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1. INTRODUCTION

The ability of quantum�confined Si nanocrystals to
emit high�intensity radiation in the visible and infra�
red (IR) regions has attracted the attention of many
researchers. The observation of this effect gave hope
for the development of light sources for silicon�based
optoelectronics. Bulk silicon is unsuitable for such a
purpose because of the noncoincidence of the extrema
of the conduction band and valence band in position
in the Brillouin zone. The properties and the methods
of preparation of Si nanocrystals have been currently
discussed in a large number of publications. At the
present time, Si nanocrystals are commonly formed
via self�assemblage upon decomposition of the over�
saturated solution of Si in SiO2. Such process necessi�
tates heating to temperatures of about 1100°C. At the
same time, it was found that Si nanocrystals could be
formed also under the influence of short high�power
laser pulses [1, 2]. Pulse anneals are rather useful in
practice, since such anneals provide a means for
locally treating microscopic areas of device systems
and for substantially reducing the thermal budget of
heating.

Among various types of pulse treatments of materi�
als, irradiation with swift heavy ions (SHIs) occupies a
special place. In the beginning of the path inside a tar�
get, such ions practically completely spend their
energy for ionization. If the stopping rate is higher
than ~1 keV nm–1, SHIs penetrating into the target
form tracks several nanometers in diameter. Inside the

tracks, the ionization level can be as high as ~1022 cm–3

and the temperature can be elevated to 5000 K during
10–11–10–13 s [3]. Thus, SHIs can initiate ionization�
stimulated and thermally stimulated processes in sol�
ids with a high degree of localization.

Previously, the effect of SHIs on silicon oxides was
studied mainly for SiO monoxide layers. In [4], the
monoxide layers were irradiated with Ni and Pb ions
with the energies 575 and 863 MeV, respectively. The
authors of [4] came to the conclusion that, in tracks,
the disproportionation of the type 2SiO  Si + SiO2
took place, with the formation of Si nanocrystals. It
was believed that the mechanism of transformation
was athermal. The photoluminescence (PL) band with
a peak at 600 nm observed after irradiation of the sam�
ple was attributed to defects in regions damaged by
ions. The authors of [5, 6] studied Si monoxide layers
deposited in vacuum onto substrates at 20°C. Irradia�
tion was accomplished with Ni ions (100 MeV) or
Ag ions (150 MeV) in the dose range 1011–1014 cm–2.
The formation of Si nanocrystals was detected, and
emission bands in the violet and yellow–orange
regions were observed in the PL spectra. The short�
wavelength emission was attributed to defects, whereas
the long�wavelength emission to Si nanocrystals. The
formation of nanocrystals was thought to proceed by
the mechanism of “thermal peaks.” The effect of
high�energy Cu ions (50 MeV) on SiOx[ital] layers at
0.1 ≤ x < 2 was studied in [7]. The authors of [7] con�
cluded that, under the influence of ions, SiOx sepa�
rated into Si and SiO2 at all values of x and, in charac�
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ter, the separation was spinodal (nucleation�free)
decomposition. However, it was impossible to detect
Si nanocrystals in the irradiated samples with 0.1 ≤
x < 1.5 by Raman spectroscopy. No data on the lumi�
nescence of the nanostructures were reported in [7].
Thus, the properties and the mechanism of formation
of light�emitting silicon quantum�confined structures
in oxide layers on irradiation with SHIs invite further
investigations.

In this study, we try to clarify the question of how an
excess Si content influences the formation of light�
emitting Si nanostructures in SiOx layers upon irradia�
tion with SHIs.

