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Abstract

By combining Raman scattering and stable Ge isotopes tracing, we present a new analytical procedure to address the stability of 2D

Stranski–Krastanov WL during 3D transition. Our approach is based on the experimentally verified fact that WL has no clear Raman

modes and on the dependency of phonon frequencies on the isotopic composition. A direct quantification of the amount of material

transferred from WL to 3D islands was achieved for Ge epitaxy on HF-etched Si(0 0 1). The estimated isotopic abundance suggests an

exchange process between WL atoms and Ge atoms from direct flux during the growth of island. The influence of surface preparation on

islands morphology is also investigated. We found that the growth on HF-etched Si(0 0 1) induces a low density of large dome-like

islands. Carbon contaminants seem to play a critical role in self-assembling of Ge islands on hydrophobic Si(0 0 1) surface.

r 2006 Elsevier B.V. All rights reserved.

PACS: 68.55.Ac; 68.65.Hb; 81.15.Hi; 68.47.Fg; 78.30.�j
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1. Introduction

A wide variety of quantum heterostructures has become
possible because of dramatic improvements in semicon-
ductor materials that can be successfully grown from
III–V, II–VI, and Group-IV lattice-mismatched semicon-
ductors [1]. Among the different material combinations
investigated, the Ge/Si heteroepitaxial system was the
subject of numerous studies in the last decade, both from a
fundamental point of view and for potential applications
[2]. Deposition of Ge on Si is a model of Stranski–Kras-
tanov system which is characterized by a transition from an
initial layer-by-layer regime to 3D islanding [3]. The
transition is driven by the elastic strain, which becomes
too large to form a dislocation-free flat layer and is
partially released by the formation of 3D clusters. The
phenomenon is further complicated by alloying, i.e., Si–Ge
interdiffusion, which provides another pathway for the
elastic strain relaxation. From a technological point of
e front matter r 2006 Elsevier B.V. All rights reserved.
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view, the Ge/Si 3D islands are good candidates to fabricate
QDs, i.e., structures in which the charge carriers are
confined in atomic-like potentials. The controlled growth
of such QDs could represent a real breakthrough in the
optoelectronics sector, allowing to integrate microelectro-
nic and optoelectronic circuits on the same Si wafer.
However, it is still a challenge to obtain QDs with a high

uniformity both in size and spatial distribution in order to
exploit their unique properties in novel devices. In this
context, several approaches were explored aiming at
controlling the placement and arrangements of Ge dots
by introducing periodic morphological features on the
surface or by manipulating its chemistry by predeposition
of impurities [4]. In addition to QDs engineering chal-
lenges, considerable work has been devoted for under-
standing and modelling of the microscopic mechanisms of
the epitaxial island growth. Vastly different results in
literature unavoidably open up the discussion about the
very fundamental processes occurring during the growth.
The interesting physics question is by what precise atomic
mechanisms Ge/Si islands nucleate and grow. There is no
universal answer.
Although Ge/Si self-assembled islands are grown on top

of the WL, some theoretical and experimental studies omit
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Fig. 1. Schematic cross section of isotopically controlled Ge/Si hetero-

epitaxy in an abrupt interfaces configuration. Two pure isotopes are used:
76Ge for the growth of planar WL, and 70Ge for the growth of 3D islands.
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the WL from their simulations or investigations without
much justification. Others including the WL only briefly
discuss its influence on the properties of 3D islands.
However, mass transport on the surface of WL underlies
most of the other detailed mechanisms of islands nuclea-
tion and growth. Hence, a quantitative determination of
WL–3D interdiffusion is of particular significance, both for
improving our understanding of the microscopic mechan-
isms of self-organization, and also as a primary input for
epitaxial growth models and calculations.

In this work, we report a new approach for investigating
subtle points in surface mass transport during growth of
Ge/Si nanostructures. We propose an isotope variation of
Stranski–Krastanov growth process in which the isotopic
composition of 2D WL and the impinging Ge atoms flux
during 3D growth is rigorously controlled. In addition to
their technological promise in quantum computing, na-
noscience, and spintronics, the scientific interest and
increased availability of highly enriched isotopes have led
to a sharp rise in the number of experimental and
theoretical studies of isotopically controlled semiconductor
crystals [5]. The absence of any chemical, mechanical, or
electrical driving forces makes possible the study of an
ideal random-walk problem, in which moving atoms go in
random directions at random intervals. The most conspic-
uous effects observed have to do with the dependence of
phonon frequencies on isotopic composition. Based on this
peculiarity, Raman scattering spectroscopy (RSS) was used
to determine both the isotopic composition of the grown
nanostructures and its evolution during Ge evaporation. In
this work, we applied this approach to investigate Ge
epitaxy on HF-etched Si(0 0 1) surfaces. Using hydropho-
bic surfaces, we found that island morphology shows a
dramatic change compared to the growth on surfaces
cleaned using the conventional hydrophilic procedure.
These observations are discussed in terms of carbon
contaminants influence.

