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Ge/Si heterostructures with Ge self-assembled quantum dots (SAQDs) grown at various temperatures by molecular beam epitaxy
were investigated using resonant Raman spectroscopy and capacitance measurements. The occurrence of quantum confinement
effects was confirmed by both techniques. For the structures grown at low temperatures (300−400◦C), the SAQDs optical phonon
wavenumbers decrease as the Raman excitation energy is increased; this is an evidence of the scattering sensitivity to the size of
the SAQDs and to the inhomogeneity in their sizes. However, the opposite behavior is observed for the SAQDs grown at higher
temperatures, as a consequence of the competition between the phonon localization and internal mechanical stress effects. The E1

electronic transition of the Ge in the SAQDs was found to be shifted towards higher energies as compared to bulk Ge, due to biaxial
compressive stress and to the electronic confinement effect present in the structures. The intermixing of Si atoms in the quantum
dots was found to be much more significant for the sample grown at higher temperatures. The capacitance measurements, besides
confirming the existence of the dots in these structures, showed that the deepest Ge layers lose their 0D signature as the growth
temperature increases.

1. Introduction

Undoubtedly, Ge/Si self-assembled quantum dots (SAQDs)
present an interesting technological potential, confirmed by
several studies pointing to the development of devices such as
photodetectors operating in the midinfrared [1], transistors
[2], memory devices [3], nonlinear optic devices [4], and
lasers [5], based in these structures. It is obvious that for the
production of these devices it is necessary that the growth
techniques are fully controlled and that the characteristics of
the obtained material are very well known. In comparison
with single-layered structures, the quantum dots superlat-
tices present superior potential for optoelectronic applica-
tions due to the larger volumetric density of islands, the
modified confining potential, and the suppression of surface
recombinations. Recently electroluminescence in frequencies

of order of THz was observed in Si/Ge superlattices [6].
Nevertheless, in system in which the Ge islands are embedded
into a Si matrix, besides the nominal thickness of the Ge
layers, the growth temperature strongly influences both the
size and the chemical composition of islands, due to SiGe
intermixing [7–11]. The growth dynamics in a multilayer
structure can be fundamentally different as compared to
the monolayer case. During the process of preparation,
the sample temperature is successively varied in order to
establish ideal conditions for the growth of either Si or Ge
layers. So, the deeper the Ge layer is, the most prominent
can be the effect of intermixing, that directly induces
modifications in the electronic energy spectrum. In this work
we have combined Raman spectroscopy and capacitance
measurements in order to study the compositional structure
and the growth dynamics of Ge/Si SAQDs superlattices
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Figure 1: Raman spectra of the samples grown at several tempera-
tures, measured at 8 K and excited with the 514.5 nm laser line.

grown at different temperatures. By obtaining the resonant
Raman scattering profiles, we could draw some conclusions
about the electronic properties of the samples as a function
of growth temperatures. Furthermore, since the vibrational
properties play an important role both in the charge and in
the heat transport, the knowledge of the Raman spectra of
these nanostructures is fundamental for their applications in
devices.

2. Experimental

The samples were grown by Molecular Beam Epitaxy (MBE)
following the Stranski-Krastanov regime, on (001) Si sub-
strates. The set of four samples consists of alternate Si and
Ge layers with nominal thicknesses 500 Å and 10 monolayers,
respectively, repeated five times, ending with Si. The growth
temperature was varied, assuming the values 300, 400, 500,
and 600◦C. An investigation using cross-sectional high-
resolution transmission electronic microscopy (HRTEM)
of samples similarly prepared [12] shows that, for the
here used growth parameters, SAQDs are expected with
dimensions that increase with the growth temperature:
the average base sizes vary between 10 and 100 nm and
the dot heights vary from 2 to 6 nm. Resonant Raman
scattering was accomplished with the excitation given by
two sources: a Rhodamine 6G dye laser and an Ar/Kr laser.
For all measurements the power density was kept below
2 × 105 W/m2 in order to prevent sample heating. A triple
monochromator T64000 equipped with a liquid nitrogen
cooled CCD detector was then used for the analysis of the
scattered light. The spectra were taken at the temperature
8 K.

For the capacitance experiments, an Au0.5In0.5 alloy was
used as the ohmic contact (annealed at 450◦C for 120 s)
and Au was evaporated in order to obtain the Schottky one
(200 nm thick layer with 500 µm diameter). The measure-
ments were realized with conventional AC techniques, the

signal detection being obtained with a lock-in amplifier.
These measurements were taken at 300 and 150 K, with
10 mV and 100 kHz as the excitation voltage and excitation
frequency, respectively.

