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Abstract

A comparative study of the processes of metal-stimulated formation of silicon nanocrystals in SiO,—Sm structures was
carried out. Samples with identical oxide matrix stoichiometry and Sm impurity content were formed using two methods:
layer-by-layer deposition and coevaporation of SiO and Sm. Studies of PL and IR absorption spectra found that the admixture
of samarium in samples of both types accelerates the thermally stimulated decomposition of samarium-doped SiO, films
into Si and SiO, and reduces the transition temperature of silicon nanoparticles from an amorphous state to a crystalline
state. However, in (Si0,/Sm),, multilayers, this effect is more pronounced than in single-layer films obtained using the co-
evaporation method. Studying the Raman spectra of (SiO,/Sm),, multilayers annealed at 750 °C determined that the relative
volume fraction of nanocrystals in the silicon phase of the sample is ~38%. No line corresponding to the crystalline nc-Si was
observed in the Raman spectra of samples deposited by co-evaporation and annealed under the same conditions. For these
samples, a narrow line in the Raman spectrum corresponding to crystalline nc-Si appears only after annealing at 970 °C.
In this case, the relative fraction of Si nanocrystals in the silicon phase of the sample was ~17%, 2.2 times less than for a
similar multilayer annealed at 750 °C. This also indicates that, in multilayer (SiO,/Sm),, samples, the thermally stimulated
decomposition of SiO,, as well as the formation and crystallization of silicon nanoparticles, occurs at lower temperatures
than in similar samples obtained by coevaporation. A possible mechanism for lowering the crystallization temperature of
nc-Si in (Si0,/Sm),, multilayers is discussed.

Keywords Silicon nanoparticles - Silicon nanocomposites - Metal induced crystallization - Photoluminescence - Micro-
Raman spectra - IR-spectroscopy

