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Abstract
Si nanoclusters embedded in SiO2 have been produced by thermal annealing
in the 900–1250 ◦C range of SiOx films or of SiO2/Si/SiO2 multilayers,
both prepared by plasma enhanced chemical vapour deposition. The
structural properties of these systems have been investigated by energy filtered
transmission electron microscopy. This technique, due to its capability to
detect Si nanoclusters independently of the presence of a crystalline phase, has
evidenced a relevant contribution of amorphous nanostructures, not detectable
by using the more conventional dark field transmission electron microscopy
technique. By also taking into account this contribution, an accurate quantitative
description of the evolution of the samples upon thermal annealing has been
accomplished. The temperatures at which the formation of amorphous and
crystalline Si nanoclusters starts have been determined. Furthermore, the
nanocluster mean radius and density and the crystalline fraction have been
determined as a function of the annealing temperature. Finally, the optical and
the structural properties of the two systems have been compared, leading to the
demonstration that the photoluminescence properties are determined by both
the amorphous and crystalline clusters.

1. Introduction

Si nanocrystals (ncs) are currently the most promising approach to turn Si, an indirect energy
bandgap material, into an efficient light emitter. Indeed, the bandgap of Si ncs is enlarged
with respect to the bulk material due to quantum confinement effects, and an intense visible
photoluminescence (PL) at room temperature is obtained. Major advancements towards the
application of this material in optoelectronics have been recently represented by the observation
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of light amplification in Si ncs [1–7], as well as by the fabrication of efficient light emitting
devices based on Si ncs [8–16].

Among the different techniques used for Si nc synthesis, the high temperature annealing
of substoichiometric silicon oxide (SiOx) films prepared by plasma enhanced chemical vapour
deposition (PECVD) or sputtering exhibits a lot of advantages [17–22]. These processes
are indeed highly compatible with the Si VLSI technology and produces stable (Si ncs are
embedded into a SiO2 layer) and efficient light emitters. Furthermore, the Si nc size can be
controlled by changing the annealing temperature as well as the silicon excess in the SiOx film;
in addition, it has been observed that by increasing the Si nc mean size a red-shift of the PL
peak is obtained, in qualitative agreement with the quantum confinement model. PECVD and
sputtering can also be successfully used for the preparation of Si/SiO2 superlattices [23–27].
When these systems are annealed at high temperature Si nc formation occurs [25]. The PL
emission from these materials presents some peculiarities related to the ordered arrangement
of the emitting centres [25].

A key point for a full understanding of the optical properties of the above described systems
is the availability of a clear picture of their structural properties and their evolution upon thermal
annealing. Under this respect, several techniques have been proposed for Si nc characterization,
namely transmission electron microscopy (TEM) [20–27], x-ray diffraction (XRD) [23, 26]
and Raman spectroscopy [20, 23]. All of these techniques are able to estimate the Si nc mean
radius. In particular, reliable measurements of the Si nc size have been obtained by TEM
analysis (from dark field or high resolution measurements). This technique, however, is not
able to give a complete quantitative picture of the system, missing a fundamental information
such as the Si nc density. Furthermore, all of these techniques are almost blind to the presence
of amorphous Si clusters. As a consequence, an exhaustive correlation between the density and
the size of the Si nanoclusters and the PL properties of the system is still lacking. Finally, the
actual contribution given by amorphous clusters to the optical properties of the system is not
fully understood yet.

In this work we will review our recent work on the structural and optical evolution of
SiOx films prepared by PECVD, upon thermal annealing processes up to 1250 ◦C. The early
stages of the separation of the Si and SiO2 phases, the formation of amorphous Si clusters
and their transition to the crystalline phase have been investigated in detail by energy filtered
transmission electron microscopy (EFTEM). The presence of a relevant contribution of Si
amorphous nanostructures, not detectable by using the conventional dark field TEM (DFTEM)
technique, has been demonstrated. By taking this contribution into account, an accurate
quantitative description of the nanostructure formation process has been accomplished, and the
mean size and the density of the Si clusters have been determined as a function of the annealing
temperature. In addition, we will present data on the thermal evolution of a single, ultra-thin
(3 nm) Si layer sandwiched between two thin SiO2 layers (7 nm). It has been demonstrated
that the first stages of the thermal evolution of the Si layer involve the formation of a highly
interconnected Si network, followed by the appearance of well defined nanoclusters (both
amorphous and crystalline). Also in this case the quantitative analysis of the EFTEM data has
allowed the determination of the Si nanocluster size and density, as well as of their crystalline
fraction. Finally, for both systems it will be demonstrated that the PL emission is quantitatively
related to the density and size of the sum between amorphous and crystalline Si nanoclusters.

2. Experimental details

SiOx thin films have been prepared by using a parallel plate PECVD system, consisting of an
ultra-high vacuum chamber (base pressure 1 × 10−9 Torr) and an rf generator (13.56 MHz),
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connected through a matching network to the top electrode of the reactor; the bottom electrode
is grounded and also acts as sample holder. Deposition processes have been performed by
using 50 W of input power. The substrates, consisting of Si wafers, have been heated at 300 ◦C
during the deposition. The source gases used are high purity (99.99% or higher) SiH4 and
N2O; the N2O/SiH4 flow ratio has been set to give SiOx films with a total Si concentration of
46 at.%, as determined by Rutherford backscattering spectrometry (RBS) measurements. The
total pressure during the deposition processes was about 8 × 10−2 Torr. The film thickness was
about 80 nm.

