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Abstract. Detection of photoluminescence (PL) in traditionally non-luminescent Si
material (a typical indirect band semiconductor) attracts great attention both in the scientific
aspect and for applications in the field of micro- and nanoelectronics and photoelectronics.
Despite the success in technology and understanding of many features inherent to its PL
characteristics, many problems have not yet been resolved. In particular — what is the origin
of PL lines: quantum size, molecular complexes within SiO,, interface or volume localized
states, etc. How to achieve the increase in the PL intensity and to provide excitation of it in
different parts of the spectrum. The proposed review systematizes results of studies
associated with these problems concerning the original technologies for creation of Si
nanocrystals (nc-Si) and various research methods. In conclusion, we summarize the results
on the properties of nc-Si-SiO, luminescent structures depending on their technology of
synthesis, photo- and structural features and application prospects for micro- and

nanoelectronics as well as photoelectronics.
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1. Introduction

Interest to the structures with nanoclusters is caused by
the unique properties inherent to these structures, which
can be radically different from the properties of bulk
material. For the recent decades, the photoluminescence
(PL) properties of the silicon nanocrystals and systems
containing them are under intensive investigations due to
the prospects for creation of Si-based optoelectronic
devices [1-6]. Potential applications are sensing,
photovoltaics, LED color converters, medical imaging,
etc. The origin of PL in systems containing nc-Si is
related to either the quantum confinement effect or
recombination through the surface states. In many cases
of Si-based nanostructures, both mechanisms play an
important role.
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Structures with nanoscale silicon crystalline
inclusions embedded into the dielectric film, usually the
amorphous film of silicon dioxide, are of great interest.
These silicon nanoclusters (Si-nc) are capable of emitting
light in the visible and near-IR regions of the spectrum,
accumulate and storage of the electric charge. This opens
up prospects for their wide practical application: creation
of cheap light-emitting elements in which the wavelength
of emitted light can be controlled, formation of memory
cells and development of a new generation of sensor
systems sensitive to different types of radiation. Since
silicon technology is and will remain the basis of modern
micro/nanoelectronics in the nearest future, these
structures can be easily integrated into the technological
process. In particular, they can become local sources or
sensors of radiation in chips, which will solve some
problems of electrical connections. To do this, in
structures based on Si-nc it is necessary to increase the
intensity of radiation, to ensure the stability and control
of the radiation spectrum.

Solving these problems requires understanding the
physical mechanisms and study of the processes that
occur during operation of such systems under the influence
of external factors, improving methods of their creation
to ensure reliability and expand possible applications.

In this review, the influence of the number of
factors (presence of impurities, deposition method,
composition of SiOy film and annealing temperature) on
formation and luminescent properties of the structures
based on Si-nc have been considered, as well as the
influence of some external factors (ionic doping and low
temperature treatments) on modification of Si-nc/SiO,
interfaces have been studied. Physical mechanisms that
explain the influence of these factors on the
luminescence of these structures have been analyzed.

2. Methods of ion-beam synthesis and modification of
silicon luminescent structures

2.1. Synthesis of structures with Si-nc embedded into
SiO,

Many methods have been proposed for the synthesis of
structures with silicon nanoclusters embedded into the
dielectric matrix, most of which are based on the decay
of the nonstoichiometric SiO, film (x < 2) during
high-temperature annealing. For the formation of
nonstoichiometric SiO, films (x < 2), plasma chemical
deposition from the gas phase (plasma-enhanced
chemical vapor deposition — PECVD) [7-13], chemical
deposition from the gas phase at low pressure vapor
deposition — LPCVD) [14-17], silicon target sputtering
with the electron gun [18] or ion plasma [19, 20] in the
controlled oxygen atmosphere, pulsed laser sputtering in
an inert atmosphere [21], thermal evaporation of SiO (or
SiOy) powder [22, 23], ion implantation in various modes
[13, 24-28], etc. are used (see Fig. 1). Most of these
methods allow to change the silicon content in the film in
the controlled way depending on the technological
parameters of the SiO, film synthesis process.
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Fig. 1. Technologies of Si rich SiO, films and Si-nc formation.
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2.2. Growth and structural properties of Si-nc in SiO,