Introduction

Thin-film nanocomposite materials based on silicon nano-
particles (nc-Si) in an oxide matrix SiO, have promising
potential for use in optoelectronics, photovoltaics, photonics,
and microelectronics (Canham 2020; Lockwood and Pavesi
2021; Priolo et al. 2014). It is known that the efficiency of
light-emitting elements based on nc-Si—SiO, nanocomposite
materials largely depends on the size and concentration of
nc-Si in the matrix (Lu et al. 1995; Zacharias et al. 2002).
The deposition of suboxide SiO, films (0 <x <2) is often
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used in the formation of nc-Si in an oxide matrix, followed
by annealing at high temperatures (Dan’ko et al. 2005).
Depending on the annealing temperature, nanosilicon struc-
tures can have different amounts of amorphous and crystal-
line phases, the ratio of which determines the size of silicon
nanocrystals and their light-emitting characteristics. The
crystallization temperature of amorphous silicon nanopar-
ticles in a suboxide matrix is typically greater than 1000 °C
and can be reduced by the presence of certain metals. For
instance, the introduction of indium, which acts as a catalyst,
into SiO, 5 suboxide films can reduce the crystallization tem-
perature of nanosilicon to 600 °C (Zamchiy et al. 2020). Tin
doping of SiO, films (x~1.15) using thermal evaporation of
a mixture of Si0O,, Si, and Sn powders accelerates the forma-
tion of crystalline nc-Si upon thermal treatment (Voitovych
et al. 2014). Study of crystallization processes showed that
the temperature at which the crystallization process begins
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depends on the volume content of Sn. The a-Si crystalliza-
tion mechanism proposed by the authors provided for the
presence of metallic tin clusters in SiO,, which create the
conditions for an earlier transition of the amorphous sili-
con phase to the crystalline one (Rudenko et al. 2013). The
metal-induced crystallization (MIC) method was investi-
gated in more detail on layers of amorphous silicon (a-Si)
and germanium (a-Ge) (Knaepen et al. 2009; Kryshtal et al.
2022; Neimash et al. 2013, 2015). Understanding of the MIC
mechanism in various systems containing a metal-semicon-
ductor interface (e.g. Al/a-Si, Al/a-Ge, Au/a-Si, Ag/a-Si) has
been achieved as a result of theoretical studies of interface
thermodynamics (Sarikov 2011; Wang et al. 2008, 2011) and
experimental studies using TEM, XRD, AES (Sanwald et al.
2020; Wang et al. 2008, 2012). The MIC process is already
being used for low temperature production of crystalline
semiconductor films in solar cell and display technologies.
The formation of silicon nanocrystals in oxide-silicon
films doped with ions of rare earth elements (lanthanides
(La)) continues to be widely studied with the aim of using
nc-Si as sensitizers of La®* radiation. This would expand the
possibility of using such materials for visible range LEDs
and other optical devices (Lockwood and Pavesi 2021).
Structures containing erbium (Er) are the most studied, due
to the fact that Er-related 1.54 pm emission corresponds
to a minimum loss window of optical fiber (Franzo et al.
2003). It was found that the presence of La>" (in particular,
Er*") ions in a silicon oxide matrix affects the formation of
silicon nanocrystals during high-temperature annealing. In
particular, researchers (Mustafa et al. 2013) demonstrated
the stimulating effect of Er impurity on Si nanocrystal
nucleation and growth during thermal treatment of SiO,:Er
films deposited by reactive sputtering. Others (Nikolenko
et al. 2012; Vlasenko et al. 2012) found that air-annealing
SiO, :Er,F films obtained by coevaporation of SiO and ErF;
results in more intensive crystallization of a-Si nanoparticles
compared to similar annealing of evaporated SiO, films.
Samarium-doped nanocomposites are less studied than
nc-Si-SiO, :Er structures, although their promise for creat-
ing solid-state lasers, information recording, nanophosphors
for display applications was demonstrated in several works
(Farries et al. 1988; Kurita et al 1994; Mbakaan et al 2021).
Therefore, in our opinion, more attention should be paid to
the study of the formation processes and properties of nc-
Si-SiO, structures doped with samarium. Our earlier studies
of SiO:Sm films obtained by thermal coevaporation of SiO
and metallic Sm showed that samarium impurity accelerates
the local decomposition (disproportionation) of SiO, during
annealing and promotes the formation of nc-Si. Studies of
the PL spectra and their dependence on the weight content
of samarium, as well as Raman spectra, confirmed the pres-
ence of silicon nanocrystals in SiO,:Sm films after annealing
in air at 970 °C. In SiO, films without samarium that were
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subjected to similar heat-treatment, crystalline nc-Si did not
appear (Michailovska et al. 2022).

Our research sought to demonstrate the possibility of
more effectively stimulating the formation of crystalline
nc-Si and enhancing the luminescence properties of samar-
ium-doped SiO, films. For this purpose we replaced the
coevaporation of SiO and Sm with sequential deposition in
vacuum in the form of alternating nanolayers of SiO, and
Sm, i.e., in the form of a multilayer (SiO,/Sm),,, where n is
the number of pairs of SiO,/Sm layers. Due to the island
structure of Sm films of low effective thickness (<1 nm),
this made it possible to switch from a uniform spatial dis-
tribution of Sm atoms throughout the volume of SiO, film
to a cluster one. The comparative studies of the PL, IR, and
Raman spectra performed in this work showed that in nano-
silicon structures based on the (SiO,/Sm), multilayer, the
formation of crystalline nc-Si occurs at a lower temperature
compared to the structures obtained by co-evaporation.

