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Raman scattering interferences as a probe of vertical coherence in multilayers of carbon-induced
Ge quantum dots
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We have probed the effect of disorder in the vertical alignment of Ge quantum dots of a multilayered
structure by means of Raman scattering. Despite of using a thin Si spacer of 20 nm between dot layers, the
coherent piling up of Ge dots one on top of the other is fully suppressed by the deposition of a submonolayer
of carbon prior to the dot growth in each layer. For stacks with perfect dot correlation in the growth direction,

the interaction of acoustic phonons with the ensemble of electronic states confined to the dots gives rise to well
defined Raman interferences. The interference contrast almost vanishes when carbon is introduced on the
dot-nucleation surfaces. Instead, a strong and decreasing background is observed at small Raman shifts. These
drastic changes in the Raman spectra of dot multilayers with and without C are very well reproduced by
simulations based on the interference model of Cazayous er al. [Phys. Rev. B 62, 7243 (2000)].
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I. INTRODUCTION

Self-assembled Ge quantum dots (QDs) attracted a lot of
attention in recent years because of their great potential as
building blocks in semiconductor nanodevices, which are
compatible with Si-based technology. In particular, Ge-dot
multiple-layer structures have been widely studied for their
promising engineering possibilities, for example, in thermo-
electric applications and even optoelectronics.!™* To achieve
materials with improved thermoelectric properties, a precise
control of the morphology and the spatial distribution of the
quantum dots is required. For the Si/Ge material system, a
possible pathway consists in the deposition of a small
amount of carbon, which is known to induce drastic changes
in the dot formation mechanism.>® In this way, one has a
handle not only on the dot morphology but also on its density
and, what is of crucial importance for our work, on the ver-
tical correlation of the dots among different layers. The latter
is because self-assembled dot multilayers exhibit long-range
ordering across the multiple layers. For a review on the pos-
sible arrangements of QDs in stacks, we refer to the work of
Stangl et al. and references therein.’ Such a coherent dot
growth is driven by the strain field surrounding a dot that
propagates, hence producing a vertical alignment of the dots
from one layer to the next.!®!! Only sufficiently large Si
spacers between dot layers are able to erase this strain
memory, suppressing any interlayer correlation. Here, we are
particularly interested in the possibility of designing
quantum-dot multiple-layer structures with uncorrelated dots
independent of the Si spacer thickness by adding C to the
system. Since C is roughly speaking about 50% smaller than
Si, the deposition of a submonolayer of C on the nucleation
surface for the Ge-dot growth induces locally strong strain
fields upon C incorporation. These inhomogeneities drasti-
cally reduce the mobility of the oncoming Ge atoms, which
neutralizes any seeding effect for QD nucleation due to the
presence of a dot in the underlying layer.
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In order to address the vertical coherence in C-induced
Ge-dot multilayers, we performed Raman scattering experi-
ments in the acoustic-phonon region. The photoelastic model
has been typically used to describe the inelastic light scatter-
ing by acoustic phonons in superlattices.'>!3 A correct de-
scription of both the photoelastic and the acoustic modula-
tion is necessary in order to properly outline the features in
Raman spectra of multilayered systems.'* Variations of this
model were developed for the case of resonant and out-of-
resonance Raman scattering. Whereas an assignment of a
photoelastic constant to each material of the superlattice is
enough to describe systems out of resonance, the electron-
phonon interaction and thus the distribution of electronic
states must be taken into account explicitly in the resonant
case. Ruf e al. addressed this problem when studying the
effects of thickness fluctuations in quantum wells, giving a
microscopic description of the photoelastic Raman-scattering
mechanism by considering the interaction between acoustic
phonons and confined electronic states explicitly.!>"'7 The
importance of finite sample effects and a precise calculation
of the phonon modes in superlattices and quasiperiodical
systems were discussed in subsequent works.'®->! The con-
cept of Raman interferences by acoustic-phonon scattering,
however, was introduced by Giehler et al.?? Finally, Cazay-
ous et al. clearly demonstrated how acoustic phonons can
interact with the ensemble of electronic confined states in
multiple layers of dots, thus giving rise to pronounced Ra-
man scattering interferences.”>2’” Within this model, the Ra-
man intensity results from a real interference of the inelasti-
cally scattered photons by acoustic phonons in processes
mediated by electrons confined to different quantum dots.
Hence, the spatial arrangement of the quantum dots might
play a crucial role. In fact, as discussed in previous
works,?>?7 we show here both experimentally and theoreti-
cally that making use of the sensitivity of Raman scattering
to the spatial ordering of quantum dots in multilayered sys-
tems, we are able to unravel the strong randomization in-
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duced by C deposition on QD nucleation, which cares less
about the strain field extending from layer to layer.