SiO2/Si/SiO2 multilayers were deposited on Si substrates heated at 300 ◦C by using the
same PECVD system as described above. SiO2 layers were deposited by using a SiH4 flow rate
of 1 sccm and a N2O flow rate of 30 sccm, with a total pressure of 3.5 ×10−2 Torr and 30 W of
rf power. Si layers were deposited by using a SiH4 flow rate of 20 sccm, with a total pressure of
1.5×10−2 Torr and 25 W of rf power. The thickness of the layers was about 7 nm for SiO2 and
about 3 nm for Si. The same conditions have been used for the synthesis of ten-period Si/SiO2

multilayers, to be used for PL measurements.
After deposition, the films have been annealed at temperatures ranging between 900 and

1250 ◦C and for times ranging between 0.5 and 16 h in ultra-pure N2 atmosphere by using a
horizontal furnace. The rapid processes used in some of the experiments have been performed
in a rapid thermal annealing apparatus.

Room temperature PL measurements were performed by pumping with the 488 nm line
of an Ar+ laser. The pump power was varied in the range of 10–50 mW over a circular area
of about 1 mm in diameter and the laser beam was chopped by an acousto-optic modulator.
The PL signal was analysed by a single grating monochromator and it was detected either by a
photomultiplier tube or by a liquid nitrogen cooled Ge detector. Spectra were recorded with a
lock-in amplifier synchronized to the acousto-optic modulator. All spectra have been corrected
for the detector response. PL lifetime measurements were performed by chopping the laser
beam with an acousto-optic modulator, detecting the PL signal with a photomultiplier tube and
analysing it with a photon counting multichannel scaler having the signal from the modulator
as a trigger. The overall time resolution of the system is ∼30 ns.

The Si nanocluster formation was monitored by using a 200 kV JEOL JEM 2010F energy
filtered transmission electron microscope equipped with a Gatan Image Filter. This system
consists of a conventional TEM coupled with an electron energy loss spectrometer. Si maps
have been obtained by using a 4 eV wide energy window centred in correspondence to the Si
plasmon loss peak at about 17 eV. The same microscope has also been used to collect dark field
TEM images, by selecting a small portion (about 10%) of the diffraction ring of the (111) Si
planes, and bright field images.

3. Results and discussion

3.1. Si nanoclusters from SiOx films

The EFTEM technique is able to generate a TEM image by using only electrons that have
lost a specific amount of energy due to the interaction with the sample. This allows us to
obtain a chemical mapping of all the elements with the very high spatial resolution typical
of TEM and therefore represents a particularly suitable method to detect silicon nanoclusters
(both crystalline and amorphous and independently of the crystal orientation with respect to the
incident electron beam) dispersed in a silica matrix.

The first step to obtain an energy filtered image is the use of electron energy loss
spectroscopy (EELS) to collect an energy loss spectrum. EELS concerns the analysis of the
energy spreading of initially almost monoenergetic electrons, after their interaction with the
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Figure 1. EELS spectra relative to (a) crystalline silicon, (b) amorphous silicon dioxide, and
(c) SiOx after a thermal annealing at 1250 ◦C. For all spectra, the zero loss peak is not fully plotted.
Also in the figure the energy windows we have used to generate the EFTEM images reported in the
remainder of the paper are shown.

sample. Fast electrons passing through the matter experience a great number of scattering
events. A fraction of transmitted electrons does not suffer any energy loss (elastic scattering).
Elastic scattering provides the most important contribution to the contrast in conventional TEM
images. On the other hand, in the EELS technique the energy spectrum of the electrons is
analysed, paying attention to the inelastically scattered electrons, that have suffered energy loss
processes.

Figure 1 reports the EELS spectrum of a SiOx film annealed at 1250 ◦C for 1 h. For
comparison, the spectra obtained from reference c-Si and SiO2 are also shown. In the figure
we report the EELS spectra in the 0–50 eV range, dominated by the plasmon loss peaks, due to
the excitation of collective vibrational modes of valence electrons, and by the zero-loss peak,
due to electrons that have been elastically scattered or transmitted without any scattering event.
At higher energy loss the intensity of the spectrum dramatically falls, but superposed on this
decline weak signals due to the Si and O ionization edges emerge, due to the excitation of
core electrons to an unoccupied electronic state above the Fermi level. From the analysis of
the figure we note that the Si and SiO2 plasmon peaks are centred, respectively, at about 17
and 23 eV. On the other hand, the spectrum relative to the SiOx sample annealed at 1250 ◦C
presents two well resolved components, whose energies correspond to the Si and SiO2 plasmon
losses. This is clear evidence of the extensive phase separation induced by the high temperature
annealing in SiOx films.
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(a)

(b)

Figure 2. EFTEM cross section images of a SiOx film annealed at 1250 ◦C obtained by selecting
(a) Si or (b) SiO2 plasmon loss electrons by means of the energy windows schematically depicted
in figure 1.

By applying the EFTEM technique, it is possible to form a TEM image by selecting energy
loss electrons with an energy window centred in correspondence to a given feature of the EELS
spectrum. In our case, to map the presence of Si nanoclusters formed inside a SiOx layer by
a thermal annealing process, we put a 4 eV wide energy window in correspondence to the Si
plasmon loss (17 eV). Conversely, to obtain a chemical mapping of the oxide we fixed the
energy window at 23 eV. The energy shift of 6 eV between the Si and SiO2 plasmon peaks
allows us to neatly discriminate the two contributions and to realize energy filtered images
by selecting plasmon loss electrons. As an example, we report in figure 2 two cross section
EFTEM images of a SiOx film annealed at 1250 ◦C, taken by selecting respectively the Si and
SiO2 plasmon loss electrons. This implies that in figure 2(a) the bright spots are Si nanoclusters
while the dark regions correspond to the SiO2 matrix; in a complementary way, in figure 2(b)
the bright background is due to the presence of silica while the dark spots are the nanoclusters.
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Figure 3. EFTEM plan view images obtained from SiOx films annealed for 1 h at (a) 900 ◦C and
(b) 1000 ◦C. The bright zones reveal the presence of Si clusters. The inset of (b) shows the electron
diffraction pattern of the sample annealed at 1000 ◦C.