Experimental procedure

The investigated multilayer films (SiO,/Sm), were obtained
by alternate vacuum evaporation of SiO (Cerac Inc., Mil-
waukee, Wisconsin, USA, purity 99.9%) and metallic Sm
powders in~ 10~ Pa vacuum onto polished (111) silicon
wafers and fused silica substrates. The deposited films con-
sisted of n=10 pairs of sequentially deposited SiO and Sm
thin layers with a total multilayer thickness of 390 nm. The
samarium content in the multilayer was determined by the
mass ratio of SiO, and Sm, which was monitored in situ
by two calibrated quartz-crystal-oscillator monitor systems
(KIT-1). The thickness of the resulting (SiO,/Sm),, structure
was measured after deposition using an MII-4 microinterfer-
ometer and an LEF-3M-1 laser ellipsometer (A=632.8 nm).
Previously, we demonstrated that films obtained by co-evap-
oration of SiO and Sm exhibited the highest luminescence
intensity at a samarium content of ~ 1.5 wt % (Michailovska
et al. 2022). Therefore, in the studied multilayer films
(Si0,/Sm),,, the content of samarium was set the same
(1.5 wt%). This corresponds to the mass thickness of each
samarium nanolayer equal to 0.20 nm. As with the cosput-
tered SiO,:Sm films, the multilayer samples were annealed
in air. The annealing temperature varied from 600 to 970 °C,
annealing time from 10 to 30 min. As a result, the phase
decomposition of non-stoichiometric silicon oxide and the
growth of silicon nanoparticles in the oxide matrix occurred.
For comparative studies, some samples were annealed in
vacuum. The reference SiO, films were deposited under the
same conditions.

Equipment, measurement procedures, and conditions
used to measure PL, IR, and Raman spectra were identi-
cal to those described in our previous work (Michailovska
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et al. 2022). The PL spectra were measured at room tem-
perature in the wavelength range from 600 to 1100 nm using
a ZMR-3 monochromator (spectral resolution ~ 1.2 nm for
10 pm slot in the investigated wavelength range) coupled
to a photomultiplier (FEU-62 or FEU-51). The PL signal
was excited by diode laser 405 nm radiation and recorded
by a lock-in 232B nanovoltmeter referenced to the chop fre-
quency of 110 Hz. After the excitation source, a 5 mm thick
SS-8 filter with 350-500 nm transmission region was placed,
which cut off the LED radiation in the 500-1500 nm range.
The obtained PL spectra were corrected with regard to the
spectral sensitivity of the measuring setup. Infrared trans-
mission spectra of air-annealed SiO, and SiO,:Sm samples
on c-Si substrates were measured using a FTIR Spectrum
BXII PerkinElmer spectrometer with a resolution of 4 cm™!
at the normal incidence. Raman spectra were excited by light
from an Ar* laser with an excitation wavelength of 488 nm
(excitation power on sample surface ~ 1 mW) and registered
using a Horiba Jobin—Yvon T-64000 Raman spectrometer at
room temperature in the spectral range 100-600 cm™!. An
Olympus 50X/0.75 microscope objective was used. Spectral
resolution was less than 0.15 cm™.

Results and discussion

In the luminescence spectra of (SiO,/Sm),, multilayers,
the emission lines of samarium ions (Sm”>* u Sm®*) in the
spectral region of 600—1100 nm were absent both in the
initial state after deposition and after heat treatment. The
properties of the multilayer films are similar in this respect
to those of coevaporated SiO,:Sm single-layer films with
the same samarium weight content. This indicates that, at
a given metal content, both methods of deposition followed
by annealing do not lead to the formation of emitting cent-
ers in the form of Sm*>* and Sm** ions in the oxide matrix.
However, as will be shown below, the samarium impurity
in multilayer structures significantly affects the thermally
stimulated formation of emitting Si nanoclusters despite the
small effective thicknesses of metal sublayers.

Figure 1 shows the PL spectra of the (SiO,/Sm),, mul-
tilayer with 1.5 wt% Sm after annealing in air at 650 (1),
750 (2), and 850 °C (3) for 30 min. In the as-deposited
samples, the PL signal was practically absent. After anneal-
ing at 650 °C, the resulting silicon nanocomposite exhib-
its bright luminescence with a wide emission spectrum in
the 600-1050 nm region (curve 1). The complex shape of
this spectrum is due to the presence of two overlapping PL
bands. The maximum of the shorter wavelength band is
located at 710 nm and the second PL band appears on curve
2 as a step in the region of 800-900 nm. The 710 nm band
is usually associated with the luminescence of amorphous
silicon nanoparticles (Rinnet et al. 2001).
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Fig. 1 Photoluminescence spectra of the (SiO,/Sm),, multilayers
deposited on c-Si substrates after annealing them in air for 30 min
at 650 (1), 750 (2), and 850 °C (3). Curve 4: PL spectrum of the
SiO,:Sm coevaporated film annealed under the same conditions at
750 °C. Excitation by radiation at A=405 nm

