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We investigated the transformation of ultrathin continuous amorphous Ge layers embedded in SiO2 into
isolated nanocrystals during thermal annealing. The dependence of the cluster self-organization processes on
annealing time, annealing temperature, and initial layer thickness was studied quantitatively by extensive
transmission electron microscopy analysis. The nanocrystal formation was found to run through distinct sub-
sequent stages, from homogeneous crystal nucleation in the Ge layer to the outgrowth and ripening of isolated
nanocrystals, within a few seconds for temperatures in the range of 1000 °C. The driving mechanisms of
cluster formation were analyzed with a simple thermodynamic model of the Gibbs free energy. This indicates
that the observed outgrowth of clusters from the initial layer into the SiO2 is essentially driven by the
relaxation of the nanocluster interface energy due to structural adaption of the Ge, yielding an energetic benefit
of the transformation of the continuous initial layer into isolated clusters as compared to a simple layer
recrystallization. The observed bimodal nanocrystal size distributions are tentatively explained by an additional
contribution to the free energy yielding a second barrier in cluster evolution, which can be deduced from the
experiments. It is possibly related to inelastic strain effects in the nanocrystal formation. Ripening effects of the
nanocrystals turned out to be not limited by diffusion.
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I. INTRODUCTION

During the last decade, semiconductor and metal nano-
crystals �NCs� embedded in an insulating matrix have at-
tracted a large number of researches due to their potential
applications in optoelectronic and memory devices.1–5 The
most common material systems investigated have been Si or
Ge NCs in a SiO2 matrix, while other insulator or NC mate-
rials have been investigated as well.6–8 The NC size of a few
nanometers requires a self-organization process for prepara-
tion. For an optimization of the structural parameters of the
NCs as well as for an integration of the self-organization step
into a standard process for device fabrication, an understand-
ing of the driving forces of the NC formation is essential.

For Ge NCs embedded in SiO2, one may roughly classify
most of the different preparation methods according to the
type of self-organization: either segregation of Ge from Ge
enriched SiO2 �Ge/Si alloys� or transformation of a continu-
ous embedded Ge layer into isolated NCs. In the first case,
NC formation occurs during an annealing step after ion im-
plantation of Ge into the SiO2,9,10 cosputtering of Ge and
SiO2,11,12 depositing SixGe1−x alloys by plasma-enhanced
chemical vapor deposition �PECVD�,13 or during oxidation
of SixGe1−x alloys.14,15 For these systems, there are a few
reports addressing the role of chemical reactions,3,12 of Ge
diffusion in the SiO2 matrix,11 and of the influence of the
annealing time and temperature13 on the NC formation. The
second type of self-organization, i.e., the transformation of a
continuous embedded Ge layer into isolated clusters by ther-
mal annealing, is not well understood so far. This type of
self-organization does not seem to occur for �-Si layers em-
bedded in SiO2. For SiO2 /�-Si /SiO2 superlattices, Zacharias
and Streitenberger16 reported an increase in the recrystalliza-

tion temperature with decreasing �-Si layer thickness, but
NC formation was restricted to the initial layer. After anneal-
ing of SiO2 /�-Si /SiO2 superlattices, Grom et al.17 observed
rather brick-shaped or elliptical Si NCs still contained in
continuous layers and restricted to the initial layer thickness
in the vertical dimension.

The formation of NCs with diameters larger than the ini-
tial layer thickness and a subsequent dissolution of the initial
layer was described qualitatively by Heng et al.18,19 for the
SiO2 /�-Ge /SiO2 system. Their samples apparently con-
tained a large amount of GeOx, which was reduced to el-
ementary Ge during NC formation.

In this work, we aim at an analysis of the driving forces of
the NC formation from a thin continuous layer of elementary
Ge embedded in SiO2. The dependence of the self-
organization on annealing time, temperature, and layer thick-
ness is studied quantitatively by extensive transmission elec-
tron microscopy �TEM� analyses including the evolution of
the distribution of the intercluster distances and of the NC
size distributions. We will show that the NC formation pro-
cess can be classified into distinct subsequent stages of
which each is dominated by one particular mechanism. A
thermodynamic model will be presented which provides a
simple explanation for the observed effects, including the
outgrowth of the NCs from the initial Ge layer.

II. EXPERIMENTAL

The samples investigated for nanocrystal formation con-
sisted of an ultrathin layer of elementary Ge sandwiched be-
tween top and bottom SiO2 layers on a Si substrate. For their
preparation, we have developed recently20 a PECVD deposi-
tion process of amorphous Ge on the bottom SiO2, using an
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Oxford Plasmalab 90 PECVD system. The Ge layers were
capped by PECVD in situ with the top SiO2, avoiding any
exposure of the Ge to environmental influences, in particular,
to oxygen and to air humidity. We used p-type �100� Si as
substrate, dry thermal oxidation at 850 °C for the growth of
the bottom oxide layer with a thickness of 4 nm, GeH4 as
precursor for the Ge deposition at 200 °C, and SiH4 and
N2O as precursors for the deposition of a 12 nm top SiO2
layer at 400 °C. More details of the sample preparation can
be found in the work of Dürkop et al.20

The thicknesses d0 of the as-prepared Ge layers were de-
termined by spectroscopic ellipsometry using a SENTEC SE
800. These measurements were calibrated and confirmed by
numerous cross-section TEM images of the as-prepared layer
stack.

In the present investigation we studied the influence of the
initial layer thickness d0 on NC formation in the thickness
range of 2.3–8.4 nm. To eventually transform the continuous
initial layer into isolated NCs, the samples were annealed at
different temperatures between 750 and 1020 °C, with a
variation in annealing time from 5 to 600 s �see Table I�.

The annealing was performed in a rapid thermal process-
ing machine �AST SHS 100� in Ar atmosphere with fixed
heating/cooling ramps of 60 °C s−1. After reaching its maxi-
mum value, the annealing temperature was kept constant for
the annealing times listed in Table I. The temperature was
controlled by a pyrometer located underneath the sample and
calibrated by Pt/Pt-Rd thermocouples embedded in a calibra-
tion wafer. On this calibration wafer, a layer stack of
SiO2 /Ge /SiO2 equal to that of our samples was deposited in
order to obtain the same absorption and emission properties.

By comparing the thickness of SiO2 layers grown by dry
thermal oxidation on pure Si substrates with respective
models,21 we determined that the error in the temperature
control was smaller than� 5 K and found an excellent wafer
to wafer reproducibility.

