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ABSTRACT

Layers and devices utilizing semiconductor nanocrystals have been the subjects
of intensive research due to applications in opto- and microelectronic devices,
solar cells, detectors, memories and in many more fields. We have shown pre-
viously that those nanocrystals in dielectric matrices undergo a substantial
reformation during electron irradiation. The research of the interaction between
semiconductor nanoclusters and irradiation is important for both the intentional
modification of the structures and for understanding the stability of those
devices under harsh, radiative conditions (e.g. space, nuclear, medical diagno-
sis, or similar applications). In the present research, we investigated the influ-
ence of neutron irradiation on substoichiometric silicon oxide. We investigated
both homogeneous case and inhomogeneous case of matrices with silicon
nanoclusters. We found that a fast neutron flux of 5.5 x 10'® neutrons/cm? s
and a fluence of 3.96 x 10" neutrons/cm” induce phase separation in the
homogeneous films, whereas it decreases the volume fraction of the amorphous
silicon phase caused by the reducing size of amorphous nanoclusters in the
inhomogeneous films.
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Introduction

Nanosized silicon crystals and amorphous nan-
oclusters, embedded in wide-gap insulating matrices,
have shown significant promises for application in
optoelectronics and solar cells [1-5]. Applications in
nanoelectronics as charge trapping non-volatile
memories based on the floating gate concept [6] and
resistive random-access memories [7, 8] have also
been proposed. Metal-oxide-semiconductor (MOS)
structures with Ge and Si nanocrystals have been
considered for inclusion in dosimeters of ionizing
radiation [9-12] and in photodetectors of visible and
ultraviolet light [13-16]. The devices using metal-
oxide-silicon structures with Si nanoparticles are
beneficial because they are compatible with Si-based
microfabrication technology.

Devices with nanocrystals could be used in fields
where a more or less high degree of radiation toler-
ance is required: space and avionic applications,
nuclear power plants, medical diagnostic imaging
and therapy, material processing, etc. When operated
in such environments, they may be directly struck by
photons, electrons, protons, neutrons, or heavier
particles which may alter their electrical properties
and disturb their operation. Therefore, understand-
ing the properties of amorphous and crystalline
nanoclusters and their behavior under extreme con-
ditions is important for both fundamental research
and the future development of materials and devices
with high degree of radiation tolerance [17].

It is expected that materials and devices with
nanoparticles would have better resistance to ioniz-
ing radiation. The nanoparticles play an important
role in both maintaining the mechanical strength by
pinning dislocations and enhancing radiation toler-
ance by providing extra sinks for irradiation-induced
point defects. Indeed, irradiation experiments with
high energy protons and high fluencies, as well as
experiments with gamma radiation, have shown that
the radiation hardness of non-volatile memory devi-
ces with Si nanocrystals is much better than the
hardness of standard floating gate memories [6, 18].

Neutrons have no charge and react primarily with
the nucleus, causing transmutation (conversion of
one chemical element into its other isotope or into
another chemical element) or displacement of lattice
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atoms. Many publications have reported results on
the influence of fast neutrons that have strong dis-
placement effect [19] on the radiation hardness of
nanostructured ferritic alloys for nuclear reactors
[20, 21]. Attention has also been addressed to the
effect of heavy neutron irradiation of crystalline and
amorphous SiO, materials [22] used in communica-
tion technologies (as optical fibers, thin films for
electrical insulation, optical lenses for excimer laser
lithography, etc.), as well as to the effects of high
neutron fluences (10 and 10'® neutrons/cm?,
E > 0.1 MeV) on silica glasses (KU1, KS-4V and 1301)
[23]. The neutron irradiation-induced structural
changes result in an increase in the number of
strained bonds and formation of new defects that
alter the optical properties of the glasses. It has been
reported that neutron irradiation of amorphous
nanoparticles from SiO, with size of 20 nm by a flux
of 2 x 10" neutrons/cm® s for up to 20 h did not
cause crystallization but particles of larger size
(70 nm) appeared [24].

The number of papers on the effects of fast neutron
irradiation of composites with semiconductor
nanoparticles is quite limited. It has been reported
that fast neutron irradiation of Ge nanocrystals
embedded in an amorphous SiO, matrix at a neutron
fluence of 10%° neutrons/cm”® leads to partial
destruction and amorphization of the Ge nanocrys-
tals [25]. Recently, ensembles of Si nanocrystals with
the size of 100 nm have been neutron-irradiated with
a flux of 2 x 10" neutrons/(cm’) for 20 h and
nanocrystal agglomeration has been observed [26].
We found reports neither on the effect of fast neutron
irradiation of amorphous or crystalline Si nanoparti-
cles embedded in an amorphous SiO, (x < 2) matrix
(composite Si-SiOy films), nor about neutron-induced
Si nanoparticle growth in silicon-enriched silicon
oxide films.