EFTEM images can be also obtained by using the ionization edges (and in particular the L
edge of silicon at about 100 eV and the K edge of oxygen at about 530 eV). However, from
the practical point of view, since the value of the cross section for plasmon interaction is about
one order of magnitude higher than that due to core–shell ionization [28], the use of plasmon
losses provides the most suitable method for collecting EFTEM images with a high signal-to-
noise ratio.

We have used the EFTEM technique to monitor the formation and growth of Si
nanoclusters from annealed SiOx samples. Plan view images have been obtained by using
an energy window in correspondence to the Si plasmon loss. The EFTEM analysis of an as
deposited SiOx sample shows a uniform background without any appreciable intensity contrast,
demonstrating the absence of any phase separation effect. On the other hand, in the EFTEM
image reported in figure 3(a), referring to a sample annealed at 900 ◦C for 1 h, some brighter
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Figure 4. EFTEM plan view images ((a) 1100 ◦C, (d) 1150 ◦C, (g) 1250 ◦C), DFTEM plan view
images ((b) 1100 ◦C, (e) 1150 ◦C, (h) 1250 ◦C) and Si nanocluster size distributions obtained from
the analysis of the EFTEM images ((c) 1100 ◦C, (f) 1150 ◦C, (i) 1250 ◦C) obtained from SiOx films
annealed for 1 h. The inset of (b) shows the electron diffraction pattern of the sample annealed at
1100 ◦C.

zones can be clearly detected. This means that clustering effects are already visible at 900 ◦C,
even if the image seems to suggest the formation of a Si network instead of isolated clusters.
The occurrence of a phase separation between Si and SiO2 becomes much more evident by
increasing the annealing temperature, and well defined Si clusters embedded in the oxide matrix
are clearly visible in the sample annealed at 1000 ◦C (see figure 3(b)).

To gain a deeper knowledge of the structural properties of these systems, we have
employed the more conventional DFTEM technique. It is well known that this technique is
sensitive to the presence of crystalline planes, and it is therefore able to map the system for
the presence of crystalline Si clusters. On the other hand, we remark again that the EFTEM
images reported in figure 3 have to be considered as chemical maps, the Si clusters being
detected independently of their crystalline structure. In agreement with literature data [21], it
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was not possible to observe any diffraction pattern corresponding to the presence of a crystalline
phase for samples as deposited and annealed at 900 and 1000 ◦C; indeed the diffraction pattern
reported in the inset of figure 3(b) presents only the characteristic broad ring observed in the
presence of an amorphous phase. We can therefore conclude that all the clusters shown in
figures 3(a) and (b) are amorphous.

On the other hand, the samples annealed at temperatures of 1100 ◦C or higher exhibit a
diffraction pattern, shown in the inset of figure 4(b), mainly consisting of three well distinct
rings corresponding to the (111), (220) and (311) planes of c-Si, indicating the formation of Si
ncs. The direct comparison between energy filtered and dark field images is shown in figure 4
for samples annealed at temperatures of 1100 ((a) and (b)), 1150 ((d) and (e)) and 1250 ◦C ((g)
and (h)). The dark field plan view TEM images, shown in figures 4(b), (e) and (h), have been
obtained by selecting a small portion (about 10%) of the diffraction ring due to the (111) Si
planes, while the energy filtered images shown in figures 4(a), (d) and (g) have been collected
again by mapping the presence of Si clusters through the use of an energy window centred
in correspondence to the Si plasmon loss. In dark field images, Si ncs appear as bright spots
on a dark background. Direct comparison between images obtained with the two different
techniques on the same sample clearly demonstrates that energy filtered images, due to their
capability to show all the Si clusters, allow a much more complete characterization if compared
with the dark field technique, showing only a small portion of the crystalline population.

A qualitative analysis of the TEM images shown in figures 3 and 4 allows us to define some
aspects of the Si nanocluster nucleation from annealed SiOx films. As deposited SiOx films
are homogeneous and fully amorphous materials, without any evidence of phase separation
between Si and SiO2. This is in agreement with the description of SiOx films given by the
random bonding model (RBM) [29], that we can reasonably assume to describe as deposited
films, since they have been deposited at low temperature (300 ◦C). The first stages of the phase
separation between Si and SiO2 become visible at 900 ◦C, but well defined and amorphous
Si clusters are formed only at 1000 ◦C. At 1100 ◦C the amorphous nanoclusters (na) begin to
become crystalline. We remark here that this general behaviour has to be considered valid for
any SiOx composition; on the other hand, the clustering and crystallization temperatures we
have determined (1000 and 1100 ◦C, respectively) exactly apply only to the Si concentration
we used for the experiments reported in the present paper (46 at.%), since lower temperatures
are expected when dealing with SiOx films characterized by higher Si concentrations [21, 30].