2. Methodology

Our molecular beam epitaxy (MBE) system is equipped
with several pure Ge isotopes sources. In the proposed
approach, we used 70Ge and 76Ge sources to grow Ge/Si
islands in a two-step process. First, a planar WL is grown
by deposition of pure 76Ge. In the second step, 2D–3D
transition is immediately achieved by an additional
evaporation of pure 70Ge. As a reference, single isotope
islands (i.e., both WL and 3D structures were obtained
using the same isotope 70Ge/70Ge/Si) were grown in order
to eliminate the influence of in-plane strain on phonon
frequencies in our analytical procedure. The growth of
these two-isotope heterostructures is schematically illu-
strated in Fig. 1. Based on this growth process, the
interaction between WL atoms and evaporated atoms
during growth of 3D nanostructures can be investigated.
Since phonon frequencies depend on isotopic composition,
76Ge ‘‘impurities’’ are used as a marker to evidence and
quantitatively analyze the mass transport from 2D WL to
3D Ge/Si islands.
It is well established that the Ge WL does not contribute

to Raman signal [6,7], i.e., the detected modes are
attributed to 3D islands. In an abrupt epitaxy, phonon
modes frequencies must be the same for both single isotope
70Ge/70Ge/Si and two-isotope 70Ge/76Ge/Si islands since in
both configurations the grown islands would be formed by
pure 70Ge. However, in a more realistic picture, 76Ge atoms
(i.e., WL atoms) diffusion into 3D structures will induce a
shift in their Ge–Ge and Si–Ge mode frequencies. In this
case, the virtual-crystal approximation is valid and results
in a proportionality of any phonon frequencies on the
inverse of the square root of the mass [5]. The effects of the
average isotopic mass just mentioned are the simplest
isotopic effects possible since they appear in the harmonic
approximation.
By introducing the isotopic composition, the stoichio-

metry of our nanostructures will be ð70Ge1�y
76GeyÞxSi1�x,

where x is Ge concentration in the islands and y is the
isotopic abundance of 76Ge. y presents also the amount of
Ge WL material transferred to 3D islands which can be
estimated from

y ¼
1

mð76GeÞ=mð70GeÞ � 1

" #
�

1

½1� dw=w70Ge�
2
� 1

� �
,

(1)

where w70Ge is Ge–Ge mode frequency measured for single
isotope islands (70Ge/70Ge/Si), dw is the shift induced by
76Ge atoms diffusion defined as w70Ge � w70Ge=76Ge, where
w70Ge=76Ge is Ge–Ge mode frequency measured for two-
isotope islands (70Ge/76Ge/Si). Finally, mð70Ge) and mð76Ge)
represent atomic masses of 70Ge and 76Ge isotopes,
respectively.
In order to reduce the experimental error, several

reference samples with well controlled isotopic abundance
were grown using pure beams 76Ge ðy ¼ 1Þ and isotopically
mixed beam 70Ge0:5

76Ge0:5 ðy ¼ 0:5Þ. In this case, the
contribution of WL atoms to island formation can be
obtained graphically using the linear function y ¼ f ðw�2GeÞ.
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3. Experimental details

Preparation of the wafer surface is a critical step in any
epitaxy recipe. For Si wafers, two approaches have been
taken. In the first, a chemical oxide is formed ex situ and
then thermally desorbed in situ. This surface preparation
procedure is commonly known as Ishizaka–Shiraki method
which is widely used in Ge/Si heteroepitaxy [8]. However, it
is not always suitable due to high temperature needed
which cannot be compatible with some newly developed
QDs engineering processes [9]. In the second, the native
oxide is removed with an acid treatment and the resulting
hydrides are thermally desorbed in situ, at temperatures
hundreds of degrees lower than those needed to desorb the
oxide [10,11]. In this work, a set of 2 in Si(0 0 1) wafers were
chemically cleaned by H2SO4:H2O2 (2:1) solution and the
surface was H-terminated by a dip in aqueous 2.5% HF. It
is worth noting that after the final etching step, the samples
were briefly rinsed in deionized water in order to remove
minority species. Subsequently, the substrates were loaded
into MBE chamber and heated at 540 �C for 1 h. The
growth was monitored in situ by reflection high-energy
electron diffraction (RHEED), and the island topography
was studied ex situ by atomic force microscopy (AFM).
AFM images were statistically analyzed using WS�M
program [12]. RSS spectra were recorded in backscattering
geometry using Jobin Yvon/Horiba T64000 micro-Raman
system equipped with an Olympus microscope. Measure-
ments were performed at room temperature with 514.5 nm
line from an argon ion laser. A spot diameter of about 3 mm
was used throughout the study and the power density was
kept very low to prevent sample heating. The position,
intensity, and width of Raman lines due to local Ge–Ge,
Ge–Si, and Si–Si modes of the Ge/Si alloy enable one to
obtain information on the composition, strain, and
confinement within the Ge–Si nanostructures [13].