In this paper, we are concerned with the responses
of homogeneous silicon-rich silicon oxide films and
composite Si-SiO, films exposed to fast neutron
irradiation. The changes in the surface roughness and
phase composition of both kinds of films are inves-
tigated by several complementary characterization
techniques, and the results obtained are explained
assuming neutron irradiation-induced phase separa-
tion and amorphous nanocluster size decrease.
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Experimental details
Sample preparation

Silicon suboxide (SiO,) layers with oxygen content of
x = 1.2 and thicknesses in the range of 280-300 nm
were prepared by thermal evaporation of silicon
monoxide (SiO) at a vacuum of 1 x 107° Pa and
deposition rate of 5nm/s [27]. The films were
deposited on chemically cleaned n-type (100) crys-
talline silicon substrates, maintained at room tem-
perature. The deposition rate and film thickness were
controlled by a preliminary calibrated quartz crystal
microbalance system. To ensure film stability at
ambient conditions, all specimens with as-deposited
films were furnace annealed at 250 °C for 30 min in
argon atmosphere. Previous investigations showed
[28] that the films annealed at 250 °C were homoge-
neous and these films form the group of homoge-
neous samples investigated here (denoted by ‘5iO,"—
see Fig. 1). In addition, two groups of composite films
were prepared by thermal annealing of some homo-
geneous films at 700 °C or 1000 °C in nitrogen
atmosphere for 60 min (‘a-Si-SiO,” and ‘nc-5i-5i0,’
in Fig. 1, respectively). Infrared transmission inves-
tigations on the annealed films revealed an increase
in the oxygen content in the films, thus indicating
that an annealing-induced phase separation took
place [27]. High-temperature annealing of Si-rich
oxide films in an inert atmosphere is frequently used
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Figure 1 Schematic representation of the preparation and naming
of the samples. Amorphous and crystalline nanoclusters are
represented by black and blue dots, respectively.
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in order to grow amorphous or crystalline silicon
nanoclusters [1, 8]. High-resolution transmission
electron microscopy (HRTEM) and electron diffrac-
tion are applied for obtaining direct evidences for the
existence of crystalline Si clusters/particles (called
“silicon nanocrystals”). Areas with crystalline struc-
ture in an amorphous oxide matrix and crystal frin-
ges are observed in the macrographs and diffraction
patterns, respectively. Since the structure of amor-
phous nanoclusters does not differ from the structure
of the amorphous matrix, the standard HRTEM and
electron diffraction do not reveal amorphous nan-
oclusters. Therefore, Raman scattering is frequently
used which provides a fast and non-destructive way
to determine whether silicon nanoclusters are amor-
phous or crystalline [8]. Our previous HRTEM and
Raman scattering investigations have revealed that
upon annealing of homogeneous SiO, films at
1000 °C Si nanocrystals (nc-Si) in a S5iO, matrix were
grown (nc-Si-SiO, composite films) [28, 29], while the
annealing at 700 °C caused formation of amorphous
Si (a-Si) nanoclusters in a SiO, matrix [27, 28] (a-Si-
5i0, composite films, Xmauix = 1.7-1.8 [30, 31]). Since
we had obtained reproducible results for the forma-
tion of Si nanocrystals upon thermal annealing of our
5i0, films at 1000 °C [18, 32, 33], in this study we
have not carried out HRTEM measurements and
adopted that Si nanocrystals exist in the films
annealed at 1000 °C with size of around 4-6 nm.

Samples from each group were neutron-irradiated
in the Budapest Research Reactor using fast neutron
channel Nr. 47/2, where the fast neutron flux (energy
range > 200 keV) was @ = 5.5 x 10" neutrons/
(cm?s); the neutron fluence was 3.96 x 10! neu-
trons/cm?®. The samples were irradiated for 2 h. The
samples were packed in high-purity Al foil (99.9995%
from Alfa Aesar, d = 0.038 mm), and the monitor
foils from inside to out were Zr (0.025 mm foil, Alfa
Aesar), Au (0.1% Au in 0.1 mm Al foil, IRMM-530)
and Fe (0.1 mm, EC-NMR524) [34]. For a schematic
graph of the sample preparations and notations, see
Fig. 1.

Sample characterization

High-resolution transmission electron microscopy
(HRTEM) investigations were carried out in an
aberration corrected THEMIS microscope at 200 keV.
For energy-dispersive spectroscopy (EDS) mapping,
a super-X detector was used. Cross-sectional TEM
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samples were prepared by conventional Ar ion beam
milling. Electron diffraction (ED) patterns were
measured in a CM-20 TEM, operated at 200 keV.