After annealing at 750 °C, the PL intensity in the 710 nm
band decreases significantly and the emission spec-
trum shifts to the long wavelength region. An intense PL
band appears in the region of the step, with a maximum
at 860 nm (curve 2). The 860 nm band is located in the
region where the luminescence band of silicon nanocrystals
formed by annealing of SiO, , films at temperatures above
1000 °C is usually present (Lisovskyy et al. 2009; Kahler
and Hofmeister 2002). That is, the transition of amorphous
silicon clusters to the crystalline state in (SiO,/Sm);, mul-
tilayers is observed at a much lower temperature compared
to undoped silicon suboxide films with the same stoichiom-
etry. Our previous work showed that doping of SiO, films
with Sm, using co-evaporation of components in vacuum
stimulates their decomposition into Si and SiO, and also
reduces the transition temperature of silicon nanoparticles
from an amorphous state to a crystalline state (Michailovska
et al. 2022). This effect is even stronger in the (SiO,/Sm),,
multilayers. As can be seen in Fig. 1, PL spectra of (SiO,/
Sm),, multilayer and coevaporated SiO,:Sm single-layer
films, annealed under identical conditions and of the same
thickness and samarium content, are markedly different.
After annealing in air for 30 min at 750 °C, a significant
part of the amorphous nanosilicon phase is still present in
the film obtained using coevaporation of the components.
The silicon nanoparticles that have passed into the crys-
talline state have a large scatter in size. This is indicated
by the position of the band maximum at 800 nm and the
asymmetry of its shape in the long-wavelength region of the
spectrum. Previous research found that, in films obtained
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by coevaporation, the PL band of crystalline nc-Si appears
in the PL spectrum after annealing at higher temperatures
(970 °C) (Michailovska et al. 2022).This band with a maxi-
mum at 870 nm is very close in shape and spectral composi-
tion to the band shown in Fig. 1 (curve 2). Therefore, anneal-
ing of the multilayer at 750 °C makes it possible to obtain
the same concentration of silicon nanocrystals in the oxide
matrix as annealing at 970 °C of a similar sample obtained
by coevaporation. Such an increase in the efficiency of stim-
ulating SiO, decomposition and nc-Si crystallization is asso-
ciated with differences in the distribution of the Sm impurity
in the bulk of the film. During coevaporation, Sm and SiO,,
are distributed uniformly over the film thickness, while dur-
ing deposition of the multilayer, nanolayers of amorphous
oxide and metal alternate. It has been demonstrated that
in bilayer films consisting of a semiconductor (a-Si, a-Ge)
and metal (Al, Ag), the process of metal-induced crystal-
lization of the semiconductor begins at its interface with
the metal and then the crystallization front propagates over
the entire thickness of the semiconductor film (Wang et al.
2008, 2012; Sanwald et al. 2020). Similar processes also
take place in SiO,/Al (0 <x <2) bilayers (Yoon 2016; Zam-
chiy and Baranov 2022). By analogy, it can be assumed that
in the (Si0,/Sm),, multilayers, where there are also inter-
phase boundaries, the crystallization of amorphous nanosili-
con begins at the interfaces between Sm islands and SiO,.
As a result, the crystallization process is more efficient in
comparison with films obtained by co-evaporation and even
more so with undoped films. This is indicated by the appear-
ance of an intense crystalline nc-Si band after annealing at
750 °C. In coevaporation doped films, where there are no
SiO/Sm interfaces but which contain the same amount of
samarium, higher annealing temperatures are required to
form the same concentration of crystalline nc-Si.

