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Samples of SiO, (600 nm)/Si have been implanted with Sn ions (200keV, 5 x 10'® cm™ and 1 x 107 cm™) at room temperature
and afterwards annealed at 800 and 900°C for 60 minutes in ambient air. The structural and light emission properties of “SiO,
+Sn-based nanocluster” composites have been studied using Rutherford backscattering spectroscopy, transmission electron
microscopy in cross section and plan-view geometry, electron microdiffraction, and photoluminescence (PL). A strict
correspondence of Sn concentration profiles and depth particle distributions has been found. In the case of 1x10'7 cm™
fluence, the impurity accumulation in the subsurface zone during the thermal treatment leads to swelling and to the formation
of dendrites composed of large and coalesced nanoparticles of grey contrast. The appearance of dendrites is most probably due
to the SnO, phase formation. The as-implanted samples are characterized by a weak emission with maximum at the blue range
(2.9eV). The PL intensity increases by an order of magnitude after annealing in an oxidizing atmosphere. The narrowest and
most intense PL band has maximum at 3.1 eV. Its intensity increases with increasing fluence and annealing temperature. This
emission can be attributed to the formation of the SnO, phase (in the form of separate clusters or shells of Sn clusters) in the

subsurface region of the SiO, matrix.

1. Introduction

Silicon dioxide layers are the most common material in
optical fiber manufacturing and microelectronics as a thin
electric isolator in a metal-oxide-semiconductor (MOS) tran-
sistor and a diffusion barrier. At present, adding optical func-
tionality to a silicon microelectronic chip is one of the most
challenging problems of materials research. Thereby, consid-
erable efforts have been focused on the enhancement of UV
and visible emission from silica to create an active light-
emitting element in next-generation minijature optoelec-
tronic devices [1-12]. In spite of typical optoelectronic’s
operation in IR range, the creation of such silica-based

emitters operating in both the visible and UV-violet spectral
ranges is a perspective for creating a microminiature MOS
light-emitting diode (LED), Bragg reflectors, waveguide
lasers, and optocouplers as well as optical switchers in color
microdisplay devices. To fabricate a low-cost effective silica-
based LED, the ion implantation approach seems quite
promising because of well-controlled impurity atom distri-
bution and/or impurity-based nanocrystal formation, good
passivation from ambient condition, and excellent compati-
bility with Si MOS processes [1-4, 10-12].

It is reported that Si-, Ge-, and Sn-implanted SiO, films
exhibit strong blue-violet (UV) photoluminescence (PL)
[1-4]. According to Ref. [1], the Sn-rich silica films exhibit
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the strongest photoluminescence (PL) intensity among these
composites. Motivated by this result, we devote the present
article to Sn-implanted silicon oxide films.

Although the modification of the SiO, matrix by means
of ion implantation for a light emission increase is developed
sufficiently, the unsolved problems still remain. Among
them, the main one is a mechanism of radiative recombina-
tion. On the one hand, ion implantation results in modifica-
tion of the silica matrix. So, high-fluence Sn implantation
results in the formation of optical active oxygen divacancies
(twofold coordinated Sn atom bonded to the rest of the silica
network via two oxygen atoms). Such Sn-related color cen-
ters emit PL at 3.15eV due to a triplet-singlet transition [1,
5, 13]. On the other hand, high-fluence ion implantation
results in the formation of nanoclusters in the silica matrix.
Namely, Sn implantation followed by heat treatment can
result in the formation of different Sn-based phases depend-
ing on the annealing regime and environment. Namely, the
formation of metallic 5-Sn precipitates as well as SnO_ nano-
particles can take place after annealing in vacuum or N,
ambient condition in the range of 600-1100°C [3, 4]. In some
cases, Sn cores with SnO,_, shells were found [3]. On the con-
trary, the formation of SnO, nanoparticles also took place
after annealing in an oxidizing atmosphere (air or pure oxy-
gen) in the temperature range of 400-1000°C [10, 11, 14]. Tin
dioxide is known as a semiconductor with a wide direct
bandgap of 3.6 eV, which is dipole forbidden. But direct gap
luminescence can be allowed in SnO, nanocrystals (NCs).
Indeed, nanocrystalline SnO, thin films [15, 16] and nano-
particles [17] exhibit strong UV and visible luminescence,
which is dependent on surface states and deep-level defects.
Thus, it is important to clarify what processes (modification
of the silica matrix itself or creation of a new phase in the
form of nanoclusters) play a crucial role in a radiative recom-
bination mechanism in Sn-implanted silica.