Si nanoclusters in SiO, matrix are formed in the process
of diffusion-controlled decay of the SiO, phase at silicon
concentrations higher than 10 cm™ (degree of super-
saturation ~ 1 at.% and more) and annealing temperatures
above 900 °C. In the SiO, film at high concentrations of
excess silicon, the latter likely forms complexes and
small inclusions of silicon chain or fractal type even
without annealing, which are detected using the Raman
spectra and X-ray photoelectron spectroscopy (XPS).
They act as seeds in formation of silicon phase [29]. In
the diffusion process of the Si inclusions formation under
phase transformation of nonstoichiometric SiO, films
there are two stages. At the first stage, fluctuations
promote formation of new phase seeds and their growth
directly from the supersaturated solution. At the second
stage, the Oswald process of “maturation” plays a
decisive role, which consists in dissolving nanoclusters
with a size smaller than the critical one, and respective
growth of large Si-nc. This process is caused by
minimization of free energy of the system, in particular,
minimization of the interfaces between the phases. In the
limiting case, one single crystal should be formed in the
surrounding matrix of stoichiometric SiO, [30]. In [31] it
was shown that the experimentally determined values of
the diffusion coefficient at diffusion-limited growth of
Si-nc differ significantly from the diffusion coefficient of
silicon in SiO, and are close in value to the oxygen
diffusion coefficient. According to the authors, the basis
of thermostimulated phase separation of SiO, is the
mobility of oxygen atoms, which is consistent with the
data of [32].

Experimental data and theoretical modeling indicate
the presence of the transition layer with the thickness of
8...10 A between the Si-nc and the SiO, matrix [33-35].
This transition layer is mechanically stressed [36], while
mechanical stresses in the matrix outside this layer are
absent [35].

In the case of deposited silicon suboxide film, a
homogeneous distribution of nanoclusters over the film
volume is usually obtained. In the case of ion implanta-
tion, the concentration of Si-nc and their average size are
maximal at the depth of the design run of ions.
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Transmission electron microscopy (TEM) is the most
effective method for analyzing the distribution of
nanoclusters in the volume, determining their size and
shape. Statistical analysis of the images obtained using
TEM shows that with increasing the annealing
temperature of the SiOy film, the average diameter of the
nanocluster increases [37, 38]. Similarly, the increase in
the concentration of silicon in the film leads to the
increase in the average size of Si-nc at a given annealing
temperature [39]. In [40] attention was paid to the fact
that the dimensions of Si-nc can acquire only discrete
values: d =dy+ 2na, where a = 0.314 nm — lattice
constant, n =0, 1, 2, ... It should be noted that the bond
length Si-Si in Si-nc differs from the value characteristic
for bulk silicon [41], so the values of the “allowable”
sizes of Si-nc may differ slightly from those described
in [40].

2.3. Luminescence of structures with Si-nc

The difference between the luminescent properties of
Si-nc and the properties of bulk silicon is due to the
quantum-size effect. For excitons (or electron-hole pairs),
the silicon nanocluster embedded in the dielectric matrix
is the potential spherical well with the high potential
barrier (3.2 eV for electrons and 4.3 eV for holes [42])
due to the presence of the dielectric matrix. Quantum-
size effect is observed in nanoclusters, the average size of
which does not exceed the value of the Bohr radius for
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reduced mass of the electron-hole system, m,, my are the
effective masses of electron and hole, respectively. For
silicon, the Bohr radius is ~ a,(Si)=4.3nm, so the effect
of quantum localization is observed for structures with
silicon nanoclusters, the size of which does not exceed
4.3 nm. In the case of the infinite potential barrier at the
Si-nc/SiO, interface, the band gap for the nanocluster can
be determined using the formula given in [43]:
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where Egi is the band gap of silicon, L is the nanocluster

size, m; and m, are the effective masses of electron

and hole, respectively. In [44], the procedure for
calculating the band gap of spherical Si-nc from its
diameter is described in detail, considering the limited
potential barrier at the Si-nc/SiO, boundary.