II. EXPERIMENTAL DETAILS AND SPECTRA

We designed two multiple-layer structures grown by
solid-source molecular beam epitaxy on the same Si(001)
wafer under identical conditions, except for the way C was
used to influence the dot nucleation in each heterostructure.
A different C-deposition sequence was readily achieved by
shuttering half of the wafer area in certain C evaporation
steps. First, a 100 nm thick Si buffer layer was deposited.
Then, the temperature was set to 500 °C to proceed with the
layer structure. It consists of an eightfold stack of self-
assembled Ge dots separated by a 20 nm thick Si spacer.
This thickness ensures that in the absence of C, the Ge dots
are vertically correlated. The first period was identical in the
two samples: a 4 A thick Ge wetting layer was grown before
depositing 0.1 monolayer of carbon to control the shape and
density of the quantum dots.”® In the next step, 7 A of Ge
was deposited for the dots to nucleate, which was capped
with the 20 nm thick Si spacer, completing the period.
Adopting this procedure, a typical dot shape of ~6 nm
height and ~40 nm base size with a density of about
40 dots/um? is obtained.”® The remaining seven periods
were grown using the shutter to cover half wafer during C
deposition. In this way, we obtain two samples with similar
dot parameters such as size and density but in the region
where no C is present, an almost perfect vertical correlation
is expected, whereas in the area with C deposited in each
period, such correlation should be totally destroyed.® Here-
after, we will refer to the multilayers as “without C” and
“with C,” respectively. The vertical arrangement of the Ge
dots in each case was further confirmed by transmission elec-
tron microscopy.

Raman spectra were collected at room temperature with a
Jobin-Yvon T64000 triple spectrometer in subtractive mode.
The spectral resolution was about 2 cm™!. The scattering
configuration was close to the backscattering geometry. We
used the lines of an Ar-Kr laser ranging from 2.18 eV (red)
to 2.54 eV (blue) for excitation. Figure 1 shows measured
Raman spectra of both multilayers with and without C for
different laser lines with photon energies around that of the
E, interband transition of the Ge quantum dots. Due to the
large energy width of the resonance curve for this
transition,?® resonance conditions are easily fulfilled for the
whole dot ensemble. The spectra of the two samples are
qualitatively different, revealing the drastic effect of C depo-
sition on the vertical alignment of the dots. The Raman spec-
trum of the multilayer without C displays a clear interference
pattern, whereas the one with C shows a decaying signal
slightly modulated when exciting at 2.54 eV. For the
multilayer without C, the maximum interference contrast is
attained for blue excitation at 2.5 eV, slowly decreasing as
one moves away from the resonance to completely disappear
at around 1.91 eV. A similar resonant behavior is observed
for the intensity of the decaying signal in the spectra of the
multilayer with C.
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FIG. 1. Raman spectra in the acoustic-phonon region of Ge
quantum-dot multilayers (a) with and (b) without carbon deposition
prior to the dot nucleation measured at room temperature with dif-
ferent laser excitation energies.

II1. ANALYSIS

A. Raman interference model

We simulated Raman spectra of our QD stack samples
using the three-dimensional model proposed by Cazayous et
al.?>7>> The analysis of the Raman spectra in many studies of
periodic heterostructures was performed on the basis of the
photoelastic model and the folding of the phonon dispersion
curve due to the superimposed periodicity of the
structure.?’-3! However, the validity of this model for finite,
low-dimensional systems such as quantum-dot multilayers is
arguable. First of all, the Brillouin minizone formation would
strictly require an infinite periodical modulation of the
acoustical impedance, which is not the case in many studied
multiple-layer structures with low number of periods. The
finite size of the dots, for instance, is also neglected in such
calculations. Moreover, a strictly two-dimensional photoelas-
tic model is completely unable to describe the spatial coher-
ence of the dots from layer to layer. Thus, this kind of simu-
lations would never meet the requirements to distinguish
between vertically aligned and randomly distributed dots, as
shown below to be the case in Raman scattering experi-
ments.