4. Results and discussion

In AFM images (not shown), quite a surprising behavior
can be pointed out: islands size, shape and density are
profoundly affected by substrate surface preparation
procedure. In fact, we note that on the wafer cleaned by
the conventional hydrophilic procedure a high density of
the so-called hut clusters with an elongated pyramidal
shape formed by f1 0 5g facets. Whereas, the deposition of
the same amount of Ge on HF-etched Si surface, after a
complete desorption of hydrogen, results on a lower
density of larger Ge/Si islands with a dome-like morphol-
ogy with no clear faceting (height �25 nm and diameter
�130 nm).

The origin of this dependency of islands morphology on
substrate cleaning can be found in RHEED patterns of
HF-etched Si(0 0 1) surface recorded at different tempera-
tures [14]. We found that around the growth temperature,
the surface exhibits a ð2� 1Þ pattern characteristic of a
clean surface after the complete hydrogen desorption.
However, the pattern is very diffuse compared to the one
obtained using the conventional Ishizaka–Shiraki cleaning
procedure. This indicates that HF-etched surfaces are very
rough and disordered. Interestingly, by increasing the
substrate temperature the pattern changed into a cð4� 4Þ
structure. Moreover, we found that the cð4� 4Þ reconstruc-
tion is only observable in a narrow window of temperature.
In fact, after a further increasing of temperature, the cð4�
4Þ pattern gradually disappeared and was replaced by a SiC
transmission pattern. This thermal evolution from the
surface reconstruction to the bulk diffraction pattern
indicates that the cð4� 4Þ reconstruction is related to
carbon [10]. Consequently, the observed morphological
change on Ge/Si islands can be understood as an influence
of carbon contaminants. In fact, several works have
demonstrated that common laboratory air can be a source
of carbon (or carbon bearing) impurities on H-passivated
silicon surfaces [15]. The influence of carbon on Ge/Si
heteroepitaxy was the subject of numerous studies in which
carbon impurities were intentionally introduced [16]. The
pre-deposition of a fraction of a monolayer of C on
Si(0 0 1) creates an inhomogeneous Si1�xCx layer that
strongly influences island formation. Direct observation
of carbon-induced cð4� 4Þ reconstruction on Si(0 0 1)
surface hints at a selective deposition of Ge in carbon-
free regions. The repulsive interaction between Ge and C
may also contribute to this selective growth [16].
In order to investigate the surface mass transport during

Ge/Si islands growth on HF-etched Si, we used the
approach described in Section 3. The exact critical
thickness of 2D–3D transition was estimated by using ex

situ AFM analysis and found to be 2.5ML. We note that
3D transition on HF-etched Si(0 0 1) surfaces occurs earlier
compared to the conventional cleaned surfaces where
islanding starts at �4ML. Raman spectra were recoded
for Ge coverage ranging from 4ML (1.5ML þ WL) to
9ML (6.5ML þ WL). At each coverage, in addition to
two-istope islands 70Ge/76Ge/Si, three standard samples
were grown: 70Ge/Si, 76Ge/Si, and 70Ge0:5

76Ge0:5/Si. AFM
analysis shows the same morphology for different config-
urations at a given Ge coverage. It is worth noting that in
the case of atomically mixed beams 70Ge0:5

76Ge0:5, the
growth rate of each source was adjusted to obtain a total
growth rate similar to that of single isotope epitaxy.
Fig. 2 displays a representative set of Raman spectra