As mentioned in the Introduction, the mechanism of the
metal-induced crystallization in various systems containing
a metal-semiconductor interface has been studied in many
theoretical and experimental works (Sarikov 2011; Wang
et al. 2008, 2011; Sanwald et al. 2020). For various metal-
amorphous semiconductor couples, the behaviors of MICs
is quite different; accordingly, various qualitative models
have been proposed. In particular, the decisive role of the
interface between the metal and the semiconductor in the
mechanism of lowering the crystallization temperature of Si
nanoparticles was established for silicon-based structures.
It has been shown that a very thin interface adjacent layer
of more or less mobile Si atoms is formed, which could
play a decisive role in the initiation of phase transforma-
tions (crystallization). In addition, it was recognized that
the phase transformation occurring at an interface can be
controlled mainly by the thermodynamics of interface rather
than by bulk thermodynamics. However, for the structures
we studied, further studies are needed to test the assumptions
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about the influence of the SiO/Sm (or Sm clusters) bound-
ary on the samarium-induced crystallization of amorphous
nanosilicon in the oxide matrix.

Increasing the annealing temperature of multilayer films
to 850 °C and above leads to a decrease in the integrated
radiation intensity and a shift in the band maximum from
860 to 920 nm (Fig. 1, curve 3). It is known that the photolu-
minescent properties of crystalline nanoparticles in a silicon
oxide matrix depend on the size of nc-Si and on their volume
fraction (Emelyanov et al. 2012). The observed changes in
the photoluminescence of the (SiO,/Sm),, multilayer at high
annealing temperatures (7,,> 750 °C) can be explained by
the participation of samarium in the formation of crystalline
nc-Si. Since samarium oxidizes very well at room tempera-
ture and above, it can be assumed that at T,,> 750 °C the
Sm atoms in the silicon suboxide film more intensely inter-
act with matrix oxygen, thereby destroying the initial Si—-O
bonds. This accelerates the decomposition of SiO, and con-
tributes to an increase in the number of nanosilicon particles
and an increase in their volume fraction compared to films
without samarium. Direct contact between nanoparticles can
lead to their association and the formation of larger nano-
clusters (Roussel et al. 2013). The decrease in the energy
of the emission maximum with increasing 7, is apparently
associated with a decrease in the quantum confinement
energy for charge carriers in the formed crystalline nc-Si
of a larger size. This, as well as the interaction of silicon
nanoparticles with each other (the energy exchange between
the nanocrystals which results in migration of excitons from
nanocrystals of one size to nanocrystals of a larger size and/
or to non-radiative sites in neighboring Si nanoparticles),
evidently also causes a decrease in the efficiency of their
luminescence.

The influence of the duration and conditions of anneal-
ing on the PL spectrum of films containing samarium was
studied in order to optimize the annealing process. Fig-
ure 2 shows the PL spectra of the (SiO,/Sm),, multilayers
after annealing in air at 750 °C for 10 (1), 20 (2), and 30
(3) min, as well as after heat treatment in vacuum at the
same temperature for 30 min (4). The band at 860 nm attrib-
uted to luminescence of crystalline nc-Si appears in the PL
spectrum already after 10 min of annealing (curve 1). Its
intensity increases with increased annealing time, indicat-
ing an increase in the volume fraction of crystalline nc-Si
and/or better passivation of their surface. In this case, the
position of the band maximum, i.e., the size of crystalline
nc-Si, almost does not change. The (SiO,/Sm), film after
vacuum heat treatment at 750 °C is characterized by a lower
radiation intensity and a maximum at~910 nm (curve 4),
indicating the efficiency of annealing samples containing
samarium in the presence of atmospheric oxygen. This result
correlates with the results of (Chen et al. 2015) where better
material quality of poly-Si thin film formed using MIC was
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Fig.2 Photoluminescence spectra of the (SiO,/Sm);, multilayers
deposited on c-Si substrate after annealing in air at 750 °C for 10
(1), 20 (2), and 30 (3) min. Curve 4: PL spectrum of the same film
annealed for 30 min at 750 °C in vacuum. Excitation by radiation at
A=405 nm

obtained after annealing in oxygen atmosphere as compared
to annealing in nitrogen atmosphere. In addition, partial
oxidation of the formed silicon nanoparticles occurs dur-
ing annealing in air (Sopinskyy et al. 2015). As a result,
their sizes decrease compared to similar samples annealed
in vacuum or in an inert atmosphere, which leads to a short-
wavelength PL shift.