Considering the complicated phase composition as well
as the presence of different radiative and nonradiative cen-
ters in Sn-implanted films, the deep analysis of structural
and luminescence properties depending on the regime of
implantation and subsequent annealing is needed. In spite
of a number of publications devoted to silicon oxide films
implanted with Sn ions [1-4, 10-12], the influence of
implantation fluence on their structure and luminescence
was studied insufficiently. In this paper, we report the struc-
tural and light-emitting properties of “SiO,+Sn-based NC”
composites created by means of Sn” implantation with two
different fluences into SiO, on Si followed by oxidation in
ambient air. We have tried to find out a correlation between
Sn concentration depth profiles, Sn-based precipitate distri-
butions in the SiO, layers, and photoluminescence of com-
posites under investigation.

2. Experiment

The initial samples (2 x 2 cm?) of SiO,/Si structures were cut
from the thermally oxidized Si substrates. The thickness of
the SiO, layer as measured by transmission electron micros-
copy in cross section geometry (XTEM) was 600 nm. These
samples were implanted at room temperature with 200 keV
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Sn ions to fluences of 5 x 10'® and 1 x 10'7 cm™2. Computer
simulation (SRIM) gave Gaussian-type Sn concentration-
depth profiles with the peak concentrations of about 11 at.%
(for 5x 10'° cm™2) and of about 22 at.% (for 1 x 10'7 cm™2)
formed at the depth of 100 nm in the oxide matrix. After-
wards, a part of the samples was annealed at 800 or 900°C
for 60 min in ambient air.

The Sn distribution profiles of the implanted and
annealed samples were analyzed by Rutherford backscatter-
ing spectroscopy (RBS), using 1.5MeV He" ions. Fitting of
experimental RBS spectra to the simulated ones was carried
out using the SIMNRA code. In the calculated concentra-
tion profiles of tin atoms, the transition of the depth scale
from the laboratory coordinate system to the metric one
was carried out on the basis of the thickness of the oxide
layer of the samples measured by transmission electron
microscopy (TEM).

The structural investigations and phase analysis in the
samples were carried out using TEM in “plan-view” and
“cross section” geometry as well as electron microdiffraction.
A Hitachi H-800 analytical electron microscope operating at
200keV was used for these studies. Samples for TEM
research in both geometries (“plan-view” and “cross-sec-
tion”) were prepared by the conventional technique that
included precision cutting, cutting wheels, grinding, polish-
ing, and Ar" ion polishing using Gatan equipment. In the fin-
ishing treatment, low energies of ion beams (3-5keV) and
sliding etching angles (3-5°) were used, which ensured the
nonintroduction of structural defects into the samples during
their preparation.

Photoluminescence spectra were recorded at room tem-
perature in the energy range of 1.77-3.54 eV using a diffrac-
tion monochromator with a focal distance of 0.6m. The
3.81eV (325nm) emission line of a continuous wave He-
Cd laser was used for excitation. The emission bandwidth
of equipment was chosen to be 1 nm. Additionally, PL excita-
tion (PLE) spectra were registered.

One of the samples implanted to the fluence of 1 x 107
cm™2 and annealed at 900°C was additionally treated in a
4% hydrofluoric acid (HF) aqueous solution at room temper-
ature. A part of this sample was protected during the chemi-
cal treatment. The thickness of the etched layer was estimated
via the comparison of the SiO, film color between the pro-
tected and unprotected regions of the etched sample. It is
known that slight changes in the thickness of dielectric films
create major shifts in their perceived color. One can estimate
the thickness of the film simply by observing its color and
comparing it with color charts (see, for example, Ref. [18]).
In the case of SiO, films, a thickness variation of about
50 nm can be noticed via its color change [19].

