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Abstract
Germanium nanocrystals (Ge-ncs) were synthesized by implantation of Ge+ ions into the fused
silica, followed by a thermal annealing at 1000 °C. High-resolution transmission electron
microscopy was employed to characterize both the morphology of the formed Ge-ncs and the
evolution of their depth-distribution as a function of annealing durations. The formation of
nanocavities in the vicinity of nanocrystal/SiO2 interface is evidenced, as well as their influence
on the release of the compressive stress exerted on Ge-ncs by surrounding SiO2. Some Ge-ncs
are found inside nanocavities, and can move into the implanted layer through a nanocavity-
assisted diffusion mechanism. This finding sheds light on a new process that can explain the non-
uniformity of the Ge-nanocrystal spatial distribution.

Keywords: germanium nanocrystals, thermal diffusion, out-gassing effect, nanocavity, stress
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1. Introduction

During last decades, nanostructured germanium (Ge)
embedded in silicon dioxide (SiO2) matrix has received
considerable attention because of its potential use as efficient
light emitter and its large absorption spectrum in the visible
range, which makes it attractive for applications in photonics
and photovoltaics [1–5]. A number of techniques have been
used to synthesize Ge nanocrystals (Ge-ncs) embedded in
SiO2 matrix, such as thermal oxidation, ion implantation,
chemical vapor deposition and co-sputtering [6–9]. Among
them, ion implantation technique is very interesting because it
enables to control the size and depth-profiles of Ge-ncs in
SiO2 matrix by adjusting the implantation and annealing
conditions [7]. However, the poor thermal stability of Ge in
silica glass could induce strong Ge outgassing effects for
annealing performed above the melting point of Ge (937 °C),
which drastically limits the integration of Ge-ncs into

optoelectronic devices. During the thermal annealing, the
motion of Ge was found to be sensitive to a DC applied
voltage [10], as well to the annealing environment [11]. In
addition, the Ge desorption can be accompanied by the for-
mation of nanocavities, whose origin and effects on the Ge
diffusion mechanism inside SiO2 are still unclear
[7, 10, 12, 13].

Different mechanisms [10–16], involving Ge oxidation at
the Ge nanocrystal (Ge-nc)/SiO2 interface, strong Ge thermal
diffusion into the SiO2 matrix via Ge trapping effects, were
proposed, but none of them provided a complete description
of the nanocavity formation process supported by observa-
tions at atomic scale. In addition, no experimental work can
be found regarding the effects of these nanocavities on the
inner structure of Ge-ncs, as well as their potential impact on
the spatial redistribution of Ge after annealing. However, such
investigations are increasingly necessary for controlling the
growth of Ge-ncs and their physical properties.

In this paper, the size and depth-distribution of Ge-ncs
synthesized at 1000 °C were investigated by transmission
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electron microscopy (TEM), which is used to estimate the
thermal diffusion coefficient of Ge. High-resolution TEM
(HRTEM) images were obtained from the samples annealed
for different durations, which is challenging because of the
insulator nature of SiO2. From a careful analysis of the
recorded images, we found that both nanocavities and coa-
lesced nanoparticles formed after an annealing of 15 min,
demonstrating that the diffusion and the coalescence phe-
nomena affect the microstructure of Ge-ncs. Our HRTEM
observations allow us to evidence the formation of nano-
cavities at Ge-nc/SiO2 interface, as well as to study the
variations of Ge interplanar spacing and stress relaxation
effects in several Ge-ncs. It is also demonstrated that Ge-ncs
can move into the fused silica matrix through a mechanism
assisted by the motion of nanocavities containing inner Ge-
ncs, a feature that can strongly affect the Ge depth-profile
after annealing.

2. Experimental details

74Ge+ ions were implanted into silica slices at an acceleration
voltage of 70 kV with a fluence of 8×1016 cm−2. After
implantation, the samples were annealed at 1000 °C for 15, 30
and 60 min, under high pure nitrogen environment. To avoid
any accidental contamination, the gas flux is filtered using an
additional nitrogen purifier.