2. EXPERIMENTAL

Composition�graded SiOx layers were deposited
onto Si substrates from two atomic fluxes formed by
simultaneous magnetron�assisted sputtering of the
two sources, fused silica and single�crystal Si, in Ar
plasma. The sources were spaced by a distance of
about 10 cm. This allowed us to fabricate layers with
the composition gradually varying along the substrate
length (~10 cm) from ~SiO2 to ~Si. The procedure of
fabrication of such layers and some of their properties
are described in more detail elsewhere [8–10]. The
deposited layers were irradiated with Xe ions with the
energy 167 MeV and the dose 1014 cm–2 at room tem�
perature.1 The path of such ions in both Si and SiO2 is
about 20 μm, the loss for ionization in the deposited
layers is 14.5 keV nm–1, and the elastic loss of the Xe
ion is 0.3 displacements per nanometer. To study the
properties of the layers, we used PL spectroscopy,
infrared (IR) transmittance spectroscopy, optical
transparency measurements, X�ray photoelectron
spectroscopy (XPS), ellipsometry, and high�resolution
electron microscopy. To excite the PL signal, we used
laser radiation at the wavelength of 488 nm. X�ray
photoelectrons were excited with Al Kα radiation with
the photon energy 1486.6 eV emitted by an Al source.
In the XPS measurements, the binding energy was cal�
ibrated with reference to the peak of adsorbed carbon
with the energy 284.6 eV.

3. RESULTS

The ellipsometry measurements show that the
thickness of the formed layer was ~0.55 μm. The
refractive index at the wavelength 632.8 nm gradually
varies along the wafer from the “dioxide” end to the
“silicon” end in the range from ~1.5 to ~3.5 (Fig. 1a).
The XPS spectra recorded also with displacement of
the X�ray beam from the “dioxide” end to the “sili�
con” end of the wafer show a decrease in the fraction
of silicon atoms coordinated with four oxygen atoms

1 Irradiation was accomplished with the use of the cyclotron
ITs�100, Laboratory of Nuclear Reactions, Joint Institute for
Nuclear Research.

and an increase in the number of silicon–silicon
bonds (Fig. 1b). The variations in the refractive index
along the length of the sample (Fig. 1a), the XPS data
for the initial samples (Fig. 1b), the experimentally
observed shift of the absorption peak along the sample
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Fig. 1. (a) Variations in the refractive index of the layers
along the substrates from the SiO2 edge to the Si edge.
(b) Variations in the XPS spectra along the substrate before
irradiation with Xe ions. The distance from the SiO2 edge
is (1) 20, (2) 30, (3) 40, and (4) 50 mm. The thick solid line
shows the XPS spectrum of SiO2.



410

SEMICONDUCTORS  Vol. 45  No. 3  2011

KACHURIN et al.

in the range 1100–950 cm–1 (not shown), and the
results reported in [8–10] allowed us to estimate vari�
ations in the Si content in SiOx. Correspondingly, the
substrate was divided into samples with different com�
positions. Then these samples were irradiated with
Xe ions.

The most important results were obtained from
studies of the PL spectra before and after ion bom�
bardment of the layers different in Si content. From
Fig. 2, it is clear that, in the layers subjected to irradi�
ation, the PL centers responsible for the emission
band, whose peak shifts in the wavelength range from
~550 to ~800 nm, are formed. As the Si content is
increased, the PL intensity first increases, with the
peak position of ~600 nm remaining unchanged. In
considering the layers with x ≈ 1.75 instead of the lay�
ers with x ≈ 1.8, we notice a long�wavelength shoulder
appearing in the PL spectrum; even at x ≈ 1.7, we
observe the PL peak shifted to λ ≈ 750 nm. As the
excess Si content is increased further, the PL peak
shifts to longer wavelengths further and the PL signal
is gradually quenched (Fig. 2). Before irradiation with
ions, the layers luminesce only slightly and do not
exhibit any pronounced dependences of the PL inten�
sity and peak position on the Si content (Fig. 2, dashed
line).

To enhance the PL intensity of Si nanocrystals, the
nanocrystals are often subjected to low�temperature
annealing in hydrogen that passivates the centers of
nonradiative recombination of excited charge carriers.