Thus, since the size of the nanocluster decreases,
the energy associated with recombination of exciton
(or electron-hole pair) increases, the wavelength of the
emitted light should decrease. In addition, the quantum-

size effect increases the probability of radiative
recombination of electron-hole pairs (and/or excitons)
localized in the nanocluster. Spatial quantum-size
localization of the electron-hole pairs in the nanocluster
“simplifies” the conditions for fulfilling the law of
conservation of the momentum during radiative
recombination.

As a rule, three characteristic regions are separated
when analyzing the PL spectra, namely: (1) blue-
ultraviolet region (A = 280...480 nm), (2) yellow-green
region (A = 490...590 nm) and (3) red region (A =
620...950 nm). Our analysis of the first PL region is
mainly based on the qualitative consideration of the
influence of preparation technology and the following
treatments [45, 46]. It was concluded that PL in this
range is not caused by the quantum-size effect but by
radiative transitions between energy levels of oxygen
vacancies in silicon oxide matrix [47]. Yellow-green PL
band usually has low intensity and origins from radiative
recombination in nanoparticles and stressed Si crystals.
Finally, red PL band is caused by recombination
processes in silicon quantum dots (Si-QD) [48, 49]. The
structure of Si-QD significantly influences on the
position of red PL band. Amorphous Si nanoinclusions
emit quanta of higher energies in comparison with those
in crystals [50, 51]. There is also another separation of
PL spectra based on the conception of two dominant
bands: the “Slow” (S) band in the red-yellow spectral
range with long microsecond decay times and the “Fast”
(F) band in the blue-green range with faster nanosecond
decay times [1].

The influence of the temperature on the lumi-
nescence spectrum [7, 52, 53], size of nanoclusters and
their size distribution [39, 54], temperature and duration
of annealing [7, 10, 39, 55], and for structures obtained
by ion implantation, dose of implanted ions [55, 56] and
the temperature of the samples during implantation
[57, 58] are described in the literature in detail.

The maximum intensity of PL was observed at
different concentrations of excess silicon in the film:
from ~10 at.% to ~30 at.% [38]. The optimum annealing
temperature of SiO, films at which the maximum PL is
observed depends on the concentration of silicon, but is
usually within the range of 1100 to 1150 °C [7, 38]. In
this case, increasing the annealing temperature leads to
the shift of the maximum PL to the long-wave region [7].

The position of the PL band does not change with
increasing annealing time for more than 1 hour, since the
whole “population” of nanoclusters is formed during
the first annealing hour [59]. Increasing the PL intensity
with the annealing time of 2 to 4 hours is associated
with passivation of nonradiative P, centers by oxygen
[37, 38].

2.4. Modification of light-emitting structures with Si-nc

For practical use, an important task is to increase the PL
intensity of these structures, so there observed is an
intensive search for ways to increase its efficiency.
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In general, methods for modifying structures with Si-nc
can be separated into two groups: (i) methods associated
with the implantation of impurities and (ii) methods
associated with heat treatment of these structures. Often
this modification includes the combination of these two
methods. Methods of combined modifications, such as
the effect of y-irradiation followed by heat treatment
[60], should be singled out.

Modification of structures with Si-nc due to
implantation of the impurities. Doping impurities can
affect the process of formation of Si-nc (C, Au, Al, Ti),
defective and electronic structure of the material (P, B,
H), can change the probability of radiative and
nonradiative transitions (H, N, O), can change the
mechanism of radiative recombination in these structures
(Er, Yb, Tm, Tb).

To increase the intensity of PL structures with Si-nc
use hydrogen doping, which is carried out by annealing
(~ 500 °C) in an atmosphere of “forming gas” (a mixture
of hydrogen and nitrogen or argon) [61,62] or
implantation of hydrogen ions followed by thermal
annealing [63]. Most of authors associates this significant
increase in PL intensity with the passivation of H broken
bonds, which are the centers of nonradiative
recombination.

Nitrogen admixture attracts special attention of
researchers because the nitrogen is one of the main
components of the gaseous medium (N,O) during gas-
phase deposition of SiO, films and can be introduced into
Si-nc structures during annealing in N, atmosphere
[8,64] or implanted in the form of N, during the
implantation of silicon as the uncontrolled impurity. The
presence of a sufficiently high concentration of nitrogen
(1...10 at.%) changes the structure of the matrix
(oxynitride matrix SiN,O,), which surrounds Si-nc [64].
The presence of nitrogen slows down the diffusion of
silicon and prevents formation of Si-nc [65, 66]. On the
other hand, Si-N bonds can also be additional centers of
silicon precipitation in SiO, films at a certain ratio of
nitrogen and excess silicon concentrations in the film
[67]. This leads to the increase in the concentration of
nanoclusters and the intensity of PL.