The as-prepared layer composition was analyzed by x-ray
photoelectron spectroscopy �XPS� profiling �Fig. 1�a��. Pro-
files were acquired with a Physical Electronics PHI 5600
system by monitoring the O 2p, Si 2p, and Ge 3p photo-
emission after 60 s sputtering cycles �Ar+ ions at 2 keV�.
Single element sensitivity factors from the spectrometer da-
tabase �Multipak 8.2� were used to estimate the
concentrations.22 Since the depth resolution of the XPS mea-
surements is limited ��2–3 nm�, the Ge layer thickness d0
was increased to 15 nm for these investigations. Such Ge
layers recrystallize during annealing as continuous layers
rather than forming isolated NCs. As shown in Fig. 1�a�, we
observed a concentration of nearly 100% of elementary Ge
within the as-prepared layer. This could be attributed to the
in situ capping of the Ge layer, as well as to the temperature
for the top SiO2 deposition �400 °C�. This temperature is
high enough to evaporate any GeOx formed initially on the
Ge layer. Because the GeOx content is negligibly small in our
samples and Ge is known to be stable in SiO2,23 we conclude
that chemical reactions are of minor influence for the nano-
crystal formation. An XPS profile of an annealed sample is
shown in Fig. 1�b�. Within the detection accuracy, no inter-
diffusion of Ge and SiO2 or Si from the substrate was ob-
served. The stack structure was maintained. This is surpris-
ing since the annealing temperature was 80 K higher than the
melting point of bulk Ge �937 °C�. However, it is consistent

TABLE I. Investigated samples, annealing conditions, and resulting NC parameters. The maximum error is 0.3 nm for the mean
nanocrystal diameter, 0.2 nm for the layer thickness d0, 0.2·1011 cm−2 for the nanocrystal areal density, 0.5 nm for the cluster distances Ltyp

and Styp, and 0.4 nm for the peak positions of ��rnc�. The maximum error for the peak ratio a1 /a2 is 25% of the absolute value. � � increase
in the recrystallization temperature supposed, † no isolated NCs resolvable, �� no nanocrystal formation, and ‡ no bimodal frequency
distribution observed�.

Sample 1 2 3 4 5 6 7 8 9 10 11 12

Ge layer thickness
d0 �nm� 2.3 2.3 2.4 2.5 2.5 2.5 2.5 2.5 2.5 2.7 2.7 8.4

Annealing
parameters �s�, °C 20, 1020 20, 1030 30, 950 180, 750 20, 850 20, 900 20, 950 10, 950 7, 1000 5, 1020 20, 1020 600, 750

Attributed stage
of NC formation 2� 2� 2–3 1–2 2 2 2–3 2 2 2 3 ��

Cluster density
n�1011cm−2� 4.8 4.9 4.4 † 4.8 4.2 4.2 6.9 6.0 4.7 2.2 ��

Mean cluster radius
�rnc� �nm� 2.3 2.6 2.9 † 2.9 3.6 3.5 2.7 2.9 3.1 5.3 ��

Intercluster distance
Ltyp �nm� 7.4 7.4 8.2 † 7.2 7.4 7.3 6.7 6.4 6.8 11.5 ��

Distance Styp between
the NC centers �nm� 12.7 12.8 15.6 † 13 14.3 13.9 13.4 13.1 13.4 24.5 ��

Peak ratio a1 /a2

of ��rnc� 0.339 0.06 0.064 † 0.124 0.098 0.02 0.55 ‡ ‡ ‡ ��

Position of the
first/second peak
of ��rnc� �nm� 1.7/2.6 1.5/2.7 1.4/3 † 1.2/3 1.7/3.6 1.5/3.4 1.6/3.4 ‡ ‡ ‡ ��
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with the observation of a large melting point temperature
increase of about 160 K recently reported for Ge nanostruc-
tures embedded in SiO2.24 Our results seem to substain this
observation. For the larger annealing temperature of
1080 °C, the stack structure was dissolved �Fig. 1�c��. We
suppose that the Ge layer was molten in this case. All
samples investigated in this work were annealed at T
�1020 °C, i.e., below the observed melting point of the Ge
nanostructures embedded in SiO2.24 Therefore, we assume
that no melting of the embedded Ge occurred in our experi-
ments.

The TEM investigations were carried out on a JEOL JEM
2100F at 200 keV. The sample preparation includes mechani-
cal dimpling as a first step and ion thinning as a second
step.25 The techniques for planview observation were bright
field, high resolution, and selected area diffraction. For each
sample, four planview TEM images at different locations
were analyzed, corresponding to about 500 NCs, in order to
obtain statistically significant results. The first step of the
computerized analysis was a conversion of the TEM plan-
view images into binary �black and white� images by filter-
ing and defining a certain threshold gray level. Then, a clus-
ter detection algorithm was applied to determine the
projected area and the lateral positions of the NCs. For each
image, the accuracy of the cluster detection was checked
visually. The NC radii were obtained by approximating the
NC shape by a sphere �rnc��Aprojected /��. The areal density
of the NCs was obtained by dividing the total number of NCs
by the total area imaged.

We also performed scanning electron microscopy �SEM�
investigations of samples where the top oxide was removed
by wet chemical etching using a Zeiss DSM 982 Gemini.
Although the average size of the NCs is slightly below the
reliable resolution of our instrument ��30 nm for these
types of samples�, SEM offers the possibility of observing
the lateral distribution of the Ge remaining between the NCs
due to a specific contrast for different elements �Sec. III C�.
For the top oxide removal, a 0.25% Hydrogen fluoride �HF�
solution was used with etching rates of 3.5 nm/min for SiO2
and �0.1 nm /min for Ge. A low electron energy of 2 keV
was used to minimize charging effects.

III. RESULTS AND DISCUSSION

A. General processes of nanocrystal formation

In our experiments, we could not detect any formation of
amorphous Ge clusters in spite of extensive TEM investiga-
tions covering the range of samples and annealing param-
eters given in Table I. We found only crystalline clusters
�NCs�. This finding forms the basis of our further analyses
below. In high-resolution transmission electron microscopy
�HRTEM� images, one can observe lattice fringes for all
clusters investigated �Figs. 2�b�–2�d��. The observed electron
diffraction pattern �not shown� provided further evidence for
crystalline nanoclusters. In planview TEM images, examples
can be seen in Figs. 2�c� and 2�d�; the clusters exhibit differ-
ent gray levels originating from their different orientations to
the incident electron beam. When changing the angle of in-
cidence, the contrast of each cluster was found to change.
This fact clearly indicates that the clusters are crystalline.
Therefore, we concluded that crystal nucleation triggers the
cluster formation rather than the endeavor to minimize the
Ge /SiO2 interface, which would yield amorphous Ge clus-
ters as well. This basic assumption can be supported by a
general argument. Assuming Ge /SiO2 interface minimization
to be the exclusive driving mechanism for NC formation,
one can formulate a balance of the Ge /SiO2 interface for the
case of a simple recrystallization of the continuous �-Ge
layer and for the case of a transformation of the initial layer
into isolated clusters. In this picture, the kinetic pathway of
NC formation is energetically advantageous as long as the
following condition holds:

2A � N4��rnc�2. �1�

Here, A denotes an arbitrary area of the initial layer with a
thickness of d0, which is transformed into N nanoclusters
with a mean radius �rnc�. Eliminating n=N /A by using vol-
ume conservation,

d0A = N
4

3
��rnc�3, �2�

yields
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FIG. 1. �Color online� �a� XPS profile of an as-prepared sample with a 15-nm-thick Ge layer on native silicon dioxide, capped with 12
nm SiO2. �b� XPS profile of the same sample annealed at 1020 °C for 180 s. �c� Equivalent sample after annealing at 1080 °C for 180 s.
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�rnc� �
3

2
d0. �3�

Most of our samples showing isolated nanocrystals do not
fulfill condition �3�. At the beginning of the outgrowth from
the initial layer, the mean NC radius is d0 /2. For this case, no
energetic benefit would be obtained by the outgrowth accord-
ing to Eq. �3�. Therefore, the transformation of the continu-
ous layer into isolated nanocrystals cannot be explained ex-
clusively by the minimization of the Ge /SiO2 interface.