3. Results and Discussions

We present the unpolarized Raman spectra of the studied
samples, grown at different temperatures, in Figure 1. All the
spectra exhibit strong peaks in the interval 310–320 cm−1.
Another feature around 420 cm−1, together with a shoulder
in the low-energy region, could be observed for the samples
grown at 300, 400, and 600◦C; in the case of the sample
grown at 500◦C the presence of two peaks is evident in
this region of energies. The lower-energy peaks present
in our spectra can be attributed to the Ge-Ge vibration.
In bulk materials this mode appears at 304 cm−1; for our
samples however this peak was found to be blue shifted.
Together with them it can be observed low-energy shoulders
corresponding to the second-order 2TASi. The spectrum
of the substrate in this interval (shown for comparison in
the top of the figure) confirms this assertion. The features
around 420 cm−1 can be associated to the optical vibrations
of the Ge-Si alloy present in the grown structures [13].
The frequencies of the optical vibrational modes of both
Ge-Ge and Ge-Si alloy depend on two concurrent effects:
the interdiffusion strength of the Si atoms through the Ge
layers—provoking blue shifts—and the confinement of the
optical phonon inside the SAQDs—causing a red shift due
to the negative phonon dispersion relation. The resonant
Raman scattering, detailed below will help us to drive some
conclusions about the competition between these effects.
Finally, we can notice around 525 cm−1 the Si bulk phonon,
originated at the (001) substrate and around 512 cm−1, a
feature with lower intensity, that can be attributed to a
local Si-Si mode [13]. Figure 2 presents the profiles of the
resonant Raman scattering of the Ge-Ge vibration for the
four samples. For each spectrum the Ge-Ge signal was
normalized with respect to the Si signal of the substrate
and plotted as a function of the excitation energy. The most
intense maxima appearing in the four curves are attributed
to the E1 electronic transition of Ge. At room temperature,
this transition for bulk Ge occurs at 2.23 eV [14]. However,
both the electronic confinement and the compressive stress
of the islands can contribute to the blue shifting in E1 energy.
The observed values of the E1 transition agree with the data
obtained by Kwok et al. [15]. In the case of the samples grown
at 400, 500, and 600◦C, an additional increase in the Ge-
Ge signal intensity is observed, for excitation energies 2.54,
2.52, and 2.68 eV, respectively. We believe that the electronic
transitions of the GexSi1−x alloy, present in the samples, are
responsible for these features. As a matter of fact, Cerdeira
et al. [16] reported resonances in this energy range for
particular stoichiometries of the referred alloy. In principle,
the electronic transitions of the GeSi alloy are not expected
to interfere in the resonance of the Ge-Ge optical modes.
However, considering that these modes are not rigorously
confined in the regions of pure Ge of the islands (in other
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Figure 2: The intensity of the Ge-Ge signal as a function of the excitation energy for the samples grown at (a) 300◦C, (b) 400◦C, (c) 500◦C,
and (d) 600◦C. The arrows show the bulk Ge resonance.

words, the vibration relative to these phonons can extend
as far as the first atomic layers of the GeSi alloy), it is quite
reasonable to suppose that the specific Ge vibrations have
enough amplitudes in the alloy in order to couple with its
electrons and consequently contribute to the resonance curve
of the Ge optical mode, a “signature” of the electronic states
of the alloy. Influences of the GeSi alloy in the intensity of
the Ge-Ge mode were also observed in Ge/Si superlattices
[17], where the electronic transition was attributed to the
E1 gap of a Ge0.5Si0.5 alloy. The sample grown at 300◦C does
not show this transition, as observed from Figure 2(a). This
fact indicates a negligible Si content in the islands, due to
the low diffusion rate of Si towards the Ge layers. Further
referring to Figure 2, it is also quite remarkable the decrease
in the intensities of the resonance curves as the growth
temperature increases. This can be associated to the density
of the quantum dots in the samples. Since the monitored Ge-
Ge signal originates mainly from the SAQDs, the larger the
number of dots per area is, the stronger the phonon signal
should be and consequently the resonance curve intensity. So