TEM experiments were carried out on specimens pre-
pared for cross-sectional observations using conventional
techniques of mechanical polishing and ion thinning. The ion
thinning was performed using a Gatan model 691 precision
ion polishing system. Selected-area electron diffraction,
bright field (BF) and HRTEM imaging were conducted using
a JEOL JEM 2100F TEM operated at 200 kV. The Ge depth
profiles were calculated using TRIM-SRIM software, taking
into account both sputtering and swelling effects [17].
Rutherford backscattering spectroscopy (RBS) measurements
were performed with 350 keV 4He+ ions having a tilt angle of
25° with respect to the sample normal, using a detector
mounted at 145° with respect to the incident beam. The RBS
spectra deconvolution was carried out using the SIMNRA
simulation software [18].

3. Results and discussion

3.1. Ge nanoclustering

Typical cross-sectional BF TEM images are presented in
figure 1 for the samples annealed at 1000 °C for 15 min
(figure 1(a)), 30 min (figure 1(b)) and 60 min (figure 1(c)).
These images were recorded at a same magnification for easy
comparison. The dark and bright nano-objects with dimen-
sions between 30 and 60 nm observed in these images cor-
respond to Ge-ncs and nanocavities, respectively. In
agreement with previous report [7], the number of nanocav-
ities increases with the annealing duration, as a consequence
of Ge outgassing effects. Table 1 presents the average

diameters of both Ge-ncs and nanocavities, as well as the Ge
concentration obtained from TEM images for each sample.
These concentrations were extracted using the bulk con-
centration of Ge (4.43×1022 at cm−3) to evaluate the
quantity of Ge in Ge-ncs. The values are underestimated
because nanocrystals smaller than 1–2 nm cannot be observed
by TEM, neither Ge-ncs that do not satisfy the Bragg dif-
fraction conditions. The data presented in the second and
fourth columns of table 1 indicate that both the size and the
concentration of remaining Ge in the samples decrease with
the annealing duration, while the size of the formed nano-
cavities reported in the third column increases continuously.
These features are a direct consequence of high thermal dif-
fusion of Ge inside fused silica [4], which is responsible for
the Ge desorption [7].

All the formed nano-objects are not uniformly distributed
in depth within the SiO2 matrix. As for Si-ncs and Ge-ncs
produced by ion implantation into fused silica [7, 19–22],
they are size-selectively distributed within the implanted
layer. The SRIM-TRIM depth-profile of implanted Ge ions is
presented figure 2. These measurements indicate that the
biggest nano-objects observed in figures 1(a)–(c) are located
in the region where the concentration of implanted Ge is the
highest, namely for depths between 20 and 40 nm in all the
studied samples.

RBS analysis is used to determine the depth-distribution
of Ge inside SiO2, including isolated Ge atoms that cannot be
detected by TEM. By comparing the depth-profile of
remaining Ge obtained from TEM observations with that
obtained from RBS measurement in figure 2 [7], we can
estimate the fraction of Ge involved in the nucleation process.
This ratio was found to be around 80% for each sample and
independent of the annealing time. In agreement with pre-
vious estimations [7, 19, 22], this shows that most of the Ge
ions introduced into the fused silica matrix have precipitated
during the thermal annealing.