Carbon doping of SiO, original films or structures
with formed Si-nc leads to PL bands with maxima
around 400, 500 nm, which are associated with formation
of SiC and C nanoclusters [68] or with the defects [69].
The effect of C on the properties of Si-nc structures
based on porous silicon was studied in [70], in which the
occurrence of the PL band with the maximum of about
500 nm was associated with the formation of carbon
inclusions.

The presence of Al in SiOy films during thermal
decomposition stimulates the formation of defects that
are the centers of luminescence and causes long-wave
shift of the PL band [71]. The interaction of Al with O
stimulates the formation of oxygen vacancies, with which
the authors associate the PL band in the region of
820 nm.

Modification of structures with Si-nc due to thermal
treatment. The properties of the structures with formed
Si-nc [65, 72] or synthesized SiO, films before forming
annealing can be modified by heat treatments [73, 74].

To increase the concentration of Si-nc nuclei, the
synthesized SiOy films were subjected to rapid thermal
annealing [74] or performed conventional annealing at
temperatures of 500...800 °C [73]. Such treatment
stimulated the nucleation of nanoclusters and led to an
increase in the intensity of PL of the structures formed on
the basis of such modified silicon suboxide.

Another way to modify the structure with Si-nc is to
carry out heat treatments after the formation of the
structure. One of these treatments is passivation in the H,
atmosphere. Similarly, annealing of structures with
formed Si-nc in the atmosphere of O, (T,= 500 °C) leads
to a significant increase in PL, which is associated with
passivation of broken bonds by O at the interface
Si—nc/SiO, and oxidation of Si-nc. Higher stability of
Si—O bonds, as compared to Si—H, is considered to be a
significant advantage of this treatment.

Despite intensive research, there is still no
consensus on the mechanisms of radiative recombination
in the structures with Si-nc, and the results of studying
the light-emitting properties of these structures often
contradict each other. Confirmation of the reliability of
the mechanism is important for understanding the
fundamental features of nanoscale systems. For further
practical use of the structures with Si-nc, it is important
to increase the intensity and expand the spectral range of
radiation, which can be realized by ion-beam synthesis
and modification of these structures.

3. Synthesis and diagnostics of structures with silicon
nanoclusters embedded into the dielectric matrix

To clarify the specifics of formation processes for the
structures with silicon nanoclusters depending on the
method for synthesizing the initial SiOyx (x <2) films,
three methods, namely, plasma-enhanced chemical
deposition from the gas phase, thermal evaporation and
ion implantation have been used by the authors.

3.1. Preparation of SiO, suboxide films

Plasma-enhanced chemical vapor deposition (PECVD).
SiH, and N,O gases were used as the precursors.
Changing the flow ratio of reagent gases enables to
change the concentration of the excess Si in the deposited
film.  This method allowed to synthesize the
nonstoichiometric silicon oxide films with the thickness
from several tens of nanometers up to several hundreds.

Thermal evaporation of SiO powder in vacuum. The
powder is heated in the holder to the temperatures
between 1000 and 1200 °C in the vacuum chamber. SiOy
film is deposited onto the substrate, and its composition
is defined by the substrate temperatures, the type of
source, the pressure in the working chamber and the
deposition rate (see [75] for more details).
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lon implantation. Silicon ions with the energies
from 30 up to 150 keV were implanted into silicon oxide
films [76, 77]. Since the ion current density during
implantation is low (0.3...2 pA/cm?), implantation does
not lead to significant heating of the substrate
(1...10°C). To analyze the effect of substrate
temperature on the properties of synthesized structures
“hot implantation” (the film in which the ions were
implanted was heated to the temperature of ~ 450 °C)
was performed. Due to the temperature dependence of
the recombination of radiation defects formed in the film
during implantation, the ability to control the substrate
temperature allows to change the structure of synthesized
samples.