We accomplished additional annealing of the samples
in the forming gas (94% Ar + 6% H2) at 500°C for 1 h.
The PL spectra of the irradiated samples after being
passivated are shown in Fig. 3. For the samples with
x ≈ 1.90 and x ≈ 1.85, passivation yields a tenfold
increase in the PL intensity, with the PL peak position
close to 600 nm remaining unchanged. A shift of the
PL intensity peak from short wavelength to λ ≈ 750–
800 nm with increasing Si content is observed after
passivation as well. A decrease or an increase in the Si
content beyond the above�indicated range yields a
decrease in the PL intensity and in the efficiency of
passivation. It should be noted that passivation slightly
enhances also the initially observed low�intensity PL
of unirradiated samples, also especially in the short�
wavelength region.

In order to identify possible PL sources produced
by irradiation with Xe ions, we studied irradiation�
induced structural transformation in the layers. It was
found that, after irradiation, the transparency of the
layers at the wavelength λ = 514.5 nm was lower (we
practically measured the intensity of light transmitted
through the sample and reflected back from the sub�
strate). Figure 4 shows the difference between the
transparencies of the layers before and after irradiation
as a function of x. The higher is Si content in the initial
layers, the less transparent the layer after irradiation
becomes. This dependence saturates at the Si content
corresponding to x = 1.4–1.2, at which the transpar�
ency is low initially. Thus, the darkening depends on

500

PL intensity, arb. units

Wavelength, nm

3

800600

2

0

1

2

3 4

700

5

6
1

Fig. 2. PL spectra of compositionally different SiOx layers
irradiated with Xe ions. The parameter x is (1) 1.9,
(2) 1.85, (3) 1.8, (4) 1.75, (5) 1.7, and (6) 1.65. The dashed
line refers to the PL spectrum recorded before irradiation.
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Fig. 3. PL spectra of irradiated SiOx layers after passivation
with hydrogen. The parameter x is (1) 1.95, (2) 1.90,
(3) 1.85, (4) 1.65.
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the Si content; i.e., a decrease in transparency is not
associated solely with radiation defects. At the same
time, we noticed that annealing in the forming gas at
500°C was favorable to the recovery of the transpar�
ency. This effect can be interpreted as a result of partial
annealing of defects. By electron microscopy, we
detected the formation of dark precipitates ~5 nm in
dimensions in the irradiated layers (inset in Fig. 4).
The diffraction pattern (inset in Fig. 4) involves point
reflections corresponding to the Si crystal substrate
and a number of highly smeared rings; the spacing
between the rings correlates with the position of reflec�
tions for the Si crystal. Such rings can be indicative of
Si crystal inclusions, but these inclusions are either
very small or imperfect.

The inference about the increase in the number of
Si–Si bonds on ion bombardment follows from the
XPS data. Figures 5a and 5b show the XPS spectra of
the Si 2p lines for the SiOx layers (x ≈ 1.9) before and
after irradiation with Xe ions, respectively. On irradia�
tion, the intensity of the 103.6�eV line of silicon atoms
bound with four oxygen atoms is reduced and an extra
signal corresponding to lower bonding energies
appears. It is known that, with decreasing number of
oxygen atoms surrounding a particular silicon atom,
the bonding energy of silicon atoms are reduced
to 102.4 (1Si–Si–3O), 101.6 (2Si–Si–2O), 100.9

(3Si–Si–1O), and 99.8 eV (Si–4Si). These values of
the binding energy were used for automatic deconvo�
lution of the spectra with the use of the program
XPS_Peak. From Fig. 5, it is evident that the fraction
of Si atoms bound to four O atoms is decreased and the
fraction of Si atoms bound to four Si atoms is
increased by a factor of about four. The intensity of the
102.4�eV line is also increased. In the samples with the
higher initial Si content, we observe a shift of the Si
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Fig. 4. The difference between the transparencies of the
layers before and after irradiation vs. the composition
parameter x (see text). Inset: the high�resolution electron
microscopy image and the electron diffraction pattern of
the SiOx layer after irradiation with SHI (x ≈ 1.65).