Quantitative information on the annealed SiOx samples can be obtained by measuring the
radius of the Si nanoclusters detected in both energy filtered and dark field plan view images.
A threshold value of 0.7 nm for the smallest significant radius has been used. The cluster radii
have been plotted in the form of a histogram, reporting the frequency count for all the different
detected sizes, grouped in bins having a width of 0.2 nm. Histograms have been fitted with
Gaussian curves to extract a mean radius. Size distributions are characterized by a standard
deviation of about 20%. The histograms showing the size distribution of the cluster detected by
EFTEM for SiOx samples annealed at 1100, 1150 and 1250 ◦C are reported in figures 4(c), (f)
and (i) respectively. The mean radius of the Si clusters, as obtained by using both the EFTEM
and DFTEM techniques, is reported in figure 5 as a function of the annealing temperature.
Both techniques agree in demonstrating that the mean radius increases by increasing the
annealing temperature, but values obtained from EFTEM data are systematically larger than
those obtained from the dark field images.

A possible explanation for this discrepancy has been obtained by collecting high resolution
EFTEM images. An example is shown in figure 6, referring to a Si nc detected in a SiOx

film annealed at 1250 ◦C. The image evidences that the lattice planes of crystalline Si are
only visible in half of the cluster, probably due to the presence of a defect, bringing the
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Figure 5. Si nanocluster mean radius, obtained from EFTEM and DFTEM images, as a function of
the annealing temperature. The lines are drawn to guide the eye.

Figure 6. High resolution EFTEM images of a Si nc formed by thermal annealing at 1250 ◦C of a
SiOx film. Note the complete absence of lattice planes in half of the Si nanocluster.

other part of the nc off Bragg condition. Obviously, when looking at such a type of nc by
using a conventional dark field analysis, only the part in the Bragg condition is visible, and
this leads to an underestimation of its size. Another reason for the underestimation of the Si
nc size by the DFTEM technique may be represented by the presence of an amorphous Si
shell for a significant fraction of Si nanoclusters. High resolution EFTEM images have indeed
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Figure 7. Ratio between the integral intensity of the zero-loss peak I0 and the integral intensity It of
the whole EELS spectrum as a function of the analysed thickness for the different studied materials.
Data have been fitted with an exponential decreasing curve. In the inset the EELS spectrum of an
amorphous Si film is shown. From the logarithm of the ratio between I0 and It it is possible to
estimate the thickness of the sample in electron mean free path units.

demonstrated that in some cases the crystalline core of the nc is surrounded by a bright shell,
about 1 nm thick, characterized by the absence of lattice planes [22, 31].

Since EFTEM is able to detect the whole cluster population, it is possible to calculate the
number of nanoclusters per unit volume at the different temperatures. However, in order to
evaluate the density an accurate determination of the analysed volume is mandatory. This, in
turn, makes necessary the availability of an estimation of the thickness sampled by the EFTEM
experiment. The EELS technique provides a convenient way to estimate the local thickness of
the analysed sample by a straightforward integration of the EELS signal. The intensity I0 of
the zero-loss peak, for a specimen of thickness t , is given by

I0 = It exp(−t/λ) (1)

where It is the total area under the whole spectrum and λ is the mean free path for inelastic
scattering [32].

With the purpose of measuring the local thickness, for each analysed EFTEM plan view
image we have also collected an EELS spectrum. The ratio I0/It between the integral intensity
of the zero-loss peak I0 and the integral intensity It of the whole EELS spectrum gives the
thickness in electron mean free path (λ) units (see the inset of figure 7). To convert this number
into depth units we need a reliable value of λ corresponding to our experimental conditions.
This value has been determined by extracting in plan view configuration some EELS spectra
from regions in which the whole thickness of amorphous Si, SiOx and SiO2 layers (having
a thickness ranging from 25 to 80 nm) is analysed. The dependence of the experimentally
evaluated I0/It ratios on the thickness has been fitted with a decreasing exponential law for
all the studied materials (see figure 7). In this way, we have found that the mean free path
λ (corresponding to I0/It = 1/e) of 200 kV electrons is equal to about 160 nm. Note that
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Figure 8. (a) Density of Si nanoclusters obtained from EFTEM images, and (b) concentration of
clustered Si atoms (obtained from the data shown in figures 5 and 8(a)). The lines are drawn to
guide the eye.

this value is almost independent of the film composition (as far as Si, SiO2 and various SiOx

compositions are concerned) and it is in good agreement with other literature reports [33].
The EFTEM analyses for density measurements have been carried out in thin portions

of the sample to avoid overlap among clusters. The density has been evaluated by counting
the number of clusters displayed in each EFTEM image and by multiplying the image area
by the local thickness obtained from the analysis of the EELS spectrum. The values for
the Si nanocluster density we have obtained are reported in figure 8(a) as a function of the
annealing temperature. The nanocluster density is almost constant in the 1000–1150 ◦C range
(9 × 1017 cm−3), while it decreases (about 7 × 1017 cm−3) by increasing the annealing
temperature up to 1250 ◦C. This result, coupled with the continuous increase in cluster size
with annealing temperature reported in figure 5, suggests that nanocluster growth is not simply
due to the inclusion of Si atoms diffusing from the oxide matrix, but Ostwald ripening effects,
leading to the disappearance of small clusters, are probably also operating.