3. Results and Discussion

3.1. Composition and Structure of “SiO,+Sn-Based NC”
Composites. Figures 1-3 display the cross-sectional TEM
images of the Sn nanocluster distribution in as-implanted
and annealed samples. The solid white lines in the right side
of every TEM image give the depth distribution of Sn atoms
as detected by RBS spectral simulations.
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Ficure 1: XTEM images of SiO, (600 nm)/Si samples implanted with 200keV Sn* to a fluence of 5 x 10'® cm™ (a) and 1 x 10”7 cm™ (b). In
the right of each XTEM image, the depth distribution of Sn (given in at.%) is shown as detected by RBS.
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F1GURE 2: XTEM images of SiO, (600 nm)/Si samples implanted with 200 keV Sn* to a fluence of 5 x 10'® cm™ (a) and 1 x 10'7 cm ™ (b) and
annealed for 60 minutes at 800°C. In the right of each XTEM image, the depth distribution of Sn (given in at.%) is shown as detected by RBS.

The arrows in (a) and braces in (b) are there to guide the eyes.
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F1GURE 3: XTEM images of SiO, (600 nm)/Si samples implanted with 200 keV Sn* to a fluence of 5 x 10'® cm™ (a) and 1 x 10'” cm 2 (b) and
annealed in an air atmosphere for 60 minutes at 900°C. In the right of each XTEM image, the depth distribution of Sn (given in at.%) is shown

as detected by RBS. The braces are there to guide the eyes.

For the sample implanted to a fluence of 5 x 10'® cm™
(Figure 1(a)), a band with small precipitates is observed at
the depth of 40-180 nm. The average size of precipitates is
~5nm. This sample is characterized by a Gaussian-like depth
profile of Sn with a slight bend at the depth of 130 nm. This
bend position coincides with a region depleted with Sn
nanoclusters as seen in the corresponding TEM image into
120-130nm from the surface (indicated by the arrow in
Figure 1(a)).

For the sample implanted to a fluence of 1x 10'7 cm™
(Figure 1(b)), a region of precipitates is located substantially
closer to the surface and includes two layers differing in pre-
cipitate size. The first layer with a high density of large clus-
ters (from 5 and up to 20nm) is located in the depth range
from the surface up to 100 nm. The second layer of small
clusters (up to 2-3nm) is observed at the depths of 130-
180 nm. For the fluence of 1 x 10’ cm™2, the depth of maxi-
mum impurity concentration shifts to the surface noticeably.

2

This result is in a good agreement with the corresponding
TEM image and can be caused by radiation-enhanced diffu-
sion during high-fluence implantation. Though, even in the
case of such high fluence, a comparison of the calculated Sn
profile with the simulated one by SRIM (not shown here)
reveals that there is no significant loss of tin in the sample.
The substantial broadening of the Sn concentration pro-
file up to the depth of ~200nm should be noted. Similar
results of XTEM investigations of silica glasses implanted
with a high fluence of Sn ions are reported in Ref. [11]. The
authors of Ref. [11] have observed two layers of Sn precipi-
tates in the as-implanted samples: a layer with large precipi-
tates in the subsurface region and a layer with smaller clusters
deeper in the sample. Precipitates (with an average size of
~9nm) in the subsurface region (~100 nm) have been identi-
fied as metal 3-Sn clusters by means of HRTEM image
analysis and X-ray diffraction data. Taking this into account,
we can assume that the dark contrast inclusions in the TEM



images of the as-implanted samples (Figures 1(a) and 1(b))
are precipitates of metallic 3-Sn.

Heat treatment at 800°C (Figures 2(a) and 2(b)) results in
a noticeable structural transformation of the implanted SiO,
matrix as well as a substantial redistribution of the embedded
impurity. For the fluence of 5 x 10'® cm™ (Figure 2(a)), two
layers with large Sn clusters (20-25nm) are formed in the
annealed sample at depths of 40 and 100 nm.