106

XPS signal intensity, arb. units

Binding energy, eV

600

98102

200

0

(b)

100104

400

Si2p

600

200

0

(a)

400

Si2p

Fig. 5. XPS spectra of the layers (a) before and (b) after
irradiation with Xe ions (x ≈ 1.9). The solid line refers to
the experimental spectra. The dashed and dash�dotted
lines illustrate, correspondingly, the deconvolution of the
spectra by the XPS_Peak program into components and
the summation of the component obtained by the decon�
volution.
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2p line of the Si phase (99.8 eV) to lower binding ener�
gies. Such a shift can occur due to formation of
charged conducting clusters in an insulator medium.
It should be also noted that irradiation with Xe ions
induces a decrease in the Auger parameter for all of the
samples. This effect can be caused by the formation of
partially crystallized structures.

4. DISCUSSION

The data presented above show that irradiation�
induced changes in the PL spectra of the layers depend
on the Si content and are accompanied by structural
transformations. As the Si content is increased, an
increase in the intensity of the PL signal with a peak at
λ ≈ 550–600 nm prevails first, and then we observe a
shift of the peak to λ ≈ 750–800 nm (Fig. 2). Observa�
tion of such behavior gives us grounds to believe that
the enhancement of the PL signal is due to the
increase in the number and dimensions of emission
sources that experience quantum confinement. In
some studies, the yellow–orange emission was attrib�
uted to defects in the oxide; however, from our point of
view, the key role is played by differently sized and
shaped Si nanoprecipitates [11–14]. We believe that,
in the case under consideration, the sources of the
PL signal are quantum�confined nanoinclusions
formed under the influence of FHIs. The increase in
the number of nanoprecipitates yields an increase in
the PL intensity, and the increase in the precipitate
dimensions yields a shift of the PL band to longer
wavelengths. The large excess of silicon involves the
growth of precipitates, with the removal of quantum�
confinement conditions, and the coalescence of pre�
cipitates. Both of these factors quench the PL signal.

This interpretation is supported by observation of a
number of effects of FHIs on the layers. These effects
are as follows: a decrease in the transparency depen�
dent on the excess of Si in the samples (Fig. 4), the for�
mation of nanoprecipitates observed with an electron
microscope (Fig. 4), an increase in the number of
Si–Si bonds (Fig. 5), and the shift of the PL signal to
longer wavelengths with increasing Si content in the
layers (Fig. 2). The above inference is confirmed also
by the characteristic response of the layers to passivat�
ing anneals, specifically, by the substantial enhance�
ment of the PL signal (Fig. 3). If the PL signal were
due to defects, we would have more reasons to expect
a decrease, rather than an increase, in the PL intensity
upon passivation of the samples with hydrogen.

Profound changes in the PL spectra were observed
in a rather narrow region of decreasing x (increasing
Si content). At x ≈ 1.85, the decrease in x is accompa�
nied by an increase in the PL intensity with no visible
shift of the peak from 600 nm; however, even at x ≈ 1.80,
the appearance of a long�wavelength shoulder can be

noted, and at x ≈ 1.7, the PL peak is found to be shifted
to λ ≈ 750 nm (Fig. 2). Such behavior of the PL signal
can be explained as described below. There exist two
structural models of the SiOx layers, specifically, the
random bonding model and the composite medium
model. In the former model, it is assumed that the Si
and O atoms and the Si–O bonds are arranged ran�
domly. In the other model, it is assumed that the struc�
ture presents a mixture of different separated phases.
The PL data obtained for the initial layers (Fig. 2), the
response of the layers to passivating anneals, and espe�
cially the XPS results (Fig. 1) suggest that, even before
irradiation, the layers involve regions enriched to some
degree with silicon. Therefore, we may assume that,
most likely, the SiOx layers studied here correspond to
the composite medium model. In general, such com�
posite state is typical of the layers produced by plasma
methods [15], whereas the structure of the layers pro�
duced by vacuum evaporation is closer to the random
bonding model [16]. We believe that, at a small excess
of Si, only a limited number of Si�enriched regions
capable of being transformed into short�wavelength
PL centers under the influence of SHIs fall into the ion
tracks. As the Si content is increased, at first, mainly
the probability that the regions with the minimal Si
content required for the formation of centers of emis�
sion at λ ≈ 600 nm fall into the tracks increases. There�
fore, with decreasing x, at first, mainly the number of
emission centers grows and, correspondingly, the PL
intensity at about 600 nm increases. As the Si content
is increased further, the Si�enriched regions become
larger in size, denser, and closer to each other. Due to
all these factors, the final size of nanoprecipitates
becomes rather large, resulting in the shift of the PL
peak to λ ≈ 750 nm because of the size�quantization
effect. The decrease in the PL intensity at a very high
excess Si content is due to the breakage of quantum
confinement and the coagulation of precipitates.