X-ray photoelectron spectroscopy (XPS) analysis
was carried out on non-irradiated and neutron-irra-
diated a-Si-SiO, composite films. It was conducted
under ultrahigh vacuum conditions (2 x 1077 Pa).
The samples were exposed to 70 °C heat treatment
for 48 h, which is the standard baking procedure of
the applied vacuum system. The photoelectron
spectra were obtained using X-ray radiation (Al
anode with water cooling, 15 keV excitation). The
XPS measurement yielded information of the average
surface composition of an area of ca. 5 mm diameter.
Constant energy resolution of 1.5 eV was provided
by a special cylindrical mirror analyzer with retard-
ing field (type DESA 150, Staib Instruments Ltd.). All
spectra were recorded with 0.1 eV energy steps, and
the O 1s (532 eV); C 1s (285 eV); Si 2s (150 eV); and Si
2p (100 eV) lines were detected. Spectra were evalu-
ated by applying the usual Shirley-background sub-
traction. Peak intensities were derived by Gaussian—
Lorentzian fitting for the peak shapes that provides a
decomposition of the complex Si shape for subpeaks.
Elemental compositions were calculated from sub-
peak areas assuming homogeneous model. Sensitiv-
ity factors were calculated from the area of reference
spectra in Ref. [35].

Multiple-angle spectroscopic ellipsometry (SE)
measurements were performed which ensure a good
accuracy in finding the proper structural model to
describe the real structure of the samples. The SE
measurements were carried out on Woollam’s auto-
matic spectroscopic ellipsometer M2000DI working
in the reflection mode in the wavelength range of
350-1000 nm for films annealed at 250 °C and 700 °C
and 250-1000 nm for films annealed at 1000 °C; three
angles of incidence (55°, 60° and 65°) were used. The
obtained data were further fitted by applying the
Cody-Lorentz model [36] and the model based on the
Bruggeman effective medium approximation (B-
EMA) [37, 38] that is the most frequently used model
for the evaluation of composite samples. The Wool-
lam’s CompleteEASE program with the Cody-Lor-
entz oscillator parameterization was applied to
homogeneous films/matrices.

Fourier transform infrared (FTIR) transmission
measurements in normal incidence geometry were
used to evaluate the composition of the homogeneous
SiO, films as well as the composition of the matrices
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of composite films. A Bruker Vertex 70 instrument
was used operated in the spectral region of
1500400 cm ™' with a resolution of 1 cm™'. Raman
scattering measurements were also performed to get
information about the pure silicon phase in the non-
irradiated and neutron-irradiated homogeneous and
composite films. The measurements were carried out
on a HORIBA Jobin Yvon Labram HR 800 spec-
trometer and excitation with a He-Ne (633 nm) laser
is applied. The laser beam with 1 mW power was
focused on a spot of about 1 pm in diameter, and the
spectral resolution was 1 cm™" or better.

Atomic force microscopy (AFM) measurements
were carried out to investigate the effect of the neu-
tron irradiation on the surface roughness of all
groups of films. A Multimode V microscope (Bruker,
ex. Veeco, Santa Barbara, CA) was used for the
experiments. Imaging was performed in tapping
mode with scan rate 0.7 Hz, and the images resolu-
tion was 512 lines per scan direction (1/s.d.). Alu-
minum-coated silicon cantilevers TAP150-Al-G
(Budget Sensors Innovative Solutions Bulgaria Ltd.)
with resonant frequency of 150 kHz and spring con-
stant of 5 N/m were used. Images were just flat-
tened, and no further processing was performed. The
image analysis was done by means of Nanoscope 7.30
on an area of 5 pm x 5 um.

Results and discussion

Two-dimensional AFM surface image of a non-irra-
diated homogeneous SiO, film is shown in Fig. 2a.
The film surface looks very smooth, and the root
mean square roughness determined is Rq, = 0.55 nm
(Table 1). The surface images of the films annealed at
T, =700 °C and 1000 °C are very similar. The results
in Table 1 show that the surface roughness of the
composite films is up to 40% smaller than that of the
5i0, films and a tendency of surface roughness
reduction is observed with increasing annealing
temperature. This observation is in line with our
previous results reported for films with initial com-
position of x = 1.1 and 1.3 [39]. Annealing-induced
roughness decrease has been also reported for SiO,
films prepared by various techniques—thermal
evaporation of silicon powder [40], reactive sputter-
ing [41] and LPCVD [42]. High-temperature anneal-
ing is applied to achieve atomically smooth surfaces
on silicon [43-45], and this approach is based mostly
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Figure 2 Two-dimensional
AFM surface images of non-
irradiated (a) and neutron-
irradiated (b) homogeneous
SiO,, films.