In the model of Raman interferences, the energy of the
measured peaks is only related to the fact of having a con-
structive interference between photons scattered by acoustic
phonons, which interact with the three-dimensional ensemble
of electronic states confined to the dots. The interference
model takes explicitly into account the effect of electronic
confinement since its spectral envelope in the Raman spec-
trum, i.e., the intensity modulation of the interference peaks,
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is determined by the Fourier transform of the electronic wave
function and its spatial extension. In our simulations, the
quantum dots are treated as identical quantum disks with
QD,LIP(Z) and ‘Pm,lp(;) denoting the electronic wave function in
the growth direction and the in-plane component, respec-
tively, for confined states with subindices (n,m). The sym-
bols /, and p denote the layer index and the dot index within
that layer, respectively. The lack of translation invariance
breaks the wave-vector conservation rules and, therefore, all
acoustic phonons may scatter in the Raman process. Consid-
ering the deformation potential as the main electron-phonon
interaction mechanism between an acoustic phonon with
wave vector ¢ and displacement field u,, and the ensemble of
electronic states, the Raman intensity is proportional to!'®17-2*
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where F and S are the form and structure factor, respectively.
F depends only on the electronic confinement within the dots
and determines the spectral envelope, whereas S represents
the interference pattern coming from the interaction of the
extended phonon with the dot ensemble. Periodical oscilla-
tions of the Raman signal coming from § are expected if the
dot layers are regularly spaced, being the oscillation period
inversely proportional to the spacer thickness. A random
number generator algorithm is used to determine the in-plane
positions of the quantum dots in the first layer of the struc-
ture. The obtained in-plane dot distribution is repeated for
the subsequent layers in the case of ordered multilayers. On
the contrary, a random in-plane distribution for each layer is
considered in the case of disordered structures. In order to
have sufficient statistics in the calculation, each Raman spec-
trum is simulated by summing over 200 different configura-
tions.

B. Results and discussion

Figure 2 shows two series of simulated spectra in the case
of a sample with vertically correlated dots. All the QD mul-
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FIG. 2. Series of simulated Raman spectra of an ordered Ge-dot
multilayer as a function of the spacer thickness (top panel) and the
dot dimensions (bottom panel). The former dots of 4 nm height and
27 nm base size were considered. In the latter case, a fixed spacer
thickness equal to 20 nm and an aspect ratio of 0.15 were used.

tilayers consist in a stack of eight periods. An effective re-
fractive index of 4.4 and a laser energy of 2.54 eV were used
in the calculations. In the first series, the dot parameters are
fixed and only the spacer thickness varies. From the form
factor in Eq. (2), we infer that the degree of confinement in a
specific direction determines the weight of the contribution
from phonons traveling in that direction. Since the dot height
is about seven times smaller than the base diameter, we are
mainly dealing with plane waves with in-plane wave vectors
close to zero. In the calculations, we consider for the sake of
simplicity that the phonon displacements u,(z) are solely a
function of z. Hence, to a good approximation, the physical
picture is that of two counterpropagating plane waves with
crystal momentum +¢, and sound velocity V, traveling si-
multaneously. The condition to obtain a maximum in the
interference pattern is g,+Ak.=2mn/L, where L and n are
the spacer thickness and an integer, respectively. Doublets of
order n with a fixed energy separation of 2Ak.V, . are ex-
pected. In the upper part of Fig. 2, the dotted lines indicate
the shift of the doublets of orders 1 and 2. The separation
between different doublets diminishes as the spacer thickness
increases. Since the shift of the peaks is proportional to n,
contributions from doublets with different n» can merge to
form new doublets, as is the case of the spectrum for L
=20 nm.

In the lower panel of Fig. 2, we display the simulated
Raman spectra of multilayers with a Si spacer of 20 nm but
where the height and the base diameter of the dots were
varied at a fixed aspect ratio. We note that the width of the
spectral envelope which modulates the intensity of the inter-
ference peaks increases with decreasing dot size, i.e., for
stronger confinement of the electronic states. The model is
not only clearly sensitive to the spatial distribution of the
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FIG. 3. Simulated Raman spectra of two Ge-dot multilayer
structures both with the same parameters but differing only in the
spatial correlation of the dots in the growth direction. The lower and
upper curves were calculated with vertically correlated (aligned)
and uncorrelated (random) dots, respectively.

dots but also to the extent of the electronic wave functions.

Figure 3 displays two spectra calculated for the same
multilayer consisting in QD stacks of eight periods, which
differ only in the vertical ordering of the dots, as described
before. The upper one has randomly distributed dots within
the first dot layer but exactly the same dot pattern is repeated
in the subsequent layers, leading so to perfect stacking in the
growth direction. The spectrum exhibits high-contrast inter-
ferences. The lower spectrum corresponds to the case of ran-
domly distributed dots in every layer without interlayer cor-
relation. The interferences blur almost completely, giving a
continuum contribution modulated by the form factor enve-
lope. Nevertheless, faint interference peaks on top of the en-
velope remain visible even for the disordered dot distribu-
tion. These effects are thus expected to show up in resonant
Raman spectra in the acoustic-phonon region, allowing us to
study the spatial correlation of dots in multilayered systems.