Based on this consideration, as well as on our extensive
experimental observations, we classified the formation pro-
cesses of the NCs into the following three stages which were
subsequently observed with increasing annealing time:

�i� initial stage: the initial amorphous Ge layer is continu-
ous and exhibits rather flat interfaces to the top and bottom
oxide �Fig. 2�a��;

�ii� stage 1: within the initial Ge layer, crystal nuclei start
to form by homogeneous nucleation �Fig. 2�b��. This process
is driven by a decrease in the total Gibbs free energy due to
the transformation of amorphous Ge into crystalline Ge �Sec.
III B�.

�iii� Stage 2: the size of the NCs exceeds the initial layer
thickness and they expand into the SiO2. During the out-

growth, the crystalline Ge seems to be separated from the
SiO2 by a wetting layer of amorphous Ge whose formation is
driven by a minimization of the Gibbs free energy of the
Ge /SiO2 interface �Sec. III B�. This wetting layer of �-Ge
provides the material required for the outgrowth of the NC
from the initial layer. While Ge from the wetting layer is
continuously incorporated into the NC during further growth,
the material necessary to maintain the wetting layer is drawn
from a circular capture region surrounding each crystal �Fig.
2�c��. In the limit of large annealing times, the continuous
initial layer is almost completely transformed into isolated
clusters. The SiO2 matrix adapts itself to the Ge structure.

�iv� Stage 3: when the capture regions of neighboring
crystals start to overlap, a ripening of the nanocrystals occurs
�Fig. 2�d��. Larger NCs grow at the expense of smaller ones
driven by the endeavor to minimize the total Ge /SiO2 inter-
face area and therefore the Gibbs free energy �Sec. III C�, a
process that is known as Ostwald ripening.26

These findings differ significantly from results reported
for comparable SiO2 /�-Ge /SiO2 and SiO2 /�-Si /SiO2
systems.16–19 During annealing of �-Si layers embedded in
SiO2, nanocrystals were formed, but no outgrowth from the
initial layer was observed.16,17 As we will argue below, the
high specific c-Ge /SiO2 interface energy and its relaxation
by structural adaptation of the Ge seem to play an essential
role for the outgrowth of the NCs from the initial layer. We
believe that these effects are less effective in the
SiO2 /�-Si /SiO2 system. For �-Ge layers embedded in SiO2,
Heng et al.18,19 reported a similar behavior as obtained for
our samples, but also observed the formation of amorphous
nanoclusters. However, there was a large amount of GeOx in
their samples, possibly due to ambient exposure after elec-
tron beam evaporation of Ge. It seems that GeOx can also
form agglomerations in SiO2. Due to the in situ capping of
our Ge layers, the amount for GeOx is very small in our
samples �compare Sec. II�. Therefore no amorphous nano-
clusters were formed, and reduction of GeOx to elementary
Ge by Si plays a minor role in our samples.

B. Nucleation and outgrowth of the nanocrystals
(stages 1 and 2)

As mentioned above, crystal nucleation within the initial
amorphous layer is the first stage of NC formation, which
was observed for temperatures above 750 °C. In HRTEM
images �e.g., Fig. 2�b��, we found the Ge crystal nuclei to be
preferentially located in the middle of the Ge layer rather
than at the Ge /SiO2 interfaces. We therefore believe that the
nucleation is homogeneous rather than heterogeneous. Ho-
mogeneous nucleation in bulk material can be described
within the framework of classical nucleation theory �for a
review, see Ref. 27�. Within this approach, the nuclei density
n depends almost linear on the annealing time. Considering a
thermally activated nucleation rate j per unit volume, the
nanocrystal areal density is expected to be given by

n = j0 exp	−
�G1

�

kBT

d0t . �4�

Here, d0 denotes the initial layer thickness, and �G1
� is the

activation energy for homogeneous nucleation. Figure 3

FIG. 2. Different stages of NC formation �a� cross-section TEM
image of an as-prepared sample and illustration of the initial amor-
phous Ge layer �b� cross-section TEM image of sample 4 and illus-
tration of stage 1 �nucleation within the Ge layer�, �c� planview
TEM image of sample 10 and illustration of stage 2 �outgrowth of
the NCs from the initial layer�, and �d� planview TEM image of
sample 11 and illustration of stage 3 �ripening�. The insets in �b�–
�d� show an enlarged view of NCs imaged in high resolution.
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shows an Arrhenius plot of the normalized areal NC density
nnorm=n / �d0t� for all samples which are assumed not to have
transited to the ripening regime yet �Table I�. For each
sample, this classification is essentially based on a compari-
son of the NC areal density with values obtained by different
annealing times for otherwise the same parameters, as well
as on the shape of the frequency distribution of the NC radii
�see below�.

For d0	2.5 nm, i.e., for sample 5, 6, 8, 9, and 10, nnorm
exhibits an Arrhenius behavior. The slope of the fitted line
yields an activation energy �G1

�= �1.2�0.1� eV, and a pref-
actor j0= �2.14�0.2�1022 cm−3 s−1. However, for samples 1
and 2 with d0=2.3 nm, nnorm is significantly smaller than the
value expected by an extrapolation of the behavior of the
samples with a larger initial layer thickness. This observation
does not necessarily contradict Eq. �4�. Rather, it can be in-
terpreted in terms of an increase in the recrystallization tem-
perature with decreasing d0, a well-known effect found by
Williams et al.28 and Zacharias and Streitenberger16 to occur
in ultrathin Si and Ge films embedded in SiO2.

In Refs. 16 and 28, however, only the nucleation within
the initial layers and not the outgrowth of the crystal nuclei
from the initial layers was investigated, which was the main
objective of our TEM investigations. The experimental find-
ings of this stage of NC formation are presented in the fol-
lowing.

A HRTEM cross-section image of sample 4, which is
transiting from the growth mode within the initial layer to
the outgrowth from it, is shown in Fig. 4�a�. The average
vertical size of the crystals roughly corresponds to the initial
layer thickness of 2.5 nm. Obviously, the NCs are encased in
an intermediate layer of amorphous Ge, separating the c-Ge
from the SiO2. This local agglomeration of Ge causes a
roughening of the �-Ge /SiO2 interface, which is flat in the
as-prepared stage �Fig. 2�a��. An intermediate layer of amor-
phous Ge between the nanocrystal and the SiO2 matrix can
also be observed for other samples exhibiting small NCs, but
it vanishes for large NC radii. The structural parameters of

the NCs are found to depend strongly on the initial layer
thickness. Figures 4�b� and 4�c� show typical NCs obtained
after annealing sample 1 �d0=2.3 nm� and sample 11 �d0
=2.7 nm� for 20 s at 1020 °C. While the NCs in sample 11
extend almost over the whole layer stack, the NCs in sample
1 are much smaller. For an initial layer thickness of 8.4 nm
�sample 12�, a recrystallization of the continuous Ge layer
was observed rather than a transformation into NCs with
rnc�d0 /2 after annealing at 750 °C for 600 s �Fig. 4�d��.