3201

10.0 nm

10.0 nm

0.0

Table 1 Root mean square surface roughness of non-irradiated
and neutron-irradiated samples

Sample type Roughness (nm)

Non-irradiated Neutron-irradiated

SiO, 0.55 0.57
a-Si-SiO, 0.47 0.45
nc-Si-Si0, 0.31 0.35

on surface self-diffusion. Probably surface self-diffu-
sion is the main reason for the annealing-induced
roughness decrease we observed. The very good
surface smoothness of the homogeneous SiO, films
and the annealing-induced roughness decrease tak-
ing place together with the growth of silicon
nanoparticles are important for incorporation of the
composite films in memory devices, UV detectors, or
dosimeters for ionizing radiation [11, 18, 46, 47].
Figure 2b shows two-dimensional surface image of a
neutron-irradiated homogeneous SiO, film. One can
see that the neutron irradiation did not significantly
affect the film surface (Table 1). Similar results have
been obtained for the films annealed at T, = 700 °C
and T, = 1000 °C (Table 1). The conclusion is that the
neutron irradiation did not cause appreciable chan-
ges of the surface roughness.

Any radiation, in particular fast neutrons, causing
damage in the bulk of a material also causes dis-
placement of surface atoms, as well as sputtering, i.e.,
the release of atoms at the surface. For neutrons, the
sputtering yield, defined as the mean number of
atoms removed from the surface per incident

5.0 UM 0.0 5.0 Hm
neutron, is generally of the order of 10> atoms per
neutron [17, 48, 49]. At a fluence of 10" neutrons/
cm?®, the released atoms could be roughly 10'* -
atoms/cm?, i.e., no effective surface sputtering may
be expected. On the other hand, the energy deposited
in the surface layer could facilitate the surface self-
diffusion thus keeping the very good surface
smoothness.

FTIR transmission measurements were carried out
to investigate the phase separation induced by ther-
mal annealing and neutron irradiation, as well as the
effect of the neutron irradiation on the pure silicon
phase in the annealed films. Conclusions were drawn
by analyzing the behavior of the asymmetric
stretching band which is related to vibration of the
5i-O-5i bridge. For stoichiometric 5iO,, this band has
a minimum at around 1080 cm ™" [50] and consists of
one transverse optical (TO) mode peaked at
~ 1080 cm ™' and longitudinal optical (LO) modes in
the range of 1200-1300 cm™' (LO shoulder). When
the oxygen content in SiO, films is less than stoi-
chiometric (x < 2) the minimum of the stretching
band is shifted to the low frequencies (“red” shift),
the LO shoulder disappears and the full width at half
minimum of the band increases due to an increase in
the lattice disorder [27, 50, 51]. IR transmittance
spectra of non-irradiated SiO, films annealed at
250 °C, 700 °C and 1000 °C are shown in Fig. 3. It is
seen from the figure that the band minimum of the
film annealed at 250 °C is situated at 991 cm™,
which, according to the established relation between
the position of the band minimum and the oxygen
content in our silicon oxide films [30, 31], gives
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Figure 3 FTIR spectra of a non-irradiated homogeneous SiO,
film annealed at 250 °C and two non-irradiated composite films
prepared by thermal annealing at 700 °C and 1000 °C.

x =~ 1.2 for the homogeneous film investigated here.
Upon thermal annealing, the band is “blue”-shifted to
1056 cm ™' in the spectrum of the film annealed at
700 °C and to 1089 cm™" in the spectrum of the film
annealed at 1000 °C. The observed “blue” shifts
indicate that in the film annealed at 700 °C an
incomplete phase separation took place (Xmatrix-
= 1.7-1.8) and complete phase separation occurred
in the film annealed at 1000 °C (Xpawix = 2). Previ-
ously reported results have shown that pure amor-
phous silicon phase is formed in the films thermally
annealed at 700 °C, while the annealing at 1000 °C
results in the formation of isolated randomly dis-
tributed Si nanocrystals [28, 52]. The average size of
Si nanocrystals is of 3-5 nm in films with initial
x = 1.3 and 4-6 nm in films with x = 1.15 [18, 32, 33].

| J Mater Sci (2021) 56:3197-3209

Figure 4 compares the IR transmittance spectra of
non-irradiated and neutron-irradiated films. A sig-
nificant “blue” shift of the stretching band from
991 cm ™' to 1025 cm ™ is seen in Fig. 4a. The band in
the spectrum of the a-5i-SiO, film (Fig. 4b) shows a
small “red” shift (of around 7 em ™). In the nc-Si-5i0,
film the shape of the band is not appreciably chan-
ged, and the band shows a very small “red” shift (of
around 2 cm™") (Fig. 4c). The “blue” shift in Fig. 4a
can be connected with phase separation (and forma-
tion of pure Si phase) in the homogeneous samples
caused by the neutron irradiation. Using the relation
in Refs. [30] and [31], the estimated oxygen content in
the matrix of the irradiated SiO, sample is Xmatrix-

~ 1.5 and one can expect that the amount of the
pure Si phase is less than that in the a-5i-SiO, films
(Xmatrix = 1.7-1.8).