3.2. Ge-nc inner structure and nanocavity formation

Figure 3 shows typical cross-sectional HRTEM images of Ge-
ncs and nanocavities formed in the fused silica after an
annealing of 15 and 60 min. Figure 3(a) presents a single and
isolated Ge-nc with a diameter of about 10 nm, which is well-
ordered and almost spherical. A nanoparticle with a diameter
of 30 nm is observed in figure 3(b). It is composed of three
crystalline regions whose {111} atomic planes are identified
by three pairs of parallel lines. Similar structures of several
crystallites with different crystal orientations are system-
atically observed for Ge nanoparticles bigger than 20 nm.
Figure 3(c) shows a complete and isolated nanocavity with a
diameter of 8 nm, formed after the annealing of 15 min. This
cavity results from a complete Ge out-diffusion of a small Ge-
nc during the first 15 min of the annealing. Figure 3(d)
illustrates a nanoparticle formed after an annealing of 60 min,
which is composed of one Ge-nc (area I) and one nanocavity
(area II) with diameters of 21 nm and 16 nm, respectively.
The cavities observed after an annealing of 60 min are gen-
erally bigger than those formed for shorter annealing
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durations. Regarding the synthesized Ge-ncs, we infer that the
spherical and well-ordered nanoparticles smaller than 10 nm
are mainly produced by Ostwald ripening [22, 23], a growth
process where diffusing Ge atoms aggregate to form isolated
clusters, whose dimensions increase with both annealing time
and local Ge concentration. On the other hand, large and
complex aggregates containing crystallites with different
crystal orientations originate from the coalescence of small
Ge-ncs. This effect occurs when the spacing between the
formed Ge-ncs becomes smaller than their diameters, and it is
promoted in the regions where the concentration of implanted

Ge is elevated, as well as in the samples annealed for longer
durations.

Furthermore, volume expansion effects related to the
liquid–solid phase transition of clustered Ge at 938 °C during
the sample cooling, lead to the development of mechanical
compressive stress inside Ge-ncs [22]. The lattice spacing is
measured to be 3.16±0.01 Å for the planes marked by
parallel white lines in figure 4(a), which is smaller than that of
{111} planes in bulk Ge (d111=3.27 Å). The decrease of
(111) lattice spacing reveals a compressive stress of ∼3%,
which is compatible with the values of 1.5%–4.0%, measured
for Ge-ncs synthesized within thin thermal silicon oxide

Figure 1. Cross-sectional TEM images of samples annealed for 15 min (a), 30 min (b) and 60 min (c).

Table 1. Evolution of Ge-nc and nanocavity dimensions as a function of annealing times, with corresponding Ge and interplanar spacings
measured by TEM.

Average size (nm)

Annealing time (min) Ge-ncs Nanocavities Ge concentration (at cm−3) Interplanar spacing (nm)

15 19.46 17.51 3.5×1021 0.313
30 18.14 18.53 2.2×1021 0.316
60 16.10 26.66 1.5×1021 0.320
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layers on Si substrates [22]. For the coalesced Ge-ncs, which
are made of agglomerated crystalline regions with different
orientations, the internal strain field exerted by the sur-
rounding SiO2 matrix can be non-uniform. Figure 4(b) shows
a nanoparticle synthesized after annealing of 30 min, which is
composed of a central amorphous cluster (marked A), sur-
rounded by five crystalline regions (marked I to V). The
region labeled I, oriented perpendicular to the Ge-nc radial
direction, has an interplanar {111} spacing of 3.15±0.01 Å.
For the regions labeled II to V with atomic planes nearly
parallel to the Ge-nc radial direction, the {111} lattice spacing
is 3.23 Å, 3.20 Å, 3.22 Å and 3.18 Å, respectively. We infer
that in such a large Ge nanoparticle, the pressure exerted by
the host matrix can be sufficient to prevent the complete
crystallization of the Ge core (region A). This scenario is
supported by recent work on pressure-induced effects in
nanostructured Ge [24], indicating that the Ge–Ge bond
compression can give rise to the amorphorization of Ge-ncs.
Figure 4(c) shows a third kind of Ge-ncs, which is composed
of a Ge-nc from which Ge has partially out-diffused. The
release of Ge atoms from Ge-nc is evidenced by the obser-
vation of a bright region at its bottom, showing the presence
of an inner nanocavity. The formation of such cavities at the
Ge-nc boundary is consistent with the mechanism of void
formation proposed by Heinig et al [11], who correlated this
phenomenon with the oxidation of Ge in the vicinity of the

Figure 2. Ge implantation profile calculated from SRIM (curve),
RBS depth-profiles of as-implanted and annealed samples (solid
lines) (Reprinted with permission from [7]. Copyright 2012 Institute
of Physics Publishing), and depth-profiles extracted from TEM
observations (dashed lines).