Simultaneously, the formation of two concentration
peaks (8 and 12 at.% at the depths of ~40 and ~95 nm, respec-
tively) in the impurity profile is observed in the same depth
range. One can notice the dark particles of metal 3-Sn on
the sample surface. Evidently, these particles are formed
due to impurity “squeezing” through the surface. For the flu-
ence of 1x 10" cm™ (Figure 2(b)), the thermal oxidation
changes drastically the impurity depth distribution, the mor-
phology of the subsurface region, and the distribution of
nanoparticles. It is observed that a preferential impurity
migration towards the surface results in the increase in Sn
concentration to ~18-20at.% within a thin subsurface layer
of ~20nm. The TEM image of this sample reveals that Sn
accumulation in the subsurface zone leads to swelling and,
accordingly, to a strong deformation of the subsurface
region: the before-flat surface of the sample becomes irregu-
lar (wave-like) with depth differences up to 50nm
(Figure 2(b)). In addition, the formation of well-defined den-
drites of large and coalesced nanoparticles of grey contrast is
observed (shown by the arrows in the XTEM image of
Figure 2(b)). Part of these dendrites includes dark contrast
clusters surrounded with grey contrast shells. The dendrites
exhibit an elongated shape, and they are oriented normally
to the surface. The region of dendrites extends from the sur-
face up to a depth of 100nm. Beneath the dendrite region,
smaller precipitates with a size of 2-4 nm are present up to
a depth of 260 nm from the surface.

In order to explain the appearance of dendrites, let us dis-
cuss the possible structural rearrangements in the SiO,
matrix with a high concentration of embedded Sn that occurs
at high temperatures. The system SnO-SiO, was studied in
Refs. [20, 21]. SnO was noted to be highly soluble (up to
70%) in the amorphous SiO, matrix. However, SnO is meta-
stable and decomposes into a metallic phase ($-Sn) and SnO,
upon heating above 550°C. The metastable silicate SiSnO,
can also form. In turn, this compound decomposes at T >
700°C with the formation of -Sn, SnO,, and SiO,. SnO,
has a very low solubility in SiO,. For example, only 0.2-2.0
vol% SnO, can be dissolved in quartz [22]. The low solubility
of Sn0O, in SiO, was explained by the different bond strengths
of Sn and Si to O. Furthermore, tetravalent tin (Sn*") forms
with O atoms, a 6-coordinate polyhedral structure, in con-
trast with SiO, groups in SiO, [22]. SnO, at a high concentra-
tion in SiO, can form its own random layered network of
polyhedral units (based on the asymmetric building block
(Sn0,)*"), thereby destroying the three-dimensional tetrahe-
dral structure of the SiO, network. Taking the above into
account, we can conclude that in our experiments the exis-
tence of dendrites in the subsurface region is most probably
related to the formation of the SnO, phase. It is worth adding
that similar TEM images were reported for SiO, implanted
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with Sn ions in Ref. [11]. According to Ref. [11], a thin
(~8nm) dense SnO, layer was formed in the subsurface
region of the implanted sample. In addition, SnO, nanoclus-
ters were created all over the implanted SiO, layer. These
clusters were visible in XTEM by Moire contrast and identi-
fied as SnO, nanocrystals by X-ray diffraction measurements.

An increase in the oxidation temperature to 900°C
results in substantial changes of the depth impurity profile
for the sample implanted to the fluence of 5x 10'®cm™
(Figure 3(a)). Tin concentration at the subsurface impurity
peak at the depth of ~40 nm increases to 11at.% while the
second impurity peak at 100 nm transforms into a diffusion
tail into the depth of the sample ranging up to 300 nm. Tin
concentration in this region does not exceed 5at.%. As can
be seen from the corresponding TEM image, a structural
rearrangement of the subsurface zone takes place. Instead
of two layers with precipitates as shown in Figure 2(a), a
dense layer of precipitates with embedded large dark particles
is formed in the subsurface region (shown by the arrows in
the XTEM image of Figure 3(a)). The thickness of this layer
is ~120 nm. For the sample implanted to the fluence of 1 x
107 cm™ and annealed at 900°C, there is no noticeable
change in the Sn concentration profile in comparison with
that obtained after oxidation at 800°C (Figure 3(b)). The
TEM image of that sample does not show any noticeable
structural transformations, too. It is worth mentioning the
interesting feature in the TEM images of the samples
implanted to both fluences and heated at 900°C, namely,
the existence of the uniform distribution of nanoclusters with
a size of several nanometers at depths from 100 to 300 nm
(Figures 3(a) and 3(b)). This depth region is depleted with
impurity in comparison with the subsurface SiO, layer and
is characterized with Sn concentration < 5at.%. Probably,
when the impurity concentration is low, Sn atom diffusion
to the SiO,/Si interface begins to prevail over Sn precipita-
tion. That is why, small Sn-based clusters can be formed dee-
per in the SiO, layer than one expects from the analysis of the
initial as-implanted Sn concentration profiles. A similar
effect was reported in Ref. [3] devoted to the study of Sn pre-
cipitation in the SiO, matrix with relatively low concentra-
tion of embedded Sn atoms. The SiO, (180 nm)/Si samples
were implanted with tin ions (200keV, 1.5 x 10' cm™2) cor-
responding to the Gaussian-type Sn concentration-depth
profile with peak concentrations = 3 at.% formed at the depth
of 90 nm in the SiO, matrix. According to the TEM data, Sn
nanoclusters with the average size of 2.2 nm were formed in
the SiO, layer after annealing at 900°C in vacuum. These pre-
cipitates were distributed uniformly in the volume of the
SiO, matrix. The authors of Ref. [3] concluded that such dis-
tribution arises probably due to the absence of trapping cen-
ters, allowing the Sn diffusion from the original as-implanted
Gaussian-type profile towards the surface and to the SiO,/Si
interface. As a consequence, the formation of large Sn clus-
ters and SnO, shells around them was not observed.