The small “red” shift of the stretching band upon
neutron irradiation seen in Fig. 4b could be related to
slight decrease in the oxygen content in the matrix.
This may happen if Si atoms from the existing pure
amorphous silicon phase formed during the thermal
annealing procedure return back to the matrix which
results in a decrease in the size of a-Si nanoclusters
[52]. Results from the XPS and SE investigations
described below give further evidences of this
assumption. The very similar shape of the bands in
Fig. 4c implies that no appreciable changes in the
lattice order of the SiO, matrix took place upon
neutron irradiation of the nc-Si-SiO, films and the
very small “red” shift of the band implies that the Si
nanocrystals have better resistance against fast neu-
tron irradiation than the amorphous nanoclusters.

As mentioned in Sect. 2.1 of Experimental details,
multiple previous HRTEM investigations on the films

T T T

T,=250°C T =700°C

non-irradiated |

IR transmittance (arb.units)
IR transmittance (arb.units)

1050, 1057

i —— non-irradiated 1

[ T, =1000°C

N

1087

./ —— non-irradiated_

IR transmittance (arb.units)

L {1 ---irradiated L it - - - irradiated i i -~ - irradiated
800 1000 1200 1400 800 1000 1200 1400 800 1000 1200 1400
Wavenumber (cm™) Wavenumber (cm™) Wavenumber (cm'1)
(@) (b) (©)

Figure 4 Comparison of FTIR spectra of non-irradiated and neutron-irradiated homogeneous SiO, film (a), a-Si-SiO, composite film

(b) and nc-Si-SiO, composite film (c).
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Figure 5 HRTEM images and
SAED patterns of non-
irradiated (a) and neutron-
irradiated (b) SiO, films
annealed at 700 °C. The inset
shows the nanobeam

a

diffraction patterns of the non-
irradiated and irradiated
samples.

annealed at 1000 °C have proven formation of Si
nanocrystals with the size of around 4-6 nm. In this
study, HRTEM measurements were carried out on
homogeneous SiO, films and films annealed at
700 °C in which the IR transmission results showed
well-expressed neutron irradiation-induced changes.
HRTEM images of non-irradiated and neutron-irra-
diated films annealed at 700 °C are shown in Fig. 5.
The evaluated local layer thicknesses based on the
TEM images are in the range 230-300 nm. Figure 5,
as well as the figures obtained for the homogeneous
films, shows that all four samples are completely
amorphous. No crystalline Si phase has been detec-
ted. The EDS maps have not revealed a-5i nanoclus-
ters since a rather small cluster size is expected
(around 2 nm [53]). Due to the overlaps of the nan-
oclusters on thick parts of the TEM samples and
because of the surface oxidation on the thin parts of
the TEM samples, these small clusters cannot be
detected with the EDS measurements.

X-ray photoelectron spectroscopy (XPS) measure-
ments were carried out to get more information about
the material phases of non-irradiated and neutron-
irradiated a-Si-SiO, films annealed at 700 °C. Due to
the small information depth (~ 3 nm) of XPS, the
spectroscopy detects its signal from the surface
region. Because of air exposure of the specimens,
their surface is oxidized to SiO, and contaminated. To
obtain information from the bulk, the surface region
had been removed by ion sputtering. Practically,
longer depth profiles were measured by applying ion
sputtering and spectra detection alternately which
showed the distribution of components with
increasing depth. The sputtering speed and the total
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depth were estimated on the basis of our earlier
measurements. The depth profiles showed a slow
change of the film composition with increasing depth
and stabilization after about 40 nm. Therefore, we
regarded this as reaching the bulk composition. The
silicon peak showed chemical changes with increas-
ing depth from the single SiO, state (at the surface) to
the triple state 5i(O,)-5i(O)-Si. Although both the Si2s
and Si2p lines show the oxidation state of the silicon,
in case of the 2p line the difference is larger; thus, it
was used for quantitative evaluation.

The 2p line curves of a non-irradiated and a neu-
tron-irradiated film annealed at 700 °C are shown in
Fig. 6a. It is clearly seen that neutron irradiation
changes the curve shape indicating a change in the
composition. To make a quantitative evaluation of
the film composition, the curves were decomposed
into three subpeaks (see Fig. 6b, c) that are associated
with three oxidation states of the Si atoms: (i) ele-
mental Si detected at binding energy of ~ 100 eV; (ii)
S5i0, (x &~ 1) detected at binding energy of
~ 101.9 eV and (iii) SiO, detected at binding energy
of ~ 103.1 eV. (The ‘SiO,” notation means Si atoms in
5i0, state.) The compositions obtained are given in
Table 2, and they show that both the non-irradiated
and the neutron-irradiated films have elemental Si,
i.e., pure Si phase (nanoclusters) which is in line with
our previous conclusions [18]. The irradiated film has
less elemental Si and SiO, and more SiO, than the
non-irradiated one. Thus, XPS investigations show
that the neutron irradiation of the films annealed at
700 °C influenced their chemical composition in such
a way that both elemental Si and SiO, were trans-
formed to SiO, keeping the total atomic composition.
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Figure 6 Comparison of XPS spectra observed on the non-
irradiated and irradiated samples annealed at 700 °C (a).
Decomposition of the spectra in a are also shown for both of the
non-irradiated (b) and irradiated (c) samples. The three bands of