It is still hard to tell whether the formation of nan�
oprecipitates is a thermal process or an athermal (ion�
ization) process. Diffusive drain to nuclei in the solid
oxide can be ruled out, since the diffusion coefficients
of silicon atoms, as well as oxygen atoms, are too
small. In the composite medium model, the problem
of how Si atoms gather to form nanoprecipitates is
simplified, especially if it is assumed that the material
inside tracks goes through the stage of melting. Elec�
trons in the track are thermalized in ~10–15 s, whereas
for the energy transfer to atoms, the time of ~10–11 s is
needed. Then the track is cooled with the rate up to
~1013 K s–1. In the stage of melting, the material can be
for 10–10–10–9 s. At the diffusion coefficients in melts
10–3–10–4 cm2 s–1, the time of 10–10–10–9 s is long
enough for Si atoms to form nanoclusters. Moreover,
it was shown by the molecular dynamic method that
decomposition of the oxide into Si and SiO2 took place
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even in the SiOx melt and the precipitates were larger
in size at a higher Si content [17]. The conditions for
nucleation in SHI tracks were treated theoretically
in [18]. Thus, the formation of nanoclusters can be
understood in the context of the thermal mechanism.
At the same time, in some studies concerned with
femtosecond pulse laser annealing, it was noted that
structural transformations in the irradiated layers
started to proceed even before the excited electrons
had managed to transfer an energy large enough to
melt the material [19–21].

It should be finally noted that the maximum PL
intensity of the irradiated samples is attained at x ≈ 1.8,
whereas in the case of common annealing, the opti�
mum of the PL intensity is observed at much larger
excess of Si, ~10–20 at % (x = 1.5–1.1) [8, 15, 22, 23].
It seems likely that, due to high ionization levels and
temperatures, more Si–O bonds dissociate in tracks
[24, 25].

5. CONCLUSIONS

It is found that irradiation of SiOx layers with
Xe ions with an energy of 167 MeV brings about the
formation of visible PL sources, the properties of
which systematically vary under variations in the com�
position of the layers. As the Si content in the layers is
increased, the PL band intensity with a peak at about
600 nm first increases and then shifts to the longer
wavelengths 750–800 nm. Changes in the PL spectra
with increasing Si content in the layers are attributed
to the increase in the number of emission sources and
in their dimensions that define the quantum�confine�
ment conditions for excited charge carriers. From the
data of electron microscopy, XPS spectrometry, and
optical transparency measurements, as well as from
the response of the PL signal to passivation of the sam�
ples with hydrogen, it is concluded that the role of
emission sources is played by silicon nanoprecipitates
formed on disproportionation of SiOx in SHI tracks.
Formation of the nanostructures is possible due to
intense short�time heating of the material inside the
tracks. An increase in the excess Si content in the ini�
tial layers yields, first, an increase in the probability of
formation of nanoprecipitates and, thus, an increase
in the PL intensity and, then, an increase in the
dimensions of nanoprecipitates. The last�mentioned
effect results in a shift of the PL band to longer wave�
lengths due to quantum confinement. The decrease in
the PL intensity at a very high excess Si content is due
the break of quantum�confinement conditions and the
coagulation of nanoprecipitates.
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