The frequency distribution of NC radii, ��rnc�, was ana-
lyzed for different initial Ge layer thicknesses d0, as shown
in Fig. 5. It was found that the shape of ��rnc� strongly de-
pends on d0. After 20 s annealing of sample 1 with d0
=2.3 nm, a bimodal size distribution is obtained, as shown
in Fig. 5�a�. For sample 7 with d0=2.5 nm, the first peak in
��rnc� almost disappears after 20 s annealing �Fig. 5�b��. For
the same initial layer thickness, however, a bimodal size dis-
tribution can still be observed for shorter annealing times, as
shown in Fig. 5�b� for a 10 s annealing of sample 8. For the
larger thickness d0=2.7 nm �sample 10�, no clear bimodal
size distribution is observed already after 5 s annealing �Fig.
5�c��.

In the following, we suggest a simple thermodynamic
model to explain the experimental findings. The model pro-
vides a quantitative explanation of the fundamental question
why the continuous initial layer of �-Ge is transformed into
isolated nanocrystals rather than exhibiting a simple recrys-
tallization. This model is based on two fundamental con-
cepts:

�1� the quasi-interface concept;16

�2� relaxation of the Ge /SiO2 interface energy by struc-
tural adaptation.

The quasi-interface concept was introduced by Zacharias
and Streitenberger16 to explain the increase in recrystalliza-
tion temperature Tc in �-Si /SiO2 and �-Ge /SiO2 superlat-
tices. For an effective screening of the atomic interactions of
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FIG. 3. Arrhenius plot of the NC area density n, normalized to
the annealing time and the initial Ge layer thickness. The data plot-
ted originate from samples 5, 6, 8, 9, and 10. These samples are
assumed not to have transited from stage 2 to ripening stage 3.

FIG. 4. �a� Cross-section TEM images for sample 4 showing the
transition of the NC growth within the initial layer to the outgrowth
from it. �b�–�d� Influence of the initial Ge layer thickness d0 on the
NC formation behavior. Cross-section TEM images for �b� sample 1
and �c� sample 11, both annealed for 20 s at 1020 °C, with �-Ge
layers of 2.3 and 2.7 nm, respectively. �d� Cross-section TEM im-
age of sample 12 after annealing for 600 s at 750 °C �d0

=8.4 nm�.
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two phases, A and B, the thickness of a thin intermediate
layer of phase C embedded between A and B has to be larger
than a certain screening length. For a thermodynamic con-
tinuum description of intermediate layer thicknesses in the
range of a few lattice constants, i.e., in the range of this
screening length, one cannot attribute fixed specific energy
values to the interfaces between A /C and C /B. Rather, the
microscopic interactions between A and B can be taken into
account by assuming a dependence of the interfacial energies
for the A /C and C /B interfaces on the thickness of interme-
diate layer C. By this approach, the exponential increase in
Tc with decreasing initial layer thickness d0 was
reproduced.16 Analogous to the work of Zacharias and
Streitenberger,16 we assume the effective specific interface
energy of the �-Ge /SiO2 interface depending on the �-Ge
layer thickness a as


o�
eff�a� = 
o��1 − exp	−

a

l�

� , �5�

and the effective specific interface energy of the �-Ge /c-Ge
interface as


�c
eff�a� = 
�c + �
oc − 
�c�exp	−

a

l�

 . �6�

Here, 
o�, 
�c, and 
oc are the specific interface energies of
an undisturbed �-Ge /SiO2 interface, an undisturbed
�-Ge /c-Ge interface, and an undisturbed c-Ge /SiO2 inter-
face, respectively. The parameter l� can be considered as an
effective screening length characteristic of amorphous Ge.
The exponential dependence of the specific interface ener-
gies on the �-Ge layer thickness a is discussed in detail in
the work of Zacharias and Streitenberger.16

For the section s1 of the initial �-Ge layer, as illustrated
in Fig. 6�a�, Eq. �5� yields a total interface energy of
2
o�

eff�d /2�Ao�
s1 =2
o�Ao�

s1 in the limit of very large d�d→��.
For d→0, i.e., for a vanishing initial layer, the total interface
energy of section s1 also vanishes. For the section s2 of the
nanocluster/matrix boundary �Fig. 6�a��, the total interface
energy is 
�c

eff�a0�A�c
s2 +
o�

eff�a0�Ao�
s2 =
�cA1

s2+
o�A2
s2 for a very

thick intermediate layer of amorphous Ge �a0→��. For a
vanishing intermediate layer of �-Ge, i.e., for a0→0, Eqs.

�5� and �6� yield a total interface energy of 
ocA1
s2. The ex-

ponential interpolation between these limiting cases ensures
that the effective specific interface energies 
o�

eff and 
�c
eff only

differ significantly from the respective undisturbed values
when the thickness of the intermediate �-Ge layer is in the
range of the screening length l�.

It is known that the c-Ge /SiO2 interface exhibits a rela-
tively large interface energy.16,29 There are two possible
mechanisms for an interface energy relaxation: either a short-
range adaptation of the oxide structure or a structural adap-
tation of the first monolayers of the Ge. While the first
mechanism plays a role for the c-Si /SiO2 interface,30 the
second mechanism seems more likely to us to explain the
situation for the Ge /SiO2 system. In our samples, the inter-
face between the nanocrystal and the SiO2 matrix is in con-
tact with a reservoir of �-Ge, i.e., with the initial amorphous
Ge layer surrounding the NC. For the specific interface en-
ergy values given below, a wetting of the nanocrystal surface
by �-Ge is predicted since a c-Ge /SiO2 interface would ex-
hibit a larger interface energy. At the point of transition from
the NC growth within the initial Ge layer to the outgrowth
from it, we indeed observe such an intermediate layer of
amorphous Ge, which separates the crystal from the top and
bottom SiO2 �Fig. 4�a��. Thus we assume that the outgrowth
of the NC from the initial layer is accompanied by the for-
mation of such an �-Ge intermediate layer between the nano-
crystal and the SiO2 matrix. While the Ge contained in the
amorphous interface layer is continuously incorporated into
the nanocrystal, the material required to maintain the inter-
mediate �-Ge layer for an increasing NC radius is continu-
ously resupplied from the amorphous initial layer surround-
ing the NC.
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FIG. 6. �Color online� �a� Simplified cross-sectional geometries
of the model for NC formation and for growth exclusively restricted
to the �b� initial layer.
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Based on these two basic concepts, we define a simple
thermodynamic model as follows. Consider a cylindrical vol-
ume element V of arbitrary height h�d0 enclosing a circular
area of the layer stack corresponding to the mean capture
area �S2 /4 of the nanocrystals �Fig. 6�a��. S denotes the
mean distance between the NC centers �Sec. III C�. The con-
straints of our model are:

�a� fixed nanocrystal areal density, corresponding to a
fixed value of S �Ref. 31�;

�b� spherical shape of the NCs;
�c� periodical lateral boundary conditions due to neighbor-

ing NCs;
�d� neglect of the small difference in the bulk �-Ge and

c-Ge densities;
�e� conservation of the total Ge and SiO2 volume included

in V; and
�f� disregard of strain effects16,32 and of a roughening of

the top SiO2 surface due to a adaptation of the SiO2 matrix to
the Ge structure.33