The use of ion implantation to create nano-objects
requires large doses of implanted ions and is accompanied
by generation of the large number of radiation defects,
which largely define the properties of the synthesized
structures. That is, having the ability to control the
change in the structure of radiation defects, one can
effectively control the properties of nanostructures.

To control the system of radiation defects, the
ultrasonic treatment of the substrate during the ion
implantation process — acoustically stimulated ion-beam
synthesis — also have been used [77-79]. According to
the results of secondary ion mass-spectroscopy (SIMS)
measurements, the ultrasonic treatment of the substrate
during the process of silicon ions implantation of the
SiO, film changes the thickness distribution profile of the
silicon in the film. Fig. 2 shows the experimentally
obtained distribution profile of silicon in the sample
implanted with the ultrasonic treatment (f = 9.5 MHz,
P =1 W/cm?). The presence of an ultrasonic wave in the
substrate changes the spatial distribution of the radiation
defects [78, 79], which, in turn, leads to the change in the
distribution of implanted silicon.

SiOx films synthesized by ion implantation, in
comparison with deposited films have several significant
features:

1) the distribution of silicon over the film thickness
is heterogeneous and is defined by the energy of
implantation;

2) there is the area with the maximum concentration
of silicon, and its position (depth in the sample) can be
controlled (by changing the energy of implanted ions);

3) the concentration of silicon in the film can be
changed precisely by changing the dose of implanted
ions;

4) the deviation of the elemental composition of the
film from that provided by theoretical calculations at
given process parameters is insignificant. Assuming the
concentration of Si atoms in SiO, equal to ng(SiO,) =
2.2-10%atoms/cm® and the concentration of oxygen
atoms — no(Si0,) = 4.4-10%atoms/cm® [32, 80] and,
calculating the distribution of implanted ions along the
depth of the film, one can determine the concentration of
Si at any depth of the film by using the following
formula:
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Fig. 2. The distribution profile of the silicon along the depth of
the SiO, film (d = 600 nm) implanted with %Si* ions with an
energy of 100 keV and a dose of 6-10* ions/cm?.
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where ni™ is the concentration of implanted **Si* ions
at the given depth.

The elemental composition of SiO, films was
determined using X-ray photoelectron spectroscopy
(XPS) and Auger electron spectroscopy, and the depth
distribution of the elements was evaluated by SIMS. The
composition of SiO, films prepared using plasma
chemical deposition, and thermal evaporation was almost
uniform in the sample. The content of silicon in the
studied films varied in the controlled manner from 35 to
40%, in addition to silicon and oxygen, the small amount
of nitrogen (< 1%) and carbon (~ 2%) was detected in the
films.

3.2. Thermal decomposition of SiO, phase and
formation of Si-nc

Since the state of the Si-O system in the form of
suboxide is metastable, the process of suboxide
decomposition into Si and SiO, with increasing
temperature is observed. The process of diffusion decay
of the SiO, phase can occur in two different ways:
i) nucleation of silicon clusters, their diffusion growth
and Oswald’s “maturation”; ii) spinodal decay, surface
minimization and Oswald’s “maturation”. The way in
which the SiO, phase will decompose depends on the
concentration of silicon in the film: at low
concentrations, the first process is more probable, at high
concentrations, the second one is realized [81]. Since in
the films under studying, the concentration of excess
silicon did not exceed 10 at.%, the phase decay in this

case, most likely, occurred in the first scenario:
nucleation —  diffusion growth —  Oswald’s
“maturation”.
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Fig. 3. Dependence of the position of IR absorption band
maximum on the annealing temperature for thermally
evaporated SiO; 5 film (d = 250 nm).

The process of diffusion decay of the SiO, phase at
high temperatures (> 1000 °C) leads to formation of
silicon nanocrystals surrounded by the dielectric matrix,
the composition of which corresponds almost to silicon
dioxide [31]. The process of phase separation in the SiO,
film after annealing at lower temperatures is associated
with formation of silicon inclusions in the SiO, matrix
(x <y <?2), the composition of which differs from SiO,
[82].