From the above reported data on the nanocluster density and mean radius the number of
clustered Si atoms per unit volume at the different temperatures can be easily calculated. The
obtained data are reported in figure 8(b) and demonstrate that the number of Si atoms forming
detectable clusters remarkably increases by increasing the annealing temperature. In particular,
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Figure 9. NDF/NEF ratio and crystalline fraction as a function of the annealing temperature for a
fixed time of 1 h obtained from the comparison of EFTEM and DFTEM images. The line is drawn
to guide the eye.

this value is about 2 × 1020 cm−3 at 1000 ◦C, and it increases by more than one order of
magnitude (3 × 1021 cm−3) by increasing the temperature up to 1250 ◦C, while intermediate
values are seen at 1100 and 1150 ◦C. It is noteworthy that a relevant fraction of excess Si atoms
not detectable by EFTEM exists even at 1250 ◦C. Indeed, the value of 3 × 1021 cm−3 has to be
compared with an expected value for the excess Si content (by taking into account the total Si
concentration of 46 at.% deduced from RBS measurements) of about 1 × 1022 cm−3. On the
basis of the present data, it is not possible to unambiguously determine if the missing Si atoms
are embedded in clusters too small to be detected by TEM (clusters having a radius lower than
1 nm can be hardly detected also by using EFTEM), or if they are still dissolved in the SiOx

matrix. The existence of this ‘invisible’ fraction of Si atoms has to be taken into account when
the density data of figure 8(a) are discussed. Indeed, the existence of a wide temperature range
(1000–1150 ◦C) in which the cluster density seems to be almost constant is probably the result
of a balance between the ‘appearance’ of new clusters (we cannot distinguish if this is due to
the growth of smaller ones, or to the nucleation of new ones) and the ‘disappearance’ of small
clusters due to ripening effects. On the other hand, at 1250 ◦C the Si atoms dissolved in the
matrix or forming undetectable clusters are strongly diminished, and therefore ripening effects
become more marked.

For samples in which the amorphous and crystalline phases coexist, we have estimated the
crystalline fraction. In order to do this, the ratio between the number NDF of ncs detected by
DFTEM and the number NEF of clusters detected by EFTEM has been evaluated. The cluster
count has been performed in the same sample region for both techniques; shadowing effects
among clusters placed at different depths have been minimized by analysing very thin regions.
The data have been reported in figure 9, and a clear trend, showing the progressive increase of
the NDF/NEF ratio by increasing the temperature, has been found.

Although it could be reasonable to assume that the value of 4.5% we have found for
the NDF/NEF ratio at 1250 ◦C corresponds to a crystalline fraction of 100%, due to the very
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Figure 10. NDF/NEF ratio as a function of the annealing time for a fixed temperature of 1250 ◦C
obtained from the comparison of EFTEM and DFTEM images. The line is drawn to guide the eye.

high annealing temperature, to unambiguously convert the data of figure 9 into a crystalline
fraction further experimental evidence is needed. Since annealing temperatures above 1250 ◦C
are hardly acceptable, also in view of possible industrial application of these materials, we
have performed a series of thermal treatments in which, for a fixed temperature of 1250 ◦C,
the annealing time varies from 1 min to 16 h. For such samples the NDF/NEF ratio has been
evaluated and the results obtained are reported in figure 10. The data demonstrate that the
transition from the amorphous to the crystalline phase is already present after only 1 min of
annealing at 1250 ◦C and it is definitely completed after 1 h. Indeed, for annealing times equal
or longer than 1 h, the value of the ratio NDF/NEF is almost constant to about 4.5%. This
evidence, coupled with the fact that the value of 4.5% of the ratio NDF/NEF corresponds to the
expected value for the fraction of crystals detected by DF in a fully crystalline sample under
our experimental conditions [34], allows us to turn this value of 4.5% into a crystalline fraction
of 100% and, by applying a simple criterion of proportionality, to evaluate the crystalline and
the amorphous fraction in all cases where the two phases coexist (see the right-hand scale of
figure 9).

Under the hypothesis that at 1250 ◦C all clusters are crystalline, the estimation of the nc
fraction at lower temperatures leads to values of about 30% at 1100 ◦C (the temperature at
which the crystallization process starts) and 60% at 1150 ◦C, clearly demonstrating that in this
range, the temperature plays a role not only in inducing the cluster growth (i.e. in the increase of
their mean radius), but also in extensively promoting the amorphous to crystal transition [26].

Finally, we have used the data on the Si nanocluster density reported in figure 8(a) and
those on the crystalline fraction reported in figure 9 to calculate the concentration of nc and of
na as a function of the annealing temperature. The obtained data are reported in figure 11 and
demonstrate that the temperature progressively induces the transformation of 9 × 1017 na cm−3

into 7 × 1017 nc cm−3, with the loss of about 20% of the clusters present at 1000 ◦C, due to the
above discussed occurrence of Ostwald ripening phenomena.
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Figure 12. Bright field TEM cross section of the as deposited SiO2/Si/SiO2 structure.

3.2. Si nanoclusters from Si/SiO2 multilayers

The structure of the as deposited SiO2/Si/SiO2 multilayer is shown in the bright field TEM
cross section reported in figure 12. The Si layer appears homogeneous and continuous. It
was not possible to observe any electron diffraction pattern corresponding to the presence of
a crystalline phase for this sample, demonstrating the amorphous nature of the Si layer. Also
for this system we have collected plan view EFTEM Si maps, by using a 4 eV wide energy
window centred in correspondence to the Si plasmon loss peak at about 17 eV, to monitor the
thermal evolution of the system. The EFTEM plan view micrograph of the as deposited sample
confirms the homogeneous nature of the Si layer. EFTEM images demonstrate the absence
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Figure 13. EFTEM plan view image of a SiO2/Si/SiO2 multilayer annealed at 1000 ◦C for 1 h.