The parameters required by the model are the undisturbed
specific interfacial free energies 
�c, 
o�, and 
oc, the differ-
ence in Gibbs free energies per unit volume of the amor-
phous and the crystalline Ge phase �Gv, and the intercluster
distance S and the screening length l�. As a reasonable ap-
proximation for the specific interface free energy 
�c be-
tween the amorphous and the crystalline Ge phases, we use
the value of the specific interface free energy 
LS

=0.28 J /m2 of the interface between liquid and solid Ge.24

Analogously, the specific interface energy 
o� between the
SiO2 and the amorphous Ge phase is approximated by the
specific interface free energy 
oL=0.7 J /m2 between SiO2

and liquid Ge.34 The interface energy 
oc=1.14 J /m2 be-
tween the c-Ge and the SiO2 was obtained from the relation

oc−
o�=1.57
�c, as deduced by Zacharias and
Streitenberger.16 These parameters predict a wetting of the
c-Ge in contact with the SiO2 with amorphous Ge, i.e., the
formation of an �-Ge intermediate layer, since 
o�+
�c



oc. The remaining parameter �Gv=Gv�−Gvc�0, i.e., the
difference in Gibbs free energies per unit volume of the
amorphous and the crystalline Ge phase, can be estimated to
be �Gv=1.47·109 J /m3 from our experimental data as
shown below. A constant value of the mean distance between
the crystal nuclei S=13 nm is assumed representing a typi-
cal experimental result31 �see Sec. III C�. The most important
parameter for our model is the effective screening length l�

for amorphous Ge. In the following, l� is assumed to corre-
spond to two Ge-Ge bond lengths aGeGe=0.244 nm �Ref. 35�
giving the value of l�=2·aGeGe=0.488 nm, which is similar
to the value of l�=0.63 nm supposed by Zacharias and
Streitenberger.16

The change �GNC�rnc� in Gibbs free energy accompany-
ing the formation of a spherical NC with radius rnc, as com-
pared to the case of no NC formation, can be shown to be
given by Eq. �7�. The derivation of this equation is based on
simple geometrical arguments using volume and specific in-
terface free energy densities of the different materials and
phases. It is given in the Appendix.

�GNC�rnc� = �Gvolume,NC + �Ginterface,NC + �Ginterface,INITIAL.

�7�

Here, �Gvolume
0 describes the energy release by the amor-
phous to crystalline phase transition of the Ge. The creation
of an interface between the c-Ge and its environment during
the growth of the NC gives a positive contribution to �GNC.
It is described by the second term in Eq. �7�, which also
includes the contribution of the interface between the inter-
mediate �-Ge layer and the SiO2. The third term in Eq. �7�
denotes the change in the free energy of the interface be-
tween the remaining initial �-Ge layer and the SiO2 due to a
decreasing initial layer thickness during the NC growth �Eq.
�5��. All terms are given in the Appendix. The thickness
d�rnc� of the remaining �-Ge initial layer can be calculated
assuming conservation of the total Ge volume �Appendix�.

As mentioned above, the intermediate �-Ge layer between
the NC and the SiO2 is formed to reduce the interface energy
between the c-Ge and its environment ��-Ge,SiO2�. There-
fore, its thickness a0 has to be in the range of the screening
length l� �or larger� for an effective screening of the
c-Ge /SiO2 interactions �Eq. �6��. One the other hand, for a
given NC radius rnc, the area of the interface between the
intermediate �-Ge layer and the SiO2 increases with increas-
ing a0, yielding a larger total interface energy �Ginterface,NC.
Therefore, there is an optimum intermediate layer thickness
a0

��max�d /2−rnc ,0� given by


 ��Ginterface,NC�rnc,a0�
�a0



rnc

= 0. �8�

We assume that for each NC radius rnc, the system can mini-
mize the total interface energy by adapting the intermediate
�-Ge layer thickness to a0

��rnc�. This assumption presupposes
that the Ge diffusion processes necessary for the adaptation
of the intermediate layer are faster than the NC growth itself,
i.e., faster than the incorporation processes of Ge into the
nanocrystal. Indeed, our results of the investigation of the
NC ripening regime �Sec. III C� seem to support this picture
since we found the ripening processes not to be limited by
diffusion.

For the numerical solution of Eq. �7�, we use the follow-
ing algorithm:

�1� incrementation of the NC radius to rnc,i;
�2� calculation of the optimal thickness a0,i

� �rnc,i� for this
NC radius using Eq. �8�. If �Ginterface,NC does not exhibit a
minimum, i.e., the formation of an intermediate �-Ge layer
would not yield any energetical benefit for this NC radius,
a0,i

� is set to zero.
�3� Calculation of �Gi

NC�rnc,i ,a0,i
� � according to Eq. �7�.

Besides the transformation of the initial layer into isolated
NCs, an alternative pathway for the system considered would
be a simple recrystallization of the continuous Ge layer. For
this case, it is necessary to assume that no amorphous inter-
mediate layer between the c-Ge and the SiO2 is formed. Oth-
erwise, the �-Ge contained in this intermediate layer would
be continuously incorporated into the crystal, and the en-
deavor of the system to maintain the intermediate layer by a
supply of �-Ge from the initial layer would yield an out-
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growth of the crystal into the SiO2. The restriction of the
crystal growth to the initial layer can by described by assum-
ing truncated sphere shapes for crystal nuclei with rts
�d0 /2 �Fig. 6�b��. Then the limit rts→S /2 corresponds to a
complete recrystallization of the continuous Ge layer. The
change in Gibbs free energy �Glayer�rts� for the growth of a
crystal nucleus with rts�d0 /2 according to this pathway is
given by

�GLAYER�rts� = �Gvolume,TS + �Ginterface,TS. �9�

Again, both terms are given in the Appendix. In contrast to
Eq. �7�, the third term describing the change in the free en-
ergy of the interface between the remaining initial �-Ge
layer and the SiO2 due to a decreasing initial layer thickness
is not present in Eq. �9� since the initial layer thickness is not
altered during crystal growth.