The process of thermally stimulated decomposition of
SiO, into the silicon and SiO, phases is usually written as
¥Si0, — xSi0O, + (y — x)Si, where x and y are the stoichio-
metric indices of the matrix before and after decomposition
(0<x<y<2). The determination of these indices makes it
possible to find the atomic fraction of the silicon phase ASi
in the sample after its thermally stimulated decomposition:
ASi=[(y-x)/(y(1 +x))]+100%. IR spectroscopy is used to
find the x and y indices and determine the composition of
suboxide films (Dan’ko et al. 2005; Lisovskii et al. 1995).
Figure 3 shows the IR transmission spectra of the (SiO,/
Sm),, multilayer before and after annealing at 750 °C.
Before annealing, the absorption maximum corresponds
to the frequency v,, =993 cm™! (black curve), while in the
annealed film, v,,= 1045 cm™! (red curve). Using the empiri-
cal relationship between the frequency of vibrations of the
bridging oxygen of the Si—O-Si bond and the value of the
stoichiometry index of the oxide matrix (Nakamura et al.
1984), we found that x=1.04 and y=1.47. The value of
the atomic fraction of the silicon phase, which precipitates
in the form of nanoparticles, is ~14.2% (ASi=0.142). Due
to the large atomic mass of samarium, probable incorpora-
tion of samarium atoms into the oxide matrix after anneal-
ing can lead to a slight decrease in the vibration frequency

-1
10 4 1045 cm

T T T T T T T T T
800 900 1000 1100 1200 1300
Wavenamber, em’

Fig.3 IR transmission spectra of the (SiO,/Sm),, multilayer films
deposited on a c-Si substrate (black curve) and the same film after
annealing in air at 750 °C for 30 min (red curve)

of its structural units. Thus, this value is a lower estimate.
Note also that the obtained value of ASi in the multilayer
(Si0,/Sm),,, after annealing at 750 °C is close to the value
ASi=0.15 obtained in (Dan’ko et al. 2005) for SiO, films
annealed at 970 °C.

Raman scattering is an effective method for studying the
phase composition of silicon oxide films. Figure 4 (dots)
shows the Raman scattering spectrum of the (SiOx/Sm),,
film on a fused silica substrate after its annealing in air at

20
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(5
I

Raman intensity, arb. un.
=5
h

o

. -1
Raman shift, cm

Fig.4 Raman spectrum of the (SiOx/Sm),, multilayer on a fused
silica substrate after annealing in air at 750 °C and its decom-
position into components. Dots: experimental data. Curves 2
to 5: TA (=140 cm™), LA (~310 cm™), LO (~419 cm™), and
TO (~483 cm™!) bands of amorphous silicon. Curve 6: TO
(~516.3 cm™!) band of nanocrystalline silicon. Curve 7: band that can
be associated with the surface of nc-Si. The red line (1) is the result
of superimposition of the curves 2—7
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750 °C. After decomposition of the experimental spectrum
in the range of 100-570 cm~!into components, we obtained
the bands that are characteristic of both amorphous and
crystalline nanosilicon. The bands characteristic of amor-
phous silicon can be attributed to transverse acoustic TA
(~140 cm™"), longitudinal acoustic LA (~310 cm™h), longi-
tudinal optical LO (~419 cm™), and transverse optical TO
(~483 cm™!) phonons. On the high-frequency side of the
TO band, a narrow band with a maximum of 516.3 cm™!
and with a half-width AH~ 11.1 cm™ is clearly visible. The
appearance of the band with a maximum at ~516.3 cm™!
indicates the presence of nanocrystalline silicon in the film.
The position of the maximum of the crystalline nc-Si band
is shifted to the low-frequency region compared to a bulk
silicon crystal due to the effect of spatial confinement of
optical phonons.