recorded for a total Ge coverage of 5ML (2.5ML þ WL).
For comparison, Si(0 0 1) substrate Raman spectrum (dots)
is also shown. WL Raman spectrum (not shown) was
found to be similar to Si(001) substrate signal indicating
that no clear Raman modes are related to WL in agreement
with previous studies [6,7]. It is obvious that some spectral
features in the Raman spectrum of Ge/Si samples are
related to the Si layers, such as the peaks at �301 and
435 cm�1 which originate from the two-phonon scattering
of 2TA(X Þ and 2TA(SÞ, respectively. The intrinsic Raman
spectra of Ge/Si islands are obtained by subtracting the
spectrum of pure Si substrate from the measured spectra.
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Using empirical relations [6,7], the intensities of Ge–Ge
and Si–Ge modes were used to estimate the average Ge
content x in islands. We found that Ge composition
slightly decreases from 0.85 at the lowest coverage to 0.75
at the highest coverage corresponding to an average Si
content of 0.15 and 0.25, respectively. In the other hand,
the total volume of islands grown at coverage ranging from
4 to 9 ML corresponds to the volume of a film of circa
ranging from 5.85 to 13.4ML as determined by AFM. This
extra volume (an increase of �45–50%) cannot be
explained by a simple Si–Ge alloying. Ge WL atom
migration towards islands seems to play an important role
in the observed increasing of islands volume. Such mass
diffusion from WL to 3D structures during the early stage
of nucleation has been suggested by in vivo STM studies
indicating a strong diffusion of material from 2D WL to
3D islands [17].

A direct evidence of the contribution of WL atoms to the
formation of the islands can be found in Fig. 3. In this
figure, we show Ge/Si islands intrinsic Raman spectra in
Ge–Ge LO phonon region for two-isotope structures in
comparison with reference samples grown at 5ML. We
note that in two-isotope islands the Ge–Ge mode is shifted
down by �6 cm�1 from its frequency in pure 70Ge islands.
As it is mentioned above, in the case of an abrupt epitaxy
in these configurations Ge–Ge mode would have the same
frequency. Thus, the observed shift is simply induced by
76Ge atoms diffusion from WL to 3D islands. We note also
that Ge–Ge peak is broader in the case of two-isotope
islands indicating that atoms from WL and those from
direct flux are not homogeneously distributed inside Ge/Si
structures.
By using the proportionality between the average

isotopic mass and w�2Ge, the fraction of atoms initially from
WL forming 3D structures can be estimated (Fig. 4). We
note that at 5ML about 58% of Ge atoms in islands are
coming from WL. This suggests that atoms from direct flux
evaporated during 3D growth represent � 42% of island
Ge composition. The contribution of WL atoms to 3D
islands is slightly higher at 4ML, but it decreases
dramatically at 6ML and stays almost constant up to
9ML, as shown in Fig. 5 displaying the evolution WL
atoms induced shift of Ge–Ge mode ðdwGeGeÞ and their
content in 3D structures (yÞ as a function of Ge coverage.
We note that the evolution of y with the evaporated
amount of Ge presents two different regimes at low and
high coverage. At low coverage regime (4–5ML), WL
atoms present roughly 60% of all Ge atoms forming the
grown heterostructures. Obviously, Ge atoms migration
from WL towards 3D islands cannot explain alone the
observed isotopic composition. In fact, for instance in the
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case of 5 ML, even if all WL material is transformed
into 3D islands the observed isotopic composition ðy�0:6Þ
can never be reached. An exchange process between
Ge atoms from WL and those coming form direct
flux during 3D growth may be a plausible scenario for
these observations. Additionally, we note that at the high
Ge coverage regime (4 5ML), the isotopic abundance of
76Ge decreases dramatically compared to low coverage
regime.

A possible contribution of carbon contaminants to the
observed evolution cannot be evidenced from these
measurements. An additional set of measurements on Ge
islands grown on carbon-free Si(0 0 1) is required to verify
the influence of carbon contaminants on surface mass
transport process and WL–3D interactions during the
growth of Ge islands. From the previous studies [16], one
may expect that the presence of carbon at the surface may
affect the diffusivity process describing the random walk of
the surface event that dominates the mass transport. The
observed decrease in island density suggests that carbon
can arrange in metastable surface sites which are respon-
sible for the increase of adatom mobility. Alternatively, the
reduction of islands density can also be explained by a
reduction of the available sites for the growth on the
surface due to HF etching induced roughening and
microscopic faceting.

5. Conclusion

In summary, we proposed a new approach to highlight
subtle points in the growth of self-assembled Ge/Si
heterostructures. By combining Raman scattering and
stable Ge isotopes tracing, we presented an analytical tool
to address the stability of 2D Stranski–Krastanov WL
during 3D transition. Our approach is based on the
experimentally verified fact that WL has no clear Raman
modes and on the dependency of phonon frequencies on
the isotopic composition. A direct quantification of the
amount of material transformed from WL to 3D islands
was achieved for Ge epitaxy on HF-etched Si(0 0 1). The
estimated isotopic abundance suggests an exchange process
between WL atoms and Ge atoms from direct flux during
the growth of island. Using hydrophobic surfaces, we
found that island morphology shows a dramatic change
compared to the growth on surfaces cleaned using the
conventional hydrophilic procedure. Carbon contaminants
trapping on H-passivated Si(0 0 1) surfaces seem to play a
key role on the observed morphology.
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