106

Table 2 Composition of a non-irradiated and a neutron-irradiated
a-Si-SiO,, film

(6] Si(0,) at.%  Si(Oy) at.%  Si at.%
Non-irradiated 54.7 25.6 7.3 12.3
Irradiated 53.3 22.3 14.3 10.1

This observation is in agreement with the IR trans-
mission result (the “red” band shift in Fig. 4b), and it
can be explained assuming that the neutron irradia-
tion caused bond breaks thus reducing some SiO, to
5i0O, and the free oxygen released found its way to
the elemental Si by forming SiO,. The reduction of
the elemental Si could be due to some decrease in the
a-Si nanocluster size and/or to complete disappear-
ance of the smallest nanoclusters.

Raman scattering spectra of non-irradiated and
neutron-irradiated homogeneous and a-Si-SiO, films,

—— Si substrate
——Si0,
—— SiO i

| ——a-si-sio,
—— a-Si-Si0 i

Raman intensity (arb. units)

800 1200
Wavenumber (cm'1)
Figure 7 Raman scattering spectra of non-irradiated and neutron-

irradiated homogeneous (annealed at 250 °C) and a-Si-SiO,
composite (annealed at 700 °C) films.
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atoms: elemental Si at binding energy of & 100 eV; SiO, (x ~ 1)
at binding energy of ~ 101.9 eV; and SiO, at binding energy of
~ 103.1 eV.

as well as of a crystalline silicon substrate, are shown
in Fig. 7. No well-expressed changes in the shape and
position of the Raman bands are seen, but one can
notice the existence of background in the spectra of
neutron-irradiated homogeneous film and both non-
irradiated and neutron-irradiated a-5i-5iO, compos-
ite films; the background increases with the
wavenumber. As known, three-dimensional crys-
talline Si is an indirect-band semiconductor and its
photoluminescence (PL) at room temperature is of
very low intensity. However, the amorphous and
crystalline silicon nanoclusters with a size of a few
nanometers show an intense PL due to carrier con-
finement [54]. We have also reported room temper-
ature  photoluminescence  from  a(nc)Si-SiO,
composite films [28]. In some a-Si-SiO,, it was visible
with a naked eye and its intensity increased with
decreasing nanocluster size [55]. The background
observed in Fig. 7 is most likely due to PL from a-Si
nanoclusters. As expected, no PL background is
observed in the spectra of the Si substrates and non-
irradiated homogeneous film, while such background
is seen in the other three spectra. The appearance of
PL background in the spectrum of the neutron-irra-
diated homogeneous film indicates that a-Si nan-
oclusters were formed upon neutron irradiation. The
PL from these nanoclusters is of lower intensity than
that from the a-Si clusters in non-irradiated a-Si-SiO,
composite films which implies that the amount of the
pure Si phase in the irradiated homogeneous films is
less than in the films annealed at 700 °C. These
observations are in very good agreement with the IR
transmission results.
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Figure 7 shows that the neutron irradiation of a-Si-
S5i0O, films causes some PL intensity increase which
can be due to the increase in the amount of pure
silicon phase or to some decrease in the nanocluster
size. Keeping in mind that the IR transmission and
XPS results have shown that upon neutron irradia-
tion the amount of pure silicon phase decreases, one
can relate the increase in the PL background to a
certain decrease in the nanocluster size.

SE was also applied in order to get quantitative
information about the neutron irradiation changes in
phase composition of homogeneous and composite
films. SE is a sensitive method for the investigation of
semiconductor and dielectric nanostructures [56, 57
and references therein]. The native SiO, was not
removed from the surface of the c-Si substrates before
the deposition of the oxide layers, and therefore, it
was taken into account in the fitting procedure with a
thickness of 2 nm [52]. Best results in the fitting
procedure were obtained assuming that the homo-
geneous/composite layers consist of two sublayers—
sublayer 1 with thickness d; situated on the native
oxide and top sublayer 2 with thickness d, The data
for the composition of sublayer 2 of all samples, as
well as for the composition of sublayer 1 of all com-
posite films and the neutron-irradiated homogeneous
film, were obtained by applying the B-EMA. From
the SE data, the influence of the nanoparticle content
on sublayer 1 was specified as the effective refractive
index of the layer. The obtained results are summa-
rized in Table 3.