of any relevant clustering effect up to 900 ◦C. On the other hand, the EFTEM micrograph of
the sample annealed at 1000 ◦C for 1 h, reported in figure 13, shows the formation of a Si
network (the bright part of the image) as opposed to the initial continuous layer. The reason for
this phenomenon could be a thermal grooving induced by the presence of the subnanometric
roughness typical of PECVD prepared films. It is well known that roughness can develop in
thin films during high temperature annealing, originating a grooving process [35]. This effect
can extensively modify the structure of the whole film if the roughness is of the same order of
magnitude of the thickness. During high temperature annealing of the Si layers, Si atoms may
diffuse away from the regions of high curvature. This phenomenon leads to the breaking of the
layer; once the breaking is started, the process continues until constant curvature surfaces are
formed, and, as a consequence, as can be seen in figure 14(a), at 1100 ◦C the first well defined
spherical clusters are detected by EFTEM. However, the highly interconnected Si structure
visible at 1000 ◦C is still partially present. At 1200 ◦C (see the EFTEM image of figure 14(b))
the breaking of the Si layer is almost completed and most of the nanoclusters have a well defined
spherical shape. Finally, as shown by the EFTEM plan view image of figure 14(c), a system
characterized by almost spherical and well separated nanoclusters is achieved at 1250 ◦C. Note
finally that also the different surface energy between Si and SiO2 can help us to explain the
final morphology of the system. The surface energy determines whether, at the equilibrium,
one material wets another and forms an uniform adherent layer [36]. SiO2 has a low surface
energy while Si has a high surface energy. This means that the Si layer tends to ball up, in order
to reduce the interface with SiO2 and minimize the surface energy.

Transmission electron diffraction measurements reveal that the samples annealed up to
1000 ◦C are amorphous. On the other hand, the diffraction pattern shows the characteristic
rings due to the presence of Si ncs for the samples annealed at 1100, 1200 and 1250 ◦C for 1 h.
The evidence of the crystallization after annealing processes at 1100 ◦C or higher allows us to
carry out DFTEM analyses. The more striking result is found when we make a comparison
between the EFTEM image of the sample annealed at 1100 ◦C for 1 h, shown in figure 14(a),
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Figure 14. EFTEM plan view images of SiO2/Si/SiO2 structures after annealing processes at
(a) 1100 ◦C, (b) 1200 ◦C, and (c) 1250 ◦C for 1 h. DFTEM plan view images of SiO2/Si/SiO2

structures after annealing processes at (d) 1100 ◦C, (e) 1200 ◦C and (f) 1250 ◦C for 1 h.

and the DFTEM image of the same sample, shown in figure 14(d). Indeed, the DFTEM image
suggests the presence of almost spherical and isolated Si ncs, but this view is a very partial
aspect of the complex structure evidenced by the corresponding EFTEM image. On the other
hand, figures 14(e) and (f) report the DFTEM images of the samples annealed at 1200 and
1250 ◦C for 1 h; from the comparison with the corresponding EFTEM images, we conclude
that in these cases both techniques give us a very similar structural picture, the only relevant
differences between the two kinds of images being in the number of detected clusters that, in
agreement with the considerations reported in the previous section, is remarkably higher for the
EFTEM images.

The structural evolution of the SiO2/Si/SiO2 multilayers has also been studied as a function
of the annealing time for a fixed temperature of 1100 ◦C. Figure 15 reports the plan view
EFTEM images corresponding to SiO2/Si/SiO2 samples after thermal processes of 30 min
(figure 15(a)) and 8 h (figure 15(b)) at 1100 ◦C. It can be noted that, already after a 30 min
process, an extensive breaking of the Si layer is observed; however, the agglomeration process
exhibits a very slow kinetics; indeed, as shown in figure 15(b), even after an 8 h process, large
and interconnected Si nanostructures predominate over the small and spherical ones.

As already extensively discussed in the previous section, the comparison between DF and
EF images allows the evaluation of the crystalline fraction. The data we have obtained for
the SiO2/Si/SiO2 system, reported in figure 16(a), demonstrate the progressive increase of
the crystalline fraction by increasing the temperature, from about 10% at 1100 ◦C to 90% at
1200 ◦C and 100% at 1250 ◦C. Note that the almost complete crystallization of the ultra-thin
Si layer requires the use of temperatures as high as 1200 ◦C. Indeed, figure 16(b), reporting
the crystalline fraction as a function of the annealing time for a fixed temperature of 1100 ◦C,
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Figure 15. EFTEM plan view images of SiO2/Si/SiO2 structures after annealing processes at
1100 ◦C for (a) 30 min and (b) 8 h.

demonstrates that the kinetics of crystallization at 1100 ◦C is extremely slow, since even after
an 8 h process the crystalline fraction remains lower than 20%.

3.3. Correlation between structural and optical properties of Si nanoclusters

Figure 17(a) reports the PL spectra taken at room temperature from SiOx films having a total
Si concentration of 46 at.% by pumping with the 488 nm line of an Ar+ laser, after thermal
annealing processes performed at temperatures ranging from 1000 to 1250 ◦C. As deposited
SiOx films exhibit only broad and very weak PL signals, possibly related to the presence of
radiative defects in the matrix. A relatively weak PL signal at about 900 nm (not shown)
has been observed for films annealed at 900 ◦C. On the other hand, the figure shows that
the annealed SiOx samples exhibit strong PL signals; the wavelength corresponding to the
maximum of the emission is about 900 nm, almost independently of the annealing temperature.
The reasons for such a weak variation of the emitted wavelength in samples characterized by
very different Si nc mean radii have been already discussed [22]. On the other hand, figure 17(a)
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Figure 16. Crystalline fraction for SiO2/Si/SiO2 structures as a function of (a) the annealing
temperature for a fixed process time of 1 h and (b) the annealing time for a fixed temperature of
1100 ◦C.

demonstrates that the annealing temperature strongly influences the PL intensity, that increases
by a factor of 15 by increasing the temperature from 1000 to 1150 ◦C. A further increase of the
temperature up to 1250 ◦C leads to a decrease of the PL intensity by a factor of 3.