Changing the composition of the surrounding
matrix from SiO, to SiO, (x <y < 2) shifts the position of
the IR absorption band maximum to characteristic for
Si-O bonds (about 1000...1080 cm™) [72]. Moreover,
with increasing stoichiometry index (y) the position of
the band is shifted toward increasing the wavenumber:
for y = 1, position of the maximum close to 1000 cm™
[22], and for y = 2 it is about 1075...1093 cm™* [83]. As
can be seen in Fig. 3, the IR absorption band maximum is
shifted in the direction of the wavenumber with
increasing the annealing temperature and at annealing
temperatures of 1000...1100 °C, the maximum position
corresponds to the value typical for SiO,. This shift is
associated with the increase in the stoichiometry index
(y) of the surrounding SiOy, matrix from x to 2, with
increasing annealing temperature [84, 85].

Confirmation of the formation of silicon
nanoclusters after high-temperature annealing was
obtained by using atomic force microscopy (AFM) and
transmission electron microscopy (TEM).

Fig. 4 shows images of the surface of silicon oxide
film with embedded Si-nc obtained using AFM. The test
sample was prepared by implanting Si* (E = 100 keV,
D= 6-10"cm™ into the film of SiO, (d = 600 nm),
followed by high-temperature annealing at 1100 °C for
20 min in the inert atmosphere (Ar). For studies using an
atomic force microscope, the upper layer of the film with
the thickness close to 200 nm was removed, the structure
of the film was analyzed at the design depth of ions with
the given energy (Rp =201 nm). The image of the surface
of sample with Si-nc (Fig. 4) clearly shows the “islands”,

00
X[nm]

-2000

Fig. 4. AFM image of the film surface with Si-nc obtained
using ion implantation.

the lateral size of which is approximately 10 nm, and the
vertical one less than 4 nm. The density of the nano-
clusters in this case is higher than 5-10* cm™,

Fig. 5 shows TEM images in the light field at
atomic resolution for samples obtained by conventional
ion implantation (E = 100 keV, Dsi= 8-10*cm™) and
with ultrasonic treatment (f = 9.5 MHz, 1 W/cm?) after
high-temperature annealing (T, = 1100 °C, 20 min, Ny).

Spherical silicon nanocrystals embedded into the
amorphous matrix are observed. The particle size can be
described by the Gaussian distribution with the average
size of 1.9 nm and the dispersion of 0.7 nm for control
samples and 2.0 nm with the dispersion of 0.7 nm for the
samples prepared by ultrasonic treatment.

Analysis of the images in the dark field mode and
scanning of the sample showed that the distribution of
silicon nanoinclusions is the same for both types of
samples and its centroid is located at the distance of
190 nm from the surface, which is close to the design
depth of implanted ions.

The images shown in Fig. 5 correspond to the
region of the centroid of the distribution of silicon
nanoclusters. When the surface density of the
nanoclusters for the studied area of the sample was
estimated, the value of ~ 4-10* cm2 was obtained. This
result is consistent with the data obtained using the AFM
technique. The difference may be due to the fact that
transmission electron microscopy does not provide
information about amorphous silicon nanoclusters, which
are taken into account in AFM measurements. With
account that the annealing temperature of the studied
samples was only 1100 °C, it is likely that not all
nanoclusters have the crystalline structure [44]. The
volume concentration of crystalline nanoinclusions in the
design ion range can be calculated using the layer
thickness of the investigated film with Si-nc (~ 10 nm),
which is ~ 4-10"" cm™.

According to the results of transmission electron
microscopy, the size and size dispersion of silicon
nanocrystallites in the samples prepared using acoustic-
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Fig. 5. TEM images at atomic resolution for the samples without (a) and with (b) ultrasonic treatment and the corresponding
histograms of the distribution of clusters by size: (c) for control samples, (d) for implanted with ultrasonic treatment. Silicon clusters

are highlighted by light circles.

stimulated ion-beam synthesis and conventional ion
implantation are almost the same. Although, it should
be noted that formation of nanocrystallites (growth)
during high-temperature annealing is much faster in
the case of acoustic-stimulated synthesis. Depending on
the concentration of implanted silicon, temperature,
ultrasonic power, etc., the time required to complete
formation of the array of nanoclusters is two to
four times less for the case of acoustic-stimulated
synthesis.