To determine the relative volume fraction of nanocrystals
(K,) in the silicon phase of the studied sample (K= (volume
of crystalline nc-Si-phase)/(volume of both crystalline nc-Si
and amorphous Si phases)), we used the decomposition of
the Raman spectra shown in Fig. 4 and calculated the inte-
gral intensities of the light scattering bands of the crystalline
(I.) (curve 6) and amorphous phases (Z,) (TO band, curve
5). The estimation of K, in the silicon phase of the studied
sample was carried out according to the known formula from
(Voutsas et al. 1995):

I

C

1 +ol, @)

c
where o, is the ratio of the integral cross sections of Raman
scattering in the crystalline and amorphous phases. To deter-
mine 6, an empirical dependence was used, which was
obtained in the work (Bustarret et al. 1988):

oy = 0.1 + exp(—d/d,) )

where d is the average diameter of nanocrystals, d,—the
value of the decay length of this exponential dependence,
which for the excitation wavelength of an argon laser is
25 nm. Similarly to (Maslova et al. 2010), to determine
the average sizes of nanocrystals, we used the relation-
ship between d and the shift of the maximum of the Raman
band of nanocrystals compared to the Raman frequency of
a bulk crystal (520 cm™"). (Ke et al. 2011) considered the
influence of the size distribution of silicon nanocrystals on
their Raman spectrum. They obtained a simple analytical
expression linking the Raman frequency shift of nc-Si (Ao,
in cm™") with their diameter (d, in nm):

120.8

Aw(d) = ——5
o) = 053

X (a/d)y’ 3)

where a=0.543 nm is the c-Si lattice constant. Using
expression (3) and the experimentally obtained value
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Aw=520-516.3 cm~!=3.7 cm™!, we estimated the average
diameter of nc-Si as~3.8 nm. The relative volume fraction
of nanocrystals in the silicon phase of the annealed samples
calculated using relations (1) and (2) was~38% (K,=0.38).

Similar results were also obtained for samples depos-
ited by coevaporation of Sm and SiO (Fig. 5) but only after
annealing at 970 °C. Their Raman spectrum shows a narrow
line at~515.3 cm™! with a half-width of AH~12.3 cm™.
The value of d was equal to~3.3 nm, close to the result
for multilayer samples, while the relative fraction of
Si nanocrystals, calculated using relations (1) and (2),
was~17% (K,=0.17). In the Raman spectrum of identical
samples annealed at 750 °C under similar conditions for
30 min, no line corresponding to the crystalline nc-Si was
observed. Comparison of the results of Figs. 4 and 5 also
indicates that, in multilayer samples, the thermally stimu-
lated decomposition of SiO,, as well as the formation and
crystallization of silicon nanoparticles, occurs at lower tem-
peratures than in similar samples (with the same stoichiom-
etry of the oxide matrix and the same average Sm impurity
content) obtained by coevaporation.

Conclusions

Comparative studies of PL spectra, IR transmission and
Raman scattering of light emitting structures based on (SiO,/
Sm),, multilayers and SiO,:Sm films, obtained by vacuum
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Raman intensity, arb. un.
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‘00'

100 200 300 400 500
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Fig.5 Raman spectrum of a SiO,:Sm coevaporated film on a fused-
silica substrate after annealing in air at 970 °C and its decomposi-
tion into components. Dots: experimental data. Curves 2-5: TA
(~140 cm™), LA (~310 cm™), LO (~419 cm™), TO (~483 cm™)
bands of amorphous silicon. Curve 6: TO (~516.3 cm™!) band of
nanocrystalline silicon. Curve 7: band that can be associated with the
surface of nc-Si. The red line (1) is the result of superimposition of
the curves 2-7



Applied Nanoscience (2023) 13:7187-7194

7193

coevaporation, found that, in multilayers, the impurity of
samarium more effectively accelerates the decomposition
of SiO, into Si and SiO, and lowers the crystallization tem-
perature of nc-Si compared to co-evaporation samples. In
particular, the relative volume fraction of nanocrystals in
the silicon phase of the (SiO,/Sm);, multilayer annealed at
750 °C was ~38%. In similar samples, obtained by vacuum
coevaporation, crystalline nc-Si begins to appear in the
Raman spectrum only at 970 °C, with ~ 17% volume fraction
of Si nanocrystals in the silicon phase only. It is assumed
that the mechanism of lowering the crystallization tempera-
ture of nc-Si in multilayers is due to the presence of Sm
metal clusters, analogous to metal-induced crystallization
of amorphous silicon.
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