To study the phase composition of the annealed samples,
“plan-view” TEM and electron microdiffraction investiga-
tions were carried out (Figure 4). Annealing of samples at
800°C results in the formation of precipitates with sizes rang-
ing from 2 to 30 nm (Figure 4(a)). Besides, specific contrast
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FIGURE 4: Bright-field (a, d) and dark-field TEM images (c, f) and electron diffraction patterns (b, e) of SiO, (600 nm)/Si samples implanted
with 200keV Sn* to a fluence of 1 x 1017 cm™2 and annealed at 800 (a, b, ¢) and 900°C (d, e, f).



(alternating curved light and dark stripes) is observed in the
images. An annealing temperature increase (up to 900°C)
results in the reduction of this contrast and cluster size
increase (up to 50 nm) (Figure 4(d)). The crystal structure
of the clusters is confirmed by the presence of narrow rings
in diffraction patterns (Figures 4(b) and 4(e)) and their
“light-up” on dark-field TEM micrographs (Figures 4(c)
and 4(f)). These dark-field images were formed by the dif-
fracted beams from the area shown in Figure 4(b). The values
of interplanar spacing obtained from electron microdiftrac-
tion patterns were compared with the American X-ray ICDD
PDF-2 database [23]. We do not exclude the formation of
various tin phases (f-Sn, SnO, and SiSnO;). However, the
electron diffraction data have shown that the SnO, phase is
the most probable (see Table 1).

3.2. Photoluminescence of “SiO,+Sn-Based NC” Composites.
Figure 5 depicts the PL spectra of the as-implanted samples
and the spectra of implanted samples after annealing at
800°C and 900°C. The spectra of the as-implanted samples
are characterized by a weak emission with maximum at the
blue range (2.9¢eV). The PL intensity significantly increases
after thermal oxidation. A broad band of complicated shape
dominates in all spectra. For the annealed samples, the nar-
rowest and most intense band is located at the violet spectral
range (~ 3.1eV). There are other broad weak bands in the
green-orange spectral range of 1.8-2.9 eV. It should be noted
that the intensity of violet band with respect to the intensity
of emission in the green-orange range increases with increas-
ing ion fluence and annealing temperature.

Obviously, the complicated shape of the PL bands of Sn-
implanted SiO,/Si samples is due to a number of radiative
centers. The nature of the narrow band in the violet spectral
range (~3.1eV) is the most intriguing one. It was mentioned
above that the appearance of the strong PL at 3.18-2.97 eV is
characteristic of bulk and nanostructured SnO, [11, 24-27].
The energy gap of bulk SnO, is 3.6eV, and the Bohr radius
of an exciton for SnO, amounts to 2.7nm. This value
(2.7 nm) is significantly lower than the size of the precipitates
created in SiO, in our experiment. Hence, it is doubtful to
expect the quantum confinement displayed in the PL spectra.
At the same time, the energy of the exciting laser light
(3.81eV) used for PL recording in our experiment is quite
enough to excite the band edge emission of SnO,. Moreover,
for the understanding of the observed PL spectra, one has to
take the existence of a high concentration of oxygen vacan-
cies in SnO, into account. This defect is the most common
defect in nanostructured SnO, and in fact defines its electri-
cal (n-type of conductivity) and optical properties. The oxy-
gen vacancy in SnO, forms a donor defect level below the
conduction band edge [11, 28]. Therefore, the origin of the
emission at ~3.1 eV from SnO,-based composites can be con-
sidered the edge band emission broadened due to excitons
bounded to neutral donors [25] as well as a recombination
of electrons located at the oxygen vacancies with a hole from
the valence band [11, 24-27]. As noted in Ref. [29], a high
oxygen vacancy concentration is a characteristic feature for
Sn nanospheres coated with SnO, shells. Taking this into
account, we can ascribe the observed intense PL peak at
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TasLE 1: Comparison of the interplanar distances (d}) of f-Sn and
SnO, and the calculated ones from the electron diffraction pattern.

