doublets.27 Notice that considering very
different photoelastic constants~for instance,PGe510 and
PSi51, in Ref. 21! is equivalent to considering localize
electronic states~with a step profile! in our model. Obviously
both models may thus provide similar results whereas
description of the scattering process is different. Most of
spectra are, however, recorded under resonance condit
In particular, Ge/SiE1 resonances are known to be ve
broad.31

VI. CONCLUSION

We have shown that RS interferences account for
resonant low-frequency Raman spectra of QD multilaye
We emphasize that, within the interference scheme, ther
no need to assume the folding of the acoustic-phonon dis
sion curve, i.e., superperiodicity. This assumption would
highly questionable indeed for small stacks, such as th
often investigated experimentally. Our simulations expla
the observation of doublet peaks reported in previous stud
This low-frequency RS originates from the thre
dimensional electronic confinement in the QD’s. The latte
therefore explicitly considered in the RS simulations. Ele
tronic confinement determines the interference envelope
thus the relative peak intensities. The QD layer stacking
termines the interference oscillation period, the QD distrib
tion within the layers, and the interference contrast. Wh
ever the number of QD layers—small stacks
superlattices—the simulations and experiment compare w
Frequencies, intensities, and width are well accounted fo
v.
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