It is seen from Table 3 that sublayer 2 in the films
has a higher oxygen content than sublayer 1, which
confirms the XPS results showing that the surface is
postdeposition-oxidized during the stay of the films

Table 3 Annealing temperature (T,), sublayer thickness (d;, d»),
amount and crystallinity of the pure Si phase and effective refractive
index at 632.8 nm of sublayer 1 (1;) of non-irradiated and neutron-
irradiated films obtained from SE measurements. Volume fraction data
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in air. The thickness of sublayer 2 in the homoge-
neous films is greater than that in the a-Si-SiO,
composite films as neutron irradiation does not
change appreciably the thickness of sublayer 2. The
smaller thickness of sublayer 2 in the films annealed
at 700 °C can be related to film densification taking
place upon high-temperature annealing [27]. One can
also see from Table 3 that both thermal annealing at
700 °C and neutron irradiation of homogeneous films
increase significantly the oxygen content of sub-
layer 2; the thermally induced increase is greater than
that caused by the irradiation. By analogy with sub-
layer 1 in which thermal annealing at 700 °C causes
x-increase from 1.2 to 1.7-1.8, the observed increase
in the oxygen content in sublayer 2 can be related to
annealing/neutron irradiation-induced phase sepa-
ration. Keeping in mind the IR transmission results
for layer 1 (Fig. 4a, b), it is not surprising that the
oxygen increase in sublayer 2 caused by the neutron
irradiation is weaker (51.6% SiO,) than the annealing-
induced one (69.8% SiO,).

The SE data in Table 3 for the volume fraction (f) of
the pure Si phase in sublayer 1 show that the neutron
irradiation of homogeneous films results in the
appearance of pure Si phase of f=2.4%. The a-Si
phase in non-irradiated a-Si-SiO, films is f = 8.0%,
and it decreases to f = 6.6% upon neutron irradiation.
In the non-irradiated nc-5i-SiO, films, predominantly
crystalline Si phase of f. = 20.7% but also a-Si phase
of f, =4.0% has been detected (f =f. + f, = 24.7%).
The neutron-induced changes of both phases in the
nc-Si-Si0; films are negligible (f = f. + f, = 24.5%).
Computer simulations of the IR transmission spectra
of a(nc)Si-SiO, (x < 2) composite films were per-
formed in Ref. [31], and the values of the volume

of the Si phase from Ref. [31] are shown in parentheses for 700 °C and
1000 °C. Errors of thicknesses, volume fractions and refractive indices
are less than a few nanometers, 1% and 107>, respectively

T, Non-irradiated films

Neutron-irradiated films

d, d, Layer 1 Pure Si Layer 2 n, d, d, Layer 1 Pure Si Layer 2 n
(nm) (nm)  phase % Si0,% (nm) (nm)  phase % Si0,%
250 °C 241 68 - 21.4 1.791 2335 69.7 2.4% of a-Si 51.6 1.744
700 °C 247 34 8.0% a-Si (20%) 69.8 1.959 246 36 6.6% of a-Si 72.4 1.934
1000 °C 288 6 20.7% of nc-Si - 1.945 289 6 20.2% of nc-Si - 1.942

4.0% of a-Si (27%)

4.3% of a-Si
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fractions at which good correspondence of the sim-
ulated and experimental IR transmission spectra was
observed are given in Table 3. It is seen that the
volume fraction in the a-5i-SiO, films obtained by SE
is much smaller than the f-value from Ref. [31], while
in the nc-5i-5i0; films both values are quite similar.
We discussed in Ref. [52] that very small Si nan-
oclusters cannot be distinguished by the light as a
separate phase. The average size of a-Si nanoclusters
grown at 700 °C (~ 2 nm) is significantly smaller
than the average size of nanocrystals (4-5 nm). The
similarity of the c-Si volume fraction in the nc-Si-SiO,
films determined from the SE and IR transmission
results indicates that most likely only a part of a-Si
clusters are too small and not distinguished by the
light as a separate phase. One can think that in the
a-Si-SiO, films more than a half of the nanoclusters
are rather small and not distinguished by the light
and hence it can be suggested that the pure silicon
volume fraction in the neutron-irradiated homoge-
neous films is higher than 2.4%; based on the above
estimated x = 1.5 in the matrix one could expect a
value as high as f ~ 0.15.

It is seen from Table 3 that the neutron irradiation
causes certain decrease in the effective refractive
index. Dispersion curves for the effective refractive
index (1) of non-irradiated and neutron-irradiated
films are displayed in Fig. 8. Upon neutron irradia-
tion, the refractive index of homogeneous film sig-
nificantly decreases, in the a-S5i-SiO, film n also
decreases though not so much, and n shows a very
small decrease in the nc-Si-SiO, film. The refractive

2.6 T T T T T
—sio, Si0-i
J— a-Si-Si0, a-Si-SiO - i
x 24 ncSiSi0, - nc-Si-SI0.-i
) z ’
e}
£
o 22f
=
8
& 20
[0)
4
1.8}
e , .