3.3. Photoluminescent properties of the structures
with Si-nc

Dependence of PL on the concentration of silicon in the
film. PL was observed only for films in which the
concentration of excess silicon was more than 2 at.%.
This result is consistent with the literature data [29].
As the dose of Si* increases, the maximum of the PL
band shifts to the long-wave region (Fig. 6a), and the
intensity increases and reaches its maximum value at

D, ~ 9.4-10% ion (Fig. 6b). The long-wave shift of the

position of the PL band maximum with the increasing Si*
dose, in accord to the quantum-size effect model, is
associated with an increase in the average size of
nanoclusters. The presence of optimal dose at which the
PL maximum is observed also agrees well with this
model. In fact, increasing the dose of implanted silicon,
on the one hand, leads to the increase in the
concentration of Si-nc, and, on the other hand, causes
formation of larger nanoclusters. However, the increase
in the average size of nanoclusters also causes the
deterioration in the conditions of the quantum-size
localization and, accordingly, reduces the probability of
radiative recombination.

In our case, the PL intensity maximum is observed
for samples with the excess silicon concentration close to
10%. Estimation of the average size of Si-nc by the PL
band maximum position gives the values of ~ 3.1 nm,
which significantly exceed the values obtained with TEM

(Fig. 5).
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Fig. 6. Dose dependence of the PL band maximum position (a)
and the PL intensity (b) for SiO, films (350 nm) implanted with
Si* after annealing at 1150 °C in Ar for 20 min.

Dependence of PL on the annealing temperature.
The intensity of PL also significantly depends on the
annealing temperature. The PL intensity maximum was
observed after annealing at the temperatures of
1100...1150 °C (Fig. 7b). According to the literature
[86], in the annealing temperature range 1100...1200 °C
the crystallization process of amorphous nanoclusters is
practically completed. There is also the shift of the
maximum position into the long-wave region with
increasing the annealing temperature.

The dependence of the PL on the annealing
temperature is consistent with the model of the quantum-
size effect. Indeed, the diffusion coefficient of silicon and
0Xxygen increases with increasing the temperature [31, 32],
which promotes formation of larger nanoclusters. On the
one hand, increasing the size of nanoclusters leads to the
shift of the PL maximum into the long-wave region, but
on the other hand, to deterioration of the conditions for
quantum-size localization. Therefore, at the temperature
of 1200 °C there is a decrease in the PL intensity.

According to the quantum-size effect model, the
effective band gap of Si-nc can be estimated from the
position of the PL band maximum: Eg =1240/A . |

where Ey is the band gap in eV, and An, is the position of
the PL band maximum in nm.

Fig. 7a shows the dependence of the PL band
maximum position and the band gap on the annealing
temperature for the SiO;5 (d = 480 nm) film. The band
gap decreases from 1.72 to 1.54 eV with the increase in
the annealing temperature from 900 up to 1200 °C. It is
possible to estimate the average size of nanocrystals at
given annealing temperatures using the experimental data
on the relationship between the band gap and the size of
Si-nc, given in [44, 87]. In such a way the estimated
average size of nanocrystallites increases from 2.4 to
3.4 nm with increasing the temperature from 900 to
1200 °C. The estimated values of the average crystallite
size exceed the experimental ones obtained using TEM
(2.15 nm) for the structures with the same concentration
of excess silicon (~ 10at.%) obtained with ion
implantation. In addition, they exceed the experimental
data reported in the literature for structures with Si-nc
based on SiO4 films with the same and higher
concentrations of Si after similar heat treatments. The
reason of this discrepancy is probably application of the
quantum-size effect model for interpretation of PL data,
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with the Si excess of 6.7 and 7.8% (b) on the annealing
temperature. Annealing in the Ar atmosphere for 20 min.
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which gives the clear relationship between the wave-
length of emitted light and the band gap and,
accordingly, the size of Si-nc. If we use the model of
localized electronic states at the SiO,/Si-nc interface to
explain the experimental results, the PL data are in full
agreement with the data on the structure of the studied
samples.

Dependence of PL on the annealing duration.
Increasing the duration of annealing from 1 to 20 min
leads to the increase in the PL intensity (Fig. 8b), and the
position of the PL band maximum is shifted to the long-
wave region (Fig. 8a). Further increase in annealing time
to 60 min practically does not affect the properties of the
studied structure.