we can definitely affirm that the SAQDs density decreases as
the growth temperature increases; at 600◦C we are probably
close to a two-dimensional GeSi layer, as confirmed below by
the C-V measurements. Figure 3 shows the optical phonon
wavenumber of the Ge SAQDs as a function of the excitation
energy. Here again we should be careful in the analysis
of the results, since we are dealing with the competition
between two phenomena: for the SAQDs of smaller sizes
the optical phonons confinement effect would contribute
to the frequency of the Ge-Ge vibrational mode, while for
the SAQDs of larger sizes the confinement effect could be
neglected and the intrinsic stress will prevail in the frequency
shift determination. Raman scattering of a size distribution
of SAQDs takes place in a highly selective way. Since the
quantum confinement is stronger (and, consequently, the
electronic transitions are more energetic) in the smallest
dots, the higher the excitation energy is, the stronger the
contribution of these structures to the Raman spectrum is
(which is than dominated by them). For the same reason,
for the lowest excitation energies, almost the totality of
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Figure 3: The quantum dot optical phonon wavenumbers as a function of the excitation energy for the four samples grown at (a) 300◦C,
(b) 400◦C, (c) 500◦C, and (d) 600◦C.

the spectrum intensity will be originated from the SAQDs of
larger dimensions, because these energies will be insufficient
to excite electronic states with higher energies, like those of
the smallest dots. Besides, the larger the dimension of the
quantum dot is, the less important the confinement effect of
its optical phonon will be. As a consequence, in a sample of
this kind, the tuning of the excitation energy would select
the dimensions of the quantum dots that more effectively
contribute to the Raman scattering. If we refer to the sample
grown at 300◦C (Figure 3(a)), we observe that a change in the
energy of the optical phonon occurs for excitation energies
higher than 2.5 eV. The shift to lower wavenumbers—due to
the confinement effect—is typical of materials presenting a
negative dispersion of phonons, such as Ge; as expected, the
confinement progressively increases with the photon energy,
clearly indicating the existence of a size distribution of the
Ge SAQDs for this growth temperature. Considering now
the sample grown at 400◦C (Figure 3(b)), for the energy
range (1.95–2.35 eV) in which the confinement effect is
not relevant, the phonon wavenumber is slightly higher as

compared to the former sample indicating that here the
quantum dots dimensions have increased. The curve decays
in a more smooth way, showing that the size distribution
is now more heterogeneous. The sample grown at 500◦C
presents an interesting behavior, opposite to the first two
ones. We believe that the SAQDs are here distributed in
two distinct regimes, as observed before by Milekhin et al.
[18] for samples where a thin SiO2 layer was grown over
the Si substrates. In the first regime, the three-dimensional
islands have much larger dimensions than those found in
the first two samples, such that here the compressive stress
is lower, as observed before for this kind of sample [12];
being so, for the lower excitation energies utilized, where
these SAQDs are responsible for the scattering, the optical
phonon wavenumber is quite near those expected for the
bulk Ge. We can say that these islands have lost their
zero-dimension signature, although the three-dimensional
growth may still occur. In the second regime, the SAQDs’
dimensions are comparable to those observed in the first
two samples. Consequently, they conserve part of the wetting
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layer compressive stress, while being subjected to the phonon
confinement effect. It is observed that, as the excitation
energy increases, approximating the characteristic electronic
transitions of these smaller SAQDs, such structures are the
major responsible for the scattering, such that the optical
phonon wavenumbers are quite similar to those measured
in the former samples when excited with lower energies.
This is an evidence that the smallest SAQDs in the sample
prepared at 500◦C would present dimensions close to those
found in the larger islands grown at lower temperatures
(300 and 400◦C). The existence of two distinct regimes in
the size distribution of the SAQDs can still be observed in
another interval of the Raman spectrum of the sample grown
at 500◦C. In the region around 420 cm−1, it is evident the
presence of two separate peaks related to optical vibrations in
the GeSi alloy. It is known that the phonon energies in binary
alloys are influenced by the amount of each chemical element
forming the compound. Ratto et al. [11] demonstrated that
the alloying process is strongly dependent on the areas of
the islands’ bases, that is, the larger the SAQDs dimensions
are, the more prominent the Si intermixing through the
Ge quantum dots will be. Being so, we expect that the
alloying process is more effective in the SAQDs of the first
regime (thus producing a Si richer alloy), in comparison to
those of the smaller islands. This originates Raman peaks
with different energies: a more energetic one, related to the
Si richer alloy present in the largest SAQDs, and a lower
energetic one, due to the scattering in the smallest islands
(in which the alloying process is less efficient). Considering
now Figure 3(d), we observe that the Ge optical mode shows
no relevant variation with the excitation energy indicating
that the highest growth temperature possibly gave origin to
very large three-dimensional GeSi islands. In this case the Ge
content in the GeSi SAQDs is about 53% [12]. As a matter
of fact, we should recall that for this sample we observed
the alloy E1 resonance at 2.68 eV (Figure 2(d)); it should also
be observed that, in [17], in the case of the Ge0.5Si0.5 solid
solution, it was claimed that the E1 resonance appears at
2.7 eV. As a consequence of the light attenuation through
the sample and since we are dealing with a superlattice
with five periods, it is expected a major contribution of
shallower layers to the information taken from the analyses
of Raman spectra. In order to characterize the morphology of
deeper layers, we have performed C-V measurements. Under
zero field, the depletion layer is around 2000 Å thick. As a
result, through this technique, we could access specifically
the deepest two Ge layers. Figure 4 depicts the C-V measure-
ments for the samples grown at 300 and 400◦C, respectively.
In these heterostructures, the capacitance is caused by two
distinct contributions: a three-dimensional capacitance due
to the electronic distribution in the volume around the
quantum region and the capacitance due to the quantum
confined electrons [19]. The contribution of the quantum
dots to the total capacitance is a direct consequence of their
characteristic density of states and their occupation at a
given temperature. Taking into account that the samples were
undoped the expected electron density at the SAQDs were
very low: using the well-known Schottky capacitance theory
[20, 21], the electron density was found to be 6.0× 1012 cm−3