Figure 3. HRTEM images of an isolated Ge-nc (a), a coalesced Ge-nc (b) and an isolated nanocluster produced after an annealing of 15 min,
as well as Ge nanoclusters with adjacent nanocavity observed after an annealing of 60 min (d).
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Ge-nc/SiO2 interface. Due to the kinetics of the chemical
reaction, the volume occupied by these nanocavities should
increase over annealing time, an effect that is clearly observed
when we compare the dimensions of nanocavities observed in
figures 1(a) and (c) (bright objects). In order to evaluate the
impact of this void on the internal strain field, we measured
the interplanar spacing of single Ge-ncs within each sample.
The obtained values, reported in the last column of table 1,
indicate that the formation of nanocavities is accompanied by
a significant reduction of the average strain field inside Ge-
ncs. In figure 4(c), we measured the {111} spacing in the
nanoparticle where an inner nanocavity is observed. These
data are obtained at five different points (labeled A to E)
along the red line oriented perpendicular to the lattice planes.
The data in figure 4(d) clearly show that the interplanar
spacing increases in the vicinity of the inner nanocavity. This
suggests that the presence of inner nanocavities releases the
compressive stress exerted by the SiO2 matrix on Ge-ncs, thus
contributing to relax their excess energy inside the sam-
ples [21].

3.3. Non-uniform Ge-nc depth-distribution

The data in figure 2 show the evolution of the Ge depth-
profile as a function of annealing time, C(z, t), which can be

used to estimate the thermal diffusion coefficient (DT) of Ge
at a temperature T, using the second Fick’s law,

( ) ( )= -C z t A
z

D t
Ln ,

4
, 1

T

2

where z is the depth measured from sample surface, t is the
annealing time, C(z, t) is the Ge concentration, and A is a
constant. For an annealing duration of 60 min at 1000 °C, we
obtained D1000∼10−17−10−16 cm2 s−1. Such a diffusion
coefficient is compatible with the data reported in the litera-
ture [10, 11, 13]. However, it corresponds to an average
diffusion length ( )=d D tT less than one nanometer. This
length is insufficient to explain the release of Ge from the
samples, which implies Ge displacements over 20–25 nm, as
measured from figure 2, between the position of the Gaussian
Ge depth-profile, right after ion implantation (as-implanted
sample) and after an annealing of 1 h. For such Ge motions,
the diffusion coefficient should be 1 or 2 orders of magnitude
higher than the one (10−17−10−16 cm2 s−1) determined
using equation (1).

Moreover, in a classical thermal diffusion frame, the Ge
distribution after annealing should be more uniform in depth,
and not be preferentially oriented towards the top surface of
the sample, even if the local damage induced by ion
implantation reduces the Ge mobility in the vicinity of sample

Figure 4. HRTEM images of Ge-ncs with annealing time of 30 min (a) a single nanocrystal, (b) coalesced nanocrystal, and (c) Ge-nc
containing a nanocavity, accompanied by the variation of the Ge interplanar spacing measured along the red line (d).

5

Nanotechnology 28 (2017) 035707 C Li et al



surface [7, 16, 22, 25]. Here, it is found that significant
decrease of Ge concentration beyond depths of 40 nm in the
samples annealed for 30 and 60 min can be associated with
the presence of nanocavities (figures 1(b) and (c)). Such a
feature may partially result from the lower concentration of
silicon dangling bonds induced by ion bombardment at
greater depths in the implanted layer, which can locally
improve the Ge diffusion, as well as their release from the
coalesced nanoparticles [22, 25]. Nevertheless, such a
reduction of Ge thermal diffusion in specific sample regions
cannot explain the spatial redistribution of Ge after annealing
over whole implanted layer.