We have also studied the PL properties of ten-period Si/SiO2 structures having the same
Si and SiO2 thicknesses as the SiO2/Si/SiO2 samples analysed by EFTEM. The use of such a
ten-period structure has been chosen to maximize the intensity of the PL signal. No relevant
PL signals have been detected from samples annealed below 1100 ◦C, while, as shown in
figure 17(b), intense peaks in the 700–1100 nm region are observed for samples annealed at
1100, 1200 and 1250 ◦C for 1 h. PL intensity has its maximum value at 1200 ◦C. The PL signal
shifts from 850 nm, for the sample annealed at 1100 ◦C, to 940 nm, for the sample annealed at
1250 ◦C. The spectrum taken from the sample annealed at 1100 ◦C also presents a peak centred
at about 1140 nm due to the Si substrate excitation.

In the low pump power regime, the PL intensity I is given by

I ∝ σφ
τ

τR
N (2)

where τ is the lifetime, τR is the radiative lifetime, σ is the excitation cross section, φ is the
photon flux and N is the total number of emitting centres. According to equation (2), for the
same excitation conditions, the PL intensity depends only on the lifetime τ and on the total
number of emitting centres N . Therefore, in order to correlate the optical and the structural
properties, we also need to measure the lifetime of the PL signal. These measurements have
been made by studying the decay time of the PL signal recorded at 850 nm after shutting off
the pumping laser beam. The data are reported in figure 18 for the case of SiOx films annealed
at different temperatures; a very fast lifetime is found for samples annealed at 1000 ◦C, while it
becomes remarkably slower by increasing the annealing temperature. In the temperature range
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Figure 17. Room temperature PL spectra obtained with an excitation wavelength of 488 nm.
(a) SiOx films annealed at different temperatures for 1 h; (b) Si/SiO2 multilayers annealed at
different temperatures for 1 h.

from 1100 to 1250 ◦C the PL signal decay is characterized by a stretched exponential shape,
given by

I (t) = I0 exp

[
−

(
t

τ

)β]
(3)

where I (t) and I0 are the PL intensities as a function of time and at t = 0 and β is a
dispersion factor � 1; β values equal to 1 (corresponding to single exponential decays) have
been observed in systems in which interactions among Si ncs are very weak, while β values
lower than 1 characterize the decay of interacting Si ncs [25, 37, 38]. By fitting the experimental
curves reported in figure 18 with equation (3), we have found that by increasing the annealing
temperature in the range 1100–1250 ◦C the lifetime slightly increases from 20 to about 30 μs
and β increases from 0.62 to 0.71. On the other hand, the decay curve relative to the sample
annealed at 1000 ◦C exhibits a more complex behaviour, and it cannot be fitted by using
equation (3), since it is possible in such a curve to identify two very different components,
a first one corresponding to a very fast decay, having a lifetime shorter than 1 μs, and a second
slower component, resembling for long decay times that relative to the samples annealed at
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Figure 18. Decay time of the room temperature PL signal recorded at 850 nm for SiOx films
annealed at different temperatures for 1 h.

higher temperatures. This fast component of the lifetime is reasonably related to the presence
of non-radiative recombination centres in the oxide matrix or within the clusters, due to the
relatively low temperature of the annealing process.

In the case of Si/SiO2 multilayers the lifetime of the PL signals is well described by a
stretched exponential function for all the studied temperatures. By fitting the experimental
curves (not shown) with equation (3), we have found that by increasing the annealing
temperature in the range 1100–1250 ◦C the lifetime increases from 15 to 70 μs and the
dispersion factor β increases from 0.66 to 0.77.

For the case of annealed SiOx films the normalized number N of emitting Si nanoclusters,
as obtained from equation (2) by dividing the PL intensity I by the lifetime τ (and assuming
an almost constant τR) is reported in arbitrary units in figure 19(a) (solid squares) as a function
of the annealing temperature. From the comparison between these data and the density of
amorphous and crystalline clusters and their sum, reported in figures 8(a) and 11, it is possible
to draw some interesting conclusions about the relationship between structural and optical
properties of Si nanoclusters embedded in SiO2 films. Figure 19(a) also reports (open circles)
the normalized cluster density taken from the EFTEM data (i.e. the sum of the amorphous and
crystalline contributions), as a function of the annealing temperature. The figure demonstrates
that there is a good agreement between the two sets of data. At 1250 ◦C the number of emitting
centres is more than a factor of two lower than the nanocluster density, and this is due to
the fact that at this temperature the nanocluster mean radius is very high (2.6 nm), and since
size distributions are typically characterized by a standard deviation of about 20%, a relevant
fraction of the Si clusters is too large to be a good light emitter. Indeed, according to the
effective mass approximation model [39], only clusters having a radius remarkably lower than
the Bohr radius of the exciton (about 5 nm for bulk Si), exhibit strong quantum confinement
effects [40]. It is not possible to find a better agreement by correlating the PL data with only
the amorphous fraction (it should be impossible to explain the PL signal at 1250 ◦C in a fully
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Figure 19. Concentration N of emitting Si nanoclusters, as obtained from equation (2) by dividing
the integrated PL intensity I by the lifetime τ (solid squares) and Si nanocluster density (open
circles) taken from EFTEM data, as a function of the annealing temperature for a fixed process
time of 1 h for (a) SiOx films and (b) Si/SiO2 multilayers. The data in (a) are normalized to their
respective values at 1000 ◦C, while data in (b) are normalized to their respective values at 1100 ◦C.

crystalline sample) or the crystalline fraction (the maximum PL intensity should be at 1250 ◦C
and no PL signal should appear at 1000 ◦C).