(sample grown at 300◦C) and 4.0× 1012 cm−3 (sample grown
at 400◦C). As previously published [22–24], the density of
SAQDs can be estimated from the C-V curves. Using the
model described in [18], the density of SAQDs was found
to be almost the same (∼1012 cm−2) for both samples. This
result is in accordance with the Raman analysis presented
in Figures 2(a) and 2(b), from where it can be noticed that
relative intensities of Ge signal have the same order for
both samples. Decreasing the temperature, the localization
effects and consequently the presence of SAQDs can be
readily observed: additional peaks (indicated by arrows) are
observed in the capacitance signal because the dots are being
filled and emptied following the applied voltage. Due to
the low temperature, the electrons remain in the dots and
their effects are now observed. In fact, from Figure 4(a), two
peaks are observed at 150 K revealing the peaked character
of the zero-dimensional density of states, while at room
temperature only one-layer occupation is observed. Both
samples (grown at 400◦C and 300◦C) exhibit the same
behavior. Our results are a clear indication of the presence of
the quantum dots in the deepest layers of these samples. For
the samples grown at the two highest temperatures, no clear
signs of quantization could be observed with this technique.

4. Conclusions

The Raman spectra obtained with excitation energies near
the resonance showed that the Ge optical phonons related
to the quantum dots attain different wavenumbers as
compared to the Ge bulk case. These wavenumber shifts
are generated by the competition between two physical
phenomena present in the structures: the strongest one is
undoubtedly the compressive stress inside the SAQDs, but
the phonon confinement effect is also relevant. The increase
of the growth temperature implies in the nonhomogeneity
of the vibrational modes, both due to the presence of large
SAQDs—where the stress relaxation is more considerable—
and to the increase in the rate and depth of the Si diffusion
along the growth direction.

The measurements with the variation of the excitation
energy showed that the samples grown at 300, 400, and
500◦C present a size distribution of the SAQDs. However, it is
clearly observed that this distribution is more heterogeneous
in the second than in the first sample. Also, for the growth
made at 500◦C, a regime of two modes can be inferred:
the first one presenting dots with sizes comparable to those
found for the lower temperatures and the second with
much larger three-dimensional islands. Besides confirming
the presence of the quantum dots grown at the two lowest
temperatures, the C-V measurements were able to estimate
the electron densities and the quantum dot densities in the
deepest layers of these samples.

The resonant Raman data led us to identify a principal
electronic transition attributed to the Ge E1 gap. A secondary
maximum observed for the growth temperatures 400, 500,
and 600◦C was associated to the GexSi1−x alloy formed in the
structures and allowed us to conclude that the Si amount
is negligible for the lowest growth temperature (where
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Figure 4: Capacitance versus Voltage measurements for the samples grown at (a) 300◦C and (b) 400◦C.

the feature is not present), while for the highest temperature
it reaches 50% of the alloy composition.
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