For structures with Si-nc obtained by three different
methods, we can identify the following common features
of PL (Fig.9): i) the maximum intensity of PL is
observed for the films with the silicon concentration of
39-40 at.%; ii)the optimum temperature of heat
treatments is ~ 1150 °C; iii) increasing the duration of
annealing leads to the increase in the PL intensity, and at
a certain time of annealing it reaches saturation (for
thermally evaporated film ~ 20 min, implanted — 40 min,
deposited by PECVD — 90 min); iv) the PL band in the
red and near-infrared regions of the spectrum shifts to the
long-wave region with increasing the annealing
temperature and silicon concentration in the film.
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Fig. 9. PL spectra of SiO;5 films obtained using different
methods, after annealing at 1150 °C, in Ar for 20 min.

However, the PL properties of these structures
differ significantly (Fig. 8). For the films prepared using
the PECVD method, the intense band with the maximum
at 560 nm is observed in the PL spectrum, which is not
typical for the films obtained using other methods after
these heat treatments. Analysis of the elemental
composition of the films showed that nitrogen was
present in the films prepared using PECVD. If we
interpret the presence of two PL bands within the
quantum-dimensional effect, we must assume the
existence of the array of Si-nc with two characteristic
dimensions: ~ 2.2 nm (Amwx=560nm) and 4.0 nm
(Mmax = 800 nm). However, the TEM results confirm
formation only the Si-nc array with the average size of
~2.15 nm. It was hypothesized that the short-wave PL
band is indeed related to direct recombination in the
nanocluster, whereas the long-wave band is due to
radiative recombination through the electronic states at
the interface between the nanocluster and the dielectric
matrix. The presence of nitrogen in this case leads to
passivation of broken bonds (centers of nonradiative
recombination) and allows to observe the PL band caused
by recombination directly in Si-nc.

Since the results of transmission electron micro-
scopy for the studied structures confirm formation of
Si-nc, in our opinion, there are three possible approaches
to the interpretation of the PL band with a maximum at
560 nm in the films with nitrogen admixture:

1) The presence of nitrogen leads to the fact that
part of the nanoclusters is surrounded not by the oxide
matrix, but nitride or oxynitride, the PL band with the
maximum of 800 nm (1.55 eV) is characteristic for Si-nc
in the SiO, matrix, and the band with the maximum of
560 nm (2.21eV) is for Si-nc in the SisN; matrix
(Fig. 10a). This result is consistent with the literature
data: the PL band of Si-nc in SizN, is shifted to the short-
wave region by 0.6 eV relative to the PL band for Si-nc
of the same size in SiO, [23, 88].
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2) Nitrogen modifies the Si-nc/SiO, interface
(passivates broken bonds) and leads to the fact that
recombination of electron-hole pairs occurs not only
through interface levels (PL band with the maximum of
800 nm), but also directly in the nanocluster (PL band
with a maximum of 560 nm) (Fig. 10b). Such an
explanation of the presence of two PL bands for
structures with Si-nc is found in the literature [7, 89, 90].

3) The presence of nitrogen leads to stabilization of
defective complexes, which are responsible for the PL
band around 560 nm (Fig. 10c).

The invariance of the position of the PL band with a
maximum of about 560 nm with changes of the silicon
concentration in the film and the annealing temperature
indicates in favor of the third mechanism of radiative
recombination in films with nitrogen admixture.

Therefore, the position and intensity of the PL band
for structures with Si-nc is determined not only by the
concentration of silicon in the original SiOy film and heat
treatment parameters, but also by the technology
peculiarities of the film preparation itself.

4. Influence of impurity ion implantation on the
properties of structures with Si-nc

In the synthesis of structures with Si-nc by using the
method of thermal decomposition of the SiO, phase
(x<2), the radiative properties of nanoclusters are
defined by the amount of excess silicon in the original
film and heat treatment parameters. Reducing the
concentration of the excess Si leads not only to the
desired shift of the PL spectrum into the short-wave
region, but also to the decrease in the intensity of
radiation. Changing the technological parameters for
obtaining silicon nanocluster structures does not allow to
increase the intensity of PL at the given position of the
maximum. The increase in intensity is almost always
associated with the shift of the maximum into the long-