Interplanar distances

No. of Calculated interplanar oy
diffraction  distances from electron andaMlller indices,
rings diffraction data, A A (hkl) [23]

B-Sn SnO,
1 3.318 — 3.349 (110)
2 2.632 2.608 (210) 2.643 (101)
3 2.306 — 2.308 (111)
4 2.086 2.062 (220) 2.118 (210)
5 1.755 1.730 (221) 1.764 (211)
6 1.673 1.659 (301) 1.675 (220)
7 1.577 1.590 (002) 1.579 (300)
8 1.488 1.484 (112) 1.482 (221)
9 1.410 — 1.415 (301)

5% 10" cm™

:A“ X

As 1mplanted
X5

20 25 3.0 35 20 25 3.0
eV eV

1x10"

PL intensity (arb. units)

FIGURE 5: PL spectra of the implanted samples of SiO, (600 nm)/Si
before and after annealing.

~3.1eV to the formation of SnO, precipitates and/or SnO,
shells surrounding Sn nanoclusters.

However, an alternative explanation of the origin of the
“violet” band is possible. This feature can originate from
molecular-like centers [1-3, 5, 30] corresponding to Sn-
related oxygen-deficient centers (ODC) in the SiO, matrix
itself. According to Ref. [5], the PL band at 3.15eV in Sn-
doped silica samples can be excited by light in the near ultra-
violet region (like in our experiment) and caused by inter-
combination transition (T, —S,). Nevertheless, attribution
of the violet band to Sn-ODC in the case of our samples is
illegitimate. Firstly, it has been found that high-temperature
annealing for an hour results in a significant violet PL
increase. If the nature of such PL increase is related to two-
fold coordinated Sn atoms, we should suppose the increase
in concentration of twofold coordinated Sn atoms dissolved
in the silica matrix after annealing. However, in conditions
of our experiment, it is unlikely. Secondly, the registered
PLE spectrum at PL maximum (Figure 6) exhibits one band
with maximum at 3.4 eV. It does not coincide with the max-
imum of excitation spectra at 3.7 eV in near UV and does not
exhibit band in middle UV as observed in the PLE spectrum
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FIGURE 6: PLE spectrum of the SiO, (600 nm)/Si samples implanted
with 200keV Sn™ to a fluence of 1 x 10'” cm™ and annealed in an
air atmosphere for 60 minutes at 900°C. The inset shows the PLE
spectrum for the emission at 3.15eV (T, —S,) attributed to
twofold coordinated Sn atoms in SiO, from Ref. [5].

for violet band (3.15eV) attributed to Sn-ODC [5] (inset in
Figure 6). Thus, the violet band at 3.1eV can be attributed
to the SnO, phase (in the form of separate clusters or Sn clus-
ter shells). It should be noted that the excitation band is at
3.4eV (lower than the SnO, band edge, 3.6eV) and its edge
on the low-energy side is not steep enough. It is additionally
proven that effective energy gap contraction is probably due
to structural imperfection of synthesized nanocrystals.