For comparison, both measured and calculated Raman
spectra of the samples with and without C are plotted to-
gether in Fig. 4. In order to avoid the background signal
coming from Rayleigh scattering, a reference spectrum mea-
sured on a Si wafer has been subtracted from the experimen-
tal spectra. The stray light coming from the laser made im-
possible to work below 8 cm™' in backscattering geometry
because of the surface roughness of the samples. For the
simulations, we considered a density of 40 dots/ ,umz and we
summed over many dot distributions to prevent finite-size
effects of the ensemble. We also performed a convolution
using a Gaussian with a width of 2 cm™! in order to account
for the experimental line broadening. The calculations are in
very good agreement with the experiment, as far as the peak
positions and relative intensities are concerned. However, the
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FIG. 4. (Solid curves) Measured Raman spectra of Ge-dot
multiple-layer samples with and without carbon. The dashed curves
represent the corresponding spectra simulated using the Raman in-
terference model (see text for details).

most compelling evidence that C deposition effectively sup-
presses the vertical coherence of the dot growth is the strik-
ing similarity of the measured and simulated Raman spectra
of the stack with C.

The spectrum of the multilayer without C displays clear
periodic oscillations coming from the constructive interfer-
ences between dot layers. The oscillation period is well ac-
counted for by the simulation, when performed with a spacer
thickness of 20 nm. This is in excellent agreement with the
nominal growth parameters. The interference contrast is a
clear indicator of the spatial correlation between dots in the z
direction. In randomly distributed dot stacks, the interfer-
ences vanish. This is again well demonstrated by the spec-
trum of the C-induced Ge dot multilayer, where the deposi-
tion of C in each layer has erased the strain memory
responsible for a coherent growth of the dots from layer to
layer. The simulation with a random distribution across the
stack also reproduces the spectral features in this case. We
note a slight modulation interference coming from the struc-
ture factor contribution on top of an exponential decaying
signal. A closer inspection to the structure factor of Eq. (2)
reveals that the interferences appear when the contribution
from the dots add up coherently. This is determined by the
phase which is given by

(q.- Akz)Zzp + (f;n - Aﬁkn) Ty Lyp (3)

Both terms in Eq. (3) are independent. The former leads
always to interferences since the QD stacks exhibit good
periodicity in the z direction regardless of the existence or
loss of interlayer correlations due to the introduction of C.
The interference blurring comes from the second term
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qy-7; ,» which introduces a dephasing if the dots are not
s

aligned in the growth direction. The c;” that participate in the
scattering process are defined by the lateral extension of the
dot. Since the diameter of the dot is about 60 times the lattice

constant of the material, the g, that contribute the most are
close to zero. Thus, the values of the dephasing term are
large enough to blur the interferences but not completely, as
observed also in the experimental spectra.

It is important to notice that although a 20 nm thick
spacer has been chosen for our samples, the disordering ef-
fect of C should be effective for even thinner spacers. Verti-
cally uncorrelated Ge-dot stacks with such thinner spacers
would be impossible to achieve with conventional self-
assembled dot growth. Unfortunately, it was not possible to
study intermediate cases between aligned and randomly dis-
tributed dots in the z direction because of the drastic effect
that very small amounts of C have on the dot-nucleation
mechanism.

We now turn to the discussion of the spectral envelope. As
we mentioned before, this envelope depends on the form
factor F, which is determined by the electronic density asso-
ciated with the confined dot states, i.e., it depends on dot
dimensions. The envelope for the multilayer without C is
well reproduced by the simulations considering dots with
4 nm height and 27 nm base size. In contrast, slightly bigger
dots with a height of 6 nm and a base length of 40 nm ac-
count better for the envelope in the case of the C-induced
quantum dots. This is actually closely related to the QD-
growth mechanism itself, which is different in both cases.
When carbon is deposited, the nucleation of the Ge dots
proceeds immediately, leading to an effective reduction of
the critical thickness for the Stranski-Krastanow growth
mode.>® If no C is deposited, part of the Ge coverage is used
to achieve that critical thickness; hence, the resulting dots are
smaller in size compared to those grown using C deposition.
As illustrated by the calculated Raman spectra of Fig. 2
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(lower panel), the position of the envelope maximum shifts
to larger Raman shifts for smaller dot sizes. Such shift is
extremely sensitive to changes as small as 1 nm in the height
of the dots, which is the dimension leading to the strongest
confinement.

IV. CONCLUSIONS

In summary, the multiple-peak structure observed in the
spectra of Raman scattering by acoustic phonons of Ge QD
stacks with ordered dots along the growth direction is well
explained within the model of Raman interferences. From
the position of the interference maxima and the relative in-
tensities, it is possible to extract by simulation of the Raman
spectra important structural parameters of the dot stacks such
as the spacer-layer thickness and average dot height. It was
also confirmed that such Raman interferences blur almost
completely by total loss of coherence between dots of sub-
sequent layers. In our work, a strong piling disorder was
introduced by means of C deposition prior to the QD growth
in each layer. The resulting spectra exhibit a smooth enve-
lope in the form of a broad band, with maximum position
and width related to the mean dot size. In this way, acoustic-
phonon Raman scattering provides us with a powerful ana-
lytical, fast, and noninvasive tool for the characterization of
the structural properties of QD multilayers for specific appli-
cations in SiGe-based thermoelectrical nanodevices.
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