Figure 7�a� shows the simulated behavior of �GNC�rnc�
for different initial layer thicknesses d0. As known from clas-
sical nucleation theory,27 the free energy increases in the ini-
tial stage of nucleation until the crystal reaches a critical size
rnc1

� . This is due to the creation of an interface between the
crystalline and the amorphous Ge phase. For rnc�rnc1

� this

increase in �GNC is overcompensated by the energy released
by the amorphous to crystalline phase transition so that nu-
clei with a radius larger than rnc1

� are stable and can grow
further in size. The energy barrier �G1

�=�GNC�rnc1
� � corre-

sponds to the nucleation energy to form a stable nucleus.
Obviously, the height of �G1 as well as the critical NC ra-
dius rnc1

� depend on the initial layer thickness d0. This depen-
dence is stronger for smaller d0, while there is a saturation
value of �G1

� for large values of d0 corresponding to the
nucleation energy of bulk Ge. The increase in �G1

� with de-
creasing d0 is a consequence of the quasi-interface concept
and yields an exponential increase in the recrystallization
temperature with decreasing initial layer thickness.16 The
reasons for this effect are the increasing interatomic interac-
tions between the oxide and the c-Ge, yielding an increasing
effective interface energy of the NC. In the limit of d0 /2
� l�, the nucleation energy can be calculated by classical
nucleation theory as follows:27

�G1
� =

16

3
�


�c
3

�Gv
2 . �10�

One should note that it is not possible to calculated �Gv
directly from Eq. �10� using our experimental extracted value
of �G1

� �Fig. 3� and the literature value of 
�c,
24 which

would yield G̃v=1.38·109 J /m3. Rather, the value of �G1
�

=1.2 eV was extracted from samples with d0=2.5 nm and
d0=2.7 nm. As shown in Fig. 7�a�, the nucleation energies
for these two values of d0 do not significantly differ from
each other but are increased as compared to the case of large
initial layer thicknesses. Therefore, �Gv was adapted in or-
der to reproduce a nucleation energy of �G1

�=1.2 eV for
d0=2.5 nm by the model, yielding a value of �Gv
=1.47·109 J /m3. In agreement with our experimental obser-
vations, a further decrease in d0 down to 2.3 nm yields a
significant increase in the nucleation energy. For d0
=1.5 nm, �G1

� is increased by a factor of �2 as compared to
the bulk value. We expect that for initial layer thicknesses in
this range, homogeneous nucleation within the initial layer is
extremely unlikely also for higher annealing temperatures
than used in our experiments. A minimum initial layer thick-
ness d0

min�1.5 nm for the observation of recrystallization is
also reported by Williams et al.28 and Zacharias and
Streitenberger.16 Regarding the critical NC radius rnc1

� , we
obtain rnc1

� =2
�c /�Gv=0.38 nm for the limit d0 /2� l� from
classical nucleation theory. For d0=2.5 nm, the critical NC
radius is increased to 0.42 nm. These values are smaller than
the value of rnc1

� =1 nm obtained by molecular dynamics
simulations.36 However, a NC with a critical radius of 1 nm
would almost reach the SiO2 in our systems investigated,
yielding a huge increase in the nucleation energy due to the
c-Ge /SiO2 interactions. Therefore, we believe that our ex-
tracted values of rnc1

� �0.5 nm are more plausible.
The inset of Fig. 7�a� shows the optimal thickness a0

� of
the intermediate �-Ge layer formed between the NC and the
oxide in order to relax the interface energy of the NC. Al-
ready for rnc
d0 /2, a0

� is slightly larger than d0 /2−rnc; i.e.,
the structural adaptation of the �-Ge between the NC and the
oxide yields an energetic benefit even if the NC size does not
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exceed the initial layer thickness yet. For rnc�d0 /2, a0
� ex-

hibits a plateau value almost independent of d0. This value is
mainly determined by l� since a larger intermediate layer
thickness would not yield a more effective screening of the
c-Ge /SiO2 interactions but would increase the effective NC
interface area. The latter effect is also the reason why the
intermediate layer thickness a0

� is decreasing for increasing
rnc. This observation explains the absence of an intermediate
layer in our TEM images for larger nanocrystals. In Fig. 7�b�,
the change in the free energy for the case of a formation of a
spherical nanocrystal growing out of the initial layer with
rnc�d0 /2 according to Eq. �7� is compared with the case of
a growth restricted to the initial layer �Eq. �9�� for d0=2.3,
2.5 and 2.7 nm. Especially within the crucial range of VNC
�4 /3��d0 /2�3, i.e., at the transition point when the NC size
reaches the initial layer thickness, the absolute value of
�GLAYER is always smaller than the corresponding �GNC

value. This means that the total free energy of the system is
larger for a simple recrystallization of the continuous layer
than for the formation of isolated NCs with rnc�d0 /2. In this
regime of VNC, the energetic benefit of the outgrowth from
the initial layer is essentially based on the relaxation of the
NC interface energy by the formation of the intermediate
�-Ge layer. In Fig. 7�c�, �GNC is shown for the case of an
absence of the Ge /SiO2 interface energy relaxation, i.e.,
without a formation of an intermediate layer �a0

�=0∀rnc�. In
this case, the outgrowth from the initial layer would be en-
ergetically unfavorable compared to the case of a further
growth within the initial layer. Therefore, the separation of
the c-Ge from the SiO2 by an intermediate �-Ge layer is
essential to explain the transformation of the continuous ini-
tial layer of �-Ge into isolated NCs. For increasing initial
layer thickness, one expects an upper limit d0=d0

max for NC
formation rather than a recrystallization of the continuous
layer. While this limit is expected to depend on the annealing
parameters, we observe a recrystallization of the continuous
layer for d0=8.4 nm after annealing for 600 s at 750 °C
�Fig. 4�d��. This transition from NC formation to a continu-
ous recrystallization can be explained by the amount of �-Ge
available for each crystal nucleus. Since the probability per
unit time for the formation of a stable nucleus scales with the
�-Ge volume of the initial layer, the areal density of nuclei
can be expected to increase with increasing initial layer
thickness �Eq. �4��. If the nuclei are formed very close to
each other, the remaining �-Ge in between will not be suffi-
cient for an outgrowth from the initial layer. In particular, no
�-Ge intermediate layer between the c-Ge and the SiO2 can
be formed when neighboring crystals reach almost simulta-
neously the interface to the bottom and top SiO2.

So far, the model does not explain the shape of the ob-
served NC size distributions ��rnc�. Especially, the bimodal
frequency distribution of the NC radii in some of our
samples is puzzling.

We conjecture that this observation could be attributed to
the existence of a second barrier �G2

� in the actual �GNC�rnc�
which appears at a critical radius rnc2

� �rnc1
� due to an effect

that has not been included in our model �Fig. 8�. In this
picture, the first peak of the bimodal size distribution can be
attributed to NCs that have overcome the first energy barrier
�G1

� but not the second barrier �G2
�. Their size should

roughly correspond to the radius rnc
min of the local minimum

in �GNC�rnc� between the two barriers �Fig. 8�a��. The sec-
ond peak corresponds to NCs that have overcome both bar-
riers. With increasing annealing time, the probability that a
nucleus also overcomes the second barrier �G2

� is increasing.
Therefore, the first peak in ��rnc� vanishes and no bimodal
size distribution occurs for longer annealing times �Fig.
5�b��.