There is a still open question asking which synthesized
nanoclusters (large ones and dendrites near the surface or
small regular nanoprecipitates in more deep regions of the
SiO, film) play a crucial role in violet PL. In order to shed
more light on this question, we have carried out an addi-
tional etching experiment for the sample implanted to the
fluence of 1x107 cm™ and subsequently annealed at
900°C. The aim of this experiment was to remove a thin
subsurface layer of nearly 50 nm. Figure 7 shows the PL
spectra of the unetched sample and the sample with the
upper layer being etched away. As can be seen from
Figure 7, the etch procedure results in the decrease in inten-
sity of violet band at 3.1eV. Therefore, the large clusters
formed in the subsurface layer with high Sn concentration
(~20%) are more responsible for the emission in the violet
spectral range. Simultaneously, one can see an increase in
the intensity in the spectral range of 1.8-2.9 eV. Most prob-
ably, the weak and broad band in this spectral range origi-
nates from defects in both SnO, (Sn and O interstitials,
dangling bonds, or oxygen vacancies) [5, 9, 24, 25, 27, 31]
and SiO, matrix [24, 30, 32, 33] and also from the formation
of the SnO, phase [34]. It is noncontradictory, and the con-
tribution of defects in the SiO, matrix and SnO, phase in
emission would be higher from the more deep layers due
to lower concentration of Sn atoms and oxygen atoms dif-
fused from air.

Interestingly, for both fluences, the ratio of the emission
intensity in the range of 1.8-2.9 eV to the emission intensity
at 3.1eV decreases when increasing the oxidation tempera-
ture from 800°C to 900°C. It can be explained by improving

PL intensity (arb. units)

E ()

FIGURE 7: PL spectra of the SiO, samples implanted with Sn ion
(1 x107 cm™2) and annealed at 900°C before (1) and after (2)
etching of the upper layer.

the crystallinity of the tin oxide nanoparticles and reducing
the intrinsic defect concentration.

There is one peculiarity which additionally proves the
formation of the SnO, phase. Earlier, we estimated that the
etch velocity of SiO, layers thermally grown on Si substrates
amounted to =18 nm/min [35]. Hence, one could expect
that the thickness of the SiO, layer removed during 3 min
etching should be about 50 nm, and it could be noticed via
the film color change between the protected and unpro-
tected regions of the etched sample. However, we have
noticed the film color change only after additional fourfold
repetition of the 3 min treatment in 4% HF (the etching total
duration was 15min). At the same time, it is known that
SnO, films practically do not dissolve in HF solutions (see,
for example, [36]). Hence, we can suggest the existence of
the subsurface layer of the low-soluble SnO, phase also from
the low etching rate.

4. Conclusions

The embedded impurity distribution, structural and light
emission properties of “SiO,+Sn-based NC” composites cre-
ated via high-fluence tin ion implantation, and thermal oxi-
dation in air were studied using RBS, XTEM, and PL. A
strict correspondence of Sn concentration profiles and tin-
based particle distribution in the SiO, layer has been found.
Nanoclusters of -Sn (diameter ranging from 2 to 10nm)
are formed in a 180nm thick layer of the SiO, layer after
ion implantation. Upon heat treatment, the diffusion of



embedded tin impurity to the surface and into the depth of
the SiO, layer is observed. For the sample implanted to a flu-
ence of 1x 107 cm™ and heated at 800°C, the impurity
accumulation in the subsurface zone leads to swelling and
strong deformation: the originally flat surface of the sample
becomes irregular (wave-like). The dendrites composed of
large and coalesced nanoparticles of grey contrast are cre-
ated in the subsurface region of the implanted SiO, matrix.
The appearance of dendrites is most probably due to the for-
mation of the SnO, phase. For the samples implanted to
both fluences and heated at 900°C, beneath the layer of big
dark particles surrounded by grey contrast shells, a uniform
distribution of nanoclusters with a size of several nanome-
ters at the depths from 100 to 300nm is observed. This
depth region is depleted with impurity in comparison with
the subsurface SiO, layer (Sn concentration < 5at.%). The
formation of the SnO, phase in annealed films was proven
by diffraction patterns.

The PL spectra of the as-implanted samples are charac-
terized by a weak emission with maximum at the blue
range (2.9eV). The PL intensity significantly increases after
the thermal oxidation. The narrowest and most intense PL
band has a maximum at ~3.1eV. Its intensity increases
with increasing fluence and annealing temperature. We
conclude that this emission can be assigned to the forma-
tion of the SnO, phase (in the form of separate clusters
or shells of Sn clusters) in the subsurface region of the
implanted SiO, matrix.
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