1.0 1.5 2.0 25 3.0 35
Energy (eV)

Figure 8 Dispersion curves of the effective refractive index of
non-irradiated and neutron-irradiated homogeneous SiO, films
(annealed at 250 °C) and composite films containing amorphous
Si nanoclusters (annealed at 700 °C) and Si nanocrystals
(annealed at 1000 °C). The curves of the films annealed at
1000 °C are shifted up for clarity.
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index of SiO, films depends on their composition as
n decreases with increasing oxygen content x [50, 58].
The considerable n-decrease in the homogeneous
films can be understood taking into account the
above assumptions that the neutron irradiation cau-
ses phase separation, formation of a-S5i nanoclusters
and considerable increase in the oxygen content of
the matrix (from x =12 to x = 1.5). The observed
n decrease upon neutron irradiation of the a-Si-SiO,
film can be related to the reduction of the pure a-Si
phase from f = 0.08 to f = 0.062 (Table 3). The result is
in agreement with the XPS data and supports the idea
for neutron-induced decrease in the a-Si nanocluster
size. The dispersion curves of the refractive index of
non-irradiated and neutron-irradiated nc-Si-SiO,
films are very close to each other (Fig. 8). This result,
together with the marginal variations in the film
phase composition (Table 2) and the very small
change in the position (of ~ 2 cm™") and shape of the
stretching band in the IR transmission spectra
(Fig. 4c), implies that the changes of the pure silicon
phase in these films caused by the neutron irradiation
applied are fairly weak.

It should be mentioned that the phase separation in
the homogeneous films and a-Si nanocluster size
decrease in a-Si-SiO, films have also been observed
upon irradiation with fast electrons (20 MeV, fluence of
3.6 x 10" electrons/cm?) [52]. A comparison of the
FTIR results shows that the fast neutron irradiation
causes stronger phase separation than the irradiation
with fast electrons; the “blue” shift of the stretching
band in the FTIR spectra of neutron-irradiated film is
around 34 cm ™!, while in the electron irradiated film it
is only 3 cm™" [59]. This could be expected keeping in
mind that the neutrons react primarily with the nucleus,
causing displacement of lattice atoms. The observed
n decrease (and a-Si nanocluster size decrease) caused
by both the neutron and electron irradiation is well
expressed and a bit larger in the case of neutron irra-
diation. It is interesting that the fast electron irradiation
with a fluence of 3.6 x 10" electrons/cm? results in a
bit higher n decrease [59] than that observed upon
neutronirradiation (Fig. 8), but the results show that the
changes in the composite nc-Si-SiO; films caused by fast
neutrons and electrons are weak, ie. these films
demonstrate a high radiation resistance. The high
radiation resistance and the preserved layer smooth-
ness are of great importance for development and
application of devices with Si nanocrystals, such as UV
and photodetectors [1, 3, 11, 14], dosimeters [18], non-
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volatile memories [6, 8, 18] and solar cells [1, 3, 5], which
operate in neutron radiation environment in nuclear
power stations, aviation and cosmos. The underlying
mechanism of high radiation resistance of an alloy
containing amorphous and nanocrystalline phases of
the same composition has been explored in a recent
study [60]. The investigation of the microstructural
evolution under neutron irradiation shows that such
materials demonstrate excellent resistance to neutron
irradiation which is due to the rapid and full annihila-
tion of irradiation-induced vacancies in the nanocrystal
regions and systematic self-recovering of free volumes
in the amorphous matrix.

Conclusions

Homogeneous SiO, (x = 1.2) and a(nc)-Si-SiO, com-
posite films containing amorphous Si nanoclusters/Si
nanocrystals were irradiated by fast neutrons at a flu-
ence of 3.96 x 10" neutrons/cm® An analysis of the
effect of neutron irradiation on the films properties was
made based on XPS, HRTEM, AFM, IR transmission, SE
and Raman scattering results. It has been found that the
applied fluence of the neutron irradiation does not
cause appreciable damage of the film surface which
remains very smooth. The irradiation causes phase
separation in the homogeneous films resulting in an
increase in the oxygen content from x = 1.2 in the non-
irradiated film to x ~ 1.5in the matrix of the irradiated
one and formation of pure amorphous silicon phase of
considerable volume fraction (f ~ 0.15).Ithas also been
concluded that upon neutron irradiation the volume
fraction of the pure a-Si phase in a-5i-5iO, composite
films decreases due to a decrease in the size of amor-
phous Si nanoclusters and the oxygen content in the
matrix decreases. This has been explained assuming
that the neutron irradiation caused bond breaks thus
reducing some SiO; to SiO, and the free oxygen released
reduced the Si nanocluster size by forming SiO,. The
films with Si nanocrystals have shown a high radiation
resistance.
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