In the following, we estimate the height of this hypotheti-
cal second barrier �G2

� that would be required to explain the
experimental results. The probability p1 per unit time that a
crystal nucleus overcomes the first energy barrier �G1

� is
given by p1�exp�−�G1

� /kBT�.27 Once the first barrier is sur-
passed, the probability p2 per unit time that a nucleus over-
comes the second barrier is given by p2�exp�−�G2

� /kBT�.
The relative number of NCs belonging to the first peak is

represented by its area a1 in the normalized size distribution
��rnc� �Fig. 5�a��. It can be linked to the probability that a
nucleus overcomes the first but not the second barrier within
a given annealing time t. Analogously, the relative number of
NCs corresponding to the area a2 of the second peak in ��rnc�
corresponds to the probability that both barriers are over-
come during this time. Therefore the following proportion-
alities should hold:

a1 � p1p̄2 = p1�1 − p2� ,

a2 � p1p2. �11�

From these assumptions, it follows that the ratio of both peak
areas depends only on p2 and that it is determined by
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a1

a2
+ 1 =

1

p2
� exp	�G2

�

kBT

 . �12�

This means that the energy barrier �G2
� can be extracted

from the experimentally observed temperature behavior of
a1 /a2+1 in annealing experiments of layers with a given
initial thickness d0. The peak areas a1 and a2 were deter-
mined by approximating ��rnc� by the sum of two Gaussians
as can be seen in the example of Fig. 5�a�. An Arrhenius plot
of a1 /a2+1 for samples 5, 6, and 7 �not shown� yields
�G2

�= �0.1�0.05� eV for d0=2.5 nm. It should be noted
that this analysis is a rough estimation of the height of the
assumed second barrier rather than an exact determination,
which is limited by the number of data points.

Our model, however, predicts a monotonic decrease in
�GNC�rnc� for rnc�rnc1

� for all values of d0 and no second
barrier can be obtained by the model within its assumptions
mentioned above. If our supposition is correct and a second
barrier in the change of the free energy occurs in our samples
during NC growth, it should be caused by a mechanism ne-
glected so far. We suspect that the neglect of strain effects is
the most questionable. It has been shown by Zacharias and
Streitenberger16 that the inhomogeneous strain during the re-
crystallization of amorphous Si layers increases exponen-
tially with decreasing layer thickness. For our samples, the
bimodal shape of the NC size distribution function ��rnc� is
more pronounced for samples with a small initial layer thick-
ness. Therefore, the second barrier could be caused by strain
effects occurring during the outgrowth of the NC and the
structural adaptation of the SiO2. For d0=2.5 nm, the NC
radius rnc

min corresponding to the position of the first peak in
��rnc�, i.e., to the supposed local minimum in �GNC�rnc� is
1.6 nm �Fig. 8�a��. The position of the second barrier is ex-
pected to correspond to the local minimum in ��rnc� at rnc2

�

=2 nm. An additional positive contribution �GNC,+ of
�100 eV to the �GNC�rnc� of our model would be required
in this range to overcompensate the decrease of �GNC be-
tween rnc

min and rnc2
� in order to obtain a second barrier �G2

�

=�GNC�rnc2
� �−�GNC�rnc

min� �Fig. 8�b��. Such an additional
contribution of �GNC,+�100 eV to the free energy would
correspond to a pressure of �1 GPa for VNC�rnc

min�. This
value is on the same order of magnitude as the values re-
ported by Sharp et al.32 for ion beam synthesized Ge NCs in
SiO2. One can estimate the dependence of the additional con-
tribution �GNC,+ on the NC radius from the position and the
value of the local maximum and minimum, respectively, by a
functional analysis assuming the lowest polynomial approxi-
mation. We found �GNC,+ to scale with rnc

3 , i.e., with the
volume of the nanocrystal �Fig. 8�b��. This supports the as-
sumption that strain effects may be the reason for the second
barrier. However, we expect that the strain energy be stored
in the system by inelastic rather than elastic deformation,
since Ge NCs embedded in SiO2 are known to exhibit stress
relaxation during thermal annealing.32 Furthermore, as we do
not observe a roughening of the top SiO2 surface even after
the formation of larger NCs, we assume that the energy cor-
responding to the second barrier is dissipated in the SiO2
during the outgrowth of the nanocrystals.

C. Ripening of the nanocrystals (stage 3)

As mentioned above, we observe ripening phenomena for
longer annealing times. In this regime, the NC areal density
n is decreasing with increasing t while the mean NC radius
�rnc� increases �Fig. 9�. The transition from the stage of NC
outgrowth to the ripening regime is floating and depends on
the annealing temperature. For higher temperatures, it occurs
at an earlier point in time.

Ostwald ripening effects, i.e., the growth of larger NCs at
the expense of smaller ones, can be observed in SEM plan-
view images of samples where the top oxide was removed by
wet chemical etching after NC formation �Fig. 10�a��. Due to
the different secondary electron yields of Ge and SiO2,37,38
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FIG. 9. �Color online� Nanocrystal areal density n �full symbols�
and mean NC radius �rnc� �open symbols� as a function of annealing
time for different annealing temperatures and initial layer thick-
nesses. The lines are a guide for the eyes.

FIG. 10. �a� SEM planview image of sample 11, showing that
only large NCs �dark� are surrounded by an area of low Ge concen-
tration �bright regions, see text�. The top oxide was removed by HF
etching after NC formation. Note that the NCs are slightly smaller
than the reliable SEM resolution. �b� Normalized frequency distri-
bution ��rnc� of the NC radii for sample 11. These data were ob-
tained by TEM and are therefore much more accurate than the
apparent NC sizes shown in �a�.
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Ge enriched areas appear dark, while areas of Ge depletion
appear brighter. Obviously, only the larger NCs are sur-
rounded a by a bright circular ring, corresponding to an area
of Ge depletion compared to the Ge concentration of the
environment. The smaller NCs do not exhibit this feature.
This observation indicates that the larger NCs attract Ge
from the environment during further growth, while the
smaller NCs shrink and dispense Ge to the environment. The
corresponding frequency distribution of rnc for sample 11 is
shown in Fig. 10�b�. This distribution is broad and unsym-
metrical. However, from the shape of this distribution, it is
not possible to clearly distinguish whether the ripening is
limited by diffusion or by reaction rate. There are several
reasons for the deviation of the observed shape of ��rnc�
from those predicted by theoretical models for Ostwald rip-
ening, e.g., the one of Lifshitz and Slyozow39 and Wagner.39

In contrast to their basic assumptions, additional NCs can be
formed by nucleation during the ripening process, since the
transition from stages 1 and 2 to stage 3 is floating and
occurs at a point in time where a large amount of the initial
layer is not yet transformed into crystalline NCs. Further-
more, the total volume of the NCs is very large, and the
concentration of Ge is spatially inhomogeneous.

To obtain further insight into the mechanisms of the rip-
ening process, we have analyzed the intercluster distances
L�t ,T ,d0�. For Ge enriched SiO2 prepared by cosputtering of
SiO2 and Ge, Takeoka et al.11 reported the intercluster dis-
tance L to be determined by the diffusion length of Ge in
SiO2. This picture was adapted to the growth of Si NCs in
SiO2 by Riabinina et al.40 In order to analyze the dependence
of L�t ,T ,d0� on annealing time, temperature, and initial layer
thickness d0, we determined the radial areal frequency distri-
bution g�r� for the intercluster distances L and the distances
S between the NC centers. The distribution function g�r�
describes the probability g�r�2�r�r to find neighboring crys-
tals within a radius interval �r ,r+�r� �Fig. 11�a��. It was
obtained by determining the number of neighboring NCs
within a distance �r ,r+�r� for each nanocrystal, normalizing
to 2�r�r �corrected for edge effects�, and averaging over all
NCs.