Last but not the least, we also observe Ge-ncs from
which Ge atoms have almost completely out-diffused. These
nano-objects are made of small dark clusters embedded into
large bright nanocavities (figure 1). One of them is presented
at higher magnification in figure 5. Under 200 kV electron-
beam irradiation at a current density of ∼100–200 pA cm−2

for 60 s, we found that both the nanocavity and the Ge-nc
have moved. Structural changes induced by intense electron
beam in Ge-nc/SiO2 systems have already been reported,
notably by showing that Ge can nucleate or voids can be
gradually filled by the migration of O, Si and Ge from the
surrounding [11, 26]. Nevertheless, none of these studies has
evidenced the occurrence of a Ge diffusion mechanism
assisted by the migration of nanocavities containing inner Ge-
ncs. The Ge-nc marked by A is motionless (figure 5(a)), so
that it can be used as a reference position to measure the
relative displacements. The displacement is 4 nm and 2 nm
(figure 5(b)) for the nanocavity and the Ge-nc embedded in
this nanocavity, respectively. The slower motion of inner Ge-
nc with respect to the nanocavity may result from its mass.
According to the second Fick’s law, the diffusion coefficient
related to the displacement of the inner Ge-nc under electron-
beam exposure is ∼6.7×10−16 cm2 s−1, which is several
times higher than the Ge diffusion coefficient
(∼10−17−10−16 cm2 s−1) at 1000 °C in the fused silica.
Considering that the sample is heated up to a temperature of
∼300 °C during the e-beam exposure, we believe that such a
nanocavity-assisted Ge-nc diffusion could play an important
role during thermal annealing at 1000 °C. As a direct

consequence of the high thermal diffusion coefficient asso-
ciated with this process, this can greatly contribute to the
variation of both Ge and void concentrations over the whole
implanted layer. For example, the large spherical nanocavities
observed close to the center of the implanted layer in
figure 1(c) may originate from the coalescence of small
nanocavities formed in deeper sample regions, which have
diffused over 10–20 nm. This also provides a new global
understanding of the depth-profile evolution shown in
figure 2. The release of Ge from the regions deeper than
40 nm, where a number of nanocavities was found during the
15 min annealing (figure 1(a)), may result from the dis-
placement of Ge-ncs embedded in nanocavities towards the
sample surface. According to the mechanism proposed by
Heinig et al [11], who suggested the presence of Ge oxide
inside the formed nanocavities, the motion of nanocavities
containing Ge-ncs is compatible with the work of Beyer and
von Borany [13], who attributed the enhanced Ge diffusion
and the Ge outgassing to the formation of highly mobile and
volatile GeO molecules inside SiO2. Hence, the Ge spatial
redistribution observed after each annealing would result from
a Ge thermal diffusion that is almost uniform in depth, and a
nanocavity-assisted Ge-nc diffusion process that is pre-
ferentially oriented towards the sample surface.

4. Conclusions

In summary, TEM observations of Ge-ncs produced by ion
implantation in the fused silica show that both the con-
centration and the size of the formed Ge nanoclusters
decrease continuously with the annealing time. During ther-
mal treatments, inner nanocavities form at the interface
between Ge-ncs and the surrounding SiO2, which contributes
to release the compressive stress inside the formed Ge-ncs.
The size of these nanocavities increases over time, leading to
the formation of nanostructures composed of small Ge-ncs
embedded in nanocavities. HRTEM observations show that
these inner Ge-ncs can migrate in SiO2 under electron beam
exposure. Their high mobility suggests the occurrence of
nanocavity-assisted Ge-nc diffusion mechanisms during

Figure 5. HRTEM images of a nanocavity annealed for 60 min (a) and after electron-beam irradiation for 60 s (b).

6

Nanotechnology 28 (2017) 035707 C Li et al



thermal annealing conducted at high temperatures. In addition
to improving the thermal diffusion of Ge, this process can
strongly affect the Ge depth-profile for long annealing dura-
tions. This could explain the displacement of Ge-ncs towards
the sample surface by an inhomogeneous migration of
nanocavities containing Ge-ncs and/or germanium oxide.
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