The above approach has also been used for the Si/SiO2 multilayers. Since the clusters
formed by the thermal annealing are dispersed on a single layer, the EFTEM data shown in the
previous section allow a straightforward evaluation of their density. For the sample annealed
at 1100 ◦C for 1 h the density of the well defined clusters is about 6.7 × 1010 cm−2. The
density strongly increases to 3.0 × 1011 cm−2 at 1200 ◦C (with a mean radius of 3.7 nm), while
a slightly lower value of 2.7 × 1011 cm−2 is observed at 1250 ◦C (mean radius of 4.1 nm).
This small variation arises from the balance of two different simultaneous phenomena, i.e. the
formation of new spherical clusters, due to the breaking of the irregular clusters present at
1200 ◦C and a conservative Ostwald ripening phenomenon, leading to the formation of large
clusters at the expenses of smaller ones, as also evidenced by the analysis of the tails of the size
histograms.

As discussed above, in the low pump power regime the number of emitting centres can be
obtained by the ratio between the integrated PL intensity and the lifetime of the PL signal.
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The nanocluster density (open circles) and the number of emitting centres (solid squares),
normalized to their respective values at 1100 ◦C, are reported in figure 19(b) as a function of the
temperature. It is noteworthy that also in this case the two curves exhibit the same behaviour,
demonstrating that the appearance of a strong PL from annealed Si/SiO2 multilayers is due to Si
nanocluster formation. Note that at 1250 ◦C the actual cluster density is higher than the number
of emitting centres (i.e. the PL signal is weaker than expected on the basis of the structural
data) because at this temperature a considerable fraction of the clusters has a size remarkably
higher than the Bohr radius of the exciton, and therefore gives a negligible contribution to the
PL signal.

Also the obtained values for the PL lifetime and for the dispersion factor β , and their
dependence on the annealing temperature, can be fully understood by using the TEM data.
The comparison between EFTEM and DFTEM images suggests that most of the well defined
clusters formed at 1100 ◦C are crystalline. For these clusters the edge-to-edge mean on-plane
distance from the surrounding aggregates is about 3.5 nm, a value remarkably lower than the
distance along the growth direction (7 nm, as determined by the SiO2 spacer thickness). Under
optical pumping, this determines an energy flow from the small clusters to the larger and
partially interconnected structures shown in figure 14(a), which may act as centres for non-
radiative recombination, leading to a fast decay time of 15 μs. In agreement with this picture,
the low value (0.66) of the dispersion factor β confirms the presence of a strong interaction
among nanoclusters [25, 37, 38]. On the other hand, at 1250 ◦C samples can be considered fully
crystalline. The interaction among clusters is strongly reduced (the edge-to-edge mean distance
on the plane is about 11 nm), with the consequence that they behave as efficient light emitters.
The increased PL lifetime confirms the suppression of non-radiative paths. Note finally that the
observation of a β value of 0.77, although larger than that found for samples treated at 1100 ◦C,
may be considered surprising if compared with the very large distance among adjacent clusters.
To explain this effect we have to recall that the inter-plane distance is 7 nm, i.e. remarkably
lower than the on-plane distance, and therefore in this case an interaction between clusters
lying on different planes may occur [25].

4. Conclusions

The comparative analysis of EFTEM and DFTEM data has highlighted the structure of SiOx

films and SiO2/Si/SiO2 multilayers within a wide range of annealing processes. As deposited
SiOx films are homogeneous and fully amorphous materials, without any evidence of phase
separation; the first steps of the phase separation between Si and SiO2 become visible at
900 ◦C, but well defined amorphous Si clusters are formed only at 1000 ◦C. At 1100 ◦C the
amorphous clusters start to become crystalline, and the crystalline fraction increases by further
increasing the annealing temperature. Furthermore, the capability of the EFTEM technique
to detect all the Si clusters, independently of their crystalline state, has allowed us to make
a very reliable determination of the Si nanocluster mean radius and density as a function of
the annealing temperature. Finally, the availability of a much more complete quantitative
picture allowed the demonstration that amorphous Si clusters constitute a relevant fraction
of the overall population in samples annealed at intermediate temperatures and also play a
fundamental role in determining the PL properties of the system. For the case of ultra-thin
Si layers it has been demonstrated that the first step of the layer modification consists in the
formation of a highly interconnected Si structure. The progressive breaking of this structure
leads to the formation of Si ncs embedded in SiO2, and, in turn, to the appearance of a strong
PL signal, quantitatively related to the Si nc concentration. The above new evidence constitutes
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a relevant tool for a full comprehension of the properties of Si nanostructures and for their
application for the development of a Si-based optoelectronics.
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[15] Irrera A, Pacifici D, Miritello M, Franzò G, Priolo F, Iacona F, Sanfilippo D, Di Stefano G and Fallica P G 2002

Appl. Phys. Lett. 81 1866
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