Figure 11�a� demonstrates that this areal distribution of
the NCs is not random. Rather, g�r� exhibits a significant
peak, which can be attributed to a typical distance between a
NC and its nearest neighbors. The peak positions are denoted
by Ltyp and Styp, respectively �see Table I�. The value of
��Styp

2 /4�−1 roughly corresponds to the mean areal density n
of the NCs. Figure 11�b� shows the dependence of Ltyp on the
annealing time for different T and d0. With in increasing
annealing time, Ltyp increases. Surprisingly, the dependence
on the annealing temperature is very weak. All samples with
the same d0, annealed for the same time t, exhibit almost the
same intercluster distance L regardless of the annealing tem-
perature. This observation contradicts the assumption that L
is determined by a Ge diffusion length. Regardless of
whether the Ge diffusion mainly takes place within the initial
Ge layer, along the Ge /SiO2 interface or within the SiO2, the
diffusion constant should be thermally activated, which
would yield a much stronger temperature dependence of L.
We therefore believe that the ripening process is not limited
by diffusion in our samples. The reason for the opposite find-
ings of Takeoka et al.11 may be seen in the fact that in our
samples there is a high Ge concentration ��100%� within
the amorphous Ge layer, which provides sufficient material
for the ripening process. The rather fast diffusion processes
support our assumption that the thickness of the intermediate
�-Ge layer between the c-Ge and the SiO2 can be adjusted to
the optimum value a0

� corresponding to a minimal NC inter-
face energy for each NC radius �Sec. III B�.

IV. CONCLUSION

In summary, we have analyzed quantitatively the driving
forces of the transformation of an ultrathin continuous layer
of elementary Ge embedded in SiO2 into isolated NCs. The
influence of annealing time, temperature, and layer thickness
on the NC formation was studied by detailed TEM investi-
gations. In general, the NC formation process was found to
exhibit three different subsequent stages: In the first stage,
NCs grow within the layer by homogeneous nucleation. Dur-
ing the second stage, the crystal size exceeds the layer thick-
ness, and the crystals grow into the SiO2. This process can be
explained by the formation of an intermediate layer of amor-
phous Ge between the nanocrystal and the SiO2, which pro-
vides the material required for the outgrowth and which
minimizes the Ge /SiO2 interface energy. Therefore, this
pathway is energetically preferred to a simple recrystalliza-
tion of the layer. A simple thermodynamic model essentially
based on the quasi-interface concept and on Ge /SiO2 inter-
face energy relaxation reproduces quantitatively these ex-
perimental findings. The bimodal nanocrystal size distribu-
tion observed under certain conditions can tentatively be
explained by the existence of a second barrier in the Gibbs
free energy. The additional positive contribution to the free
energy necessary to form this second barrier may arise from
inelastic strain effects occurring during the outgrowth of the
NC from the initial layer. The third stage is a ripening pro-
cess of the clusters, which seems not to be limited by diffu-
sion. We hope that our results provide stimulations for fur-
ther experimental and theoretical �e.g., molecular dynamics�
investigations.
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FIG. 11. �Color online� �a� Radial distribution function g�r� of
the intercluster distance L and the distance S between the cluster
centers for samples 10 and 11. �b� Typical intercluster distance Ltyp

as a function of annealing time for different annealing temperatures
and initial layer thicknesses.
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APPENDIX: CHANGE IN GIBBS FREE ENERGY

In the absence of any crystal nucleus in the amorphous Ge
layer, the Gibbs free energy of a volume element considered
�Fig. 6� is given by

G0 = d0�
S2

4
Gv� + VoxGvo + 2�

S2

4

o�

eff�d0/2� . �A1�

The first and the second terms are related to the amor-
phous Ge and the SiO2 bulk volume, respectively. The third
term is the contribution of the interface between the amor-
phous Ge phase and the oxide. Vox= �h−d0��S2 /4 is the vol-
ume of the SiO2 included in the chosen element. In case of
the formation of a nucleus, the free energy can be written as

GNC�rnc,a0
�� = 	d0�

S2

4
−

4

3
�rnc

3 
Gv� +
4

3
�rnc

3 Gvc + VoxGvo

+ 2�
0

2� �
�0

�

rnc
2 sin���
�c

eff�a����d�d�

+ 2�
0

2� �
0

�0

rnc
2 sin���
�c

eff�a0
��d�d�

+ 2�
0

2� �
0

�0

�rnc + a0
��2sin���
o�

eff�a0
��d�d�

+ 2��S2

4
− �sin��0��rnc + a0

���2�
�
o�

eff�d�rnc�/2� . �A2�

The first three terms are related to the �-Ge, c-Ge volume,
and SiO2 volume, respectively. The fourth term describes the
contribution of the �-Ge /c-Ge interface within the initial
layer. The angle �0 is equal to arccos�d�rnc� / �2�rNM+a0

����
for a0

�+rnc�d0 /2 and zero otherwise. For ���0, the radial
distance a��� from the NC boundary to the SiO2 can be
calculated by a���=d�rnc� / �2 cos����−rnc. The fifth term in
Eq. �A2� describes the interface between the NC and the
intermediate �-Ge layer with a fixed thickness a0

�. The sixth
term corresponds to the interface between the intermediate
layer and the oxide. The seventh term describes the
�-Ge /SiO2 interface of the remaining initial �-Ge layer.

Assuming volume conservation, �GNC�rnc�=GNC�rnc�
−G0 corresponding to Eq. �7� can be obtained by subtracting

Eq. �A1� from Eq. �A2�. The single terms are given by

�Gvolume,NC = −
4

3
�rnc

3 �Gv,

�Ginterface,NC�rnc,a0
��

= 2�
0

2� �
�0

�

rnc
2 sin���
�c

eff�a����d�d�

+ 2�
0

2� �
0

�0

rnc
2 sin���
�c

eff�a0
��d�d�

+ 2�
0

2� �
0

�0

�rnc + a0
��2sin���
o�

eff�a0
��d�d�

− 2��sin��0��rnc + a0
���2
o�

eff�d0/2� ,

�Ginterface,INITIAL = 2��S2

4
− �sin��0��rnc + a0

���2�
��
o�

eff�d�rnc�/2� − 
o�
eff�d0/2�� .

For rnc+a0
��d0 /2, the thickness of the remaining amor-

phous Ge layer, d�rnc ,a0
��, is decreasing for increasing rnc

and increasing a0
�. It can be calculated considering conserva-

tion of the total Ge volume VNC+VGe
� =VGe

0 , yielding

�
S2

4
�d0 − d�rnc�� =

4

3
��rnc + a0

��rnc��3 +
1

12
�d3�rnc� − �d�rnc�

��rnc + a0
��rnc��2.

For further growth exclusively within the initial layer, i.e.,
for a description of the crystals with rts�d0 /2 by truncated
spheres �tss� corresponding to Eq. �9�, one obtains by an
analogous derivation,

�Gvolume,TS

= �−
4

3
�rts

3 �Gv rts � d0/2

− ��d0�rts sin��0��2 +
�d0

3

6
��Gv otherwise� ,

�Ginterface,TS�rts� = 2�
0

2� �
�0

�

rts
2 sin���
�c

eff�a����d�d�

+ 2��sin��0�rts�2�
oc − 
o�
eff�d0/2�� .

Here, �0 is equal to arccos�d�rnc� / �2rts�� for rts�d0 /2 and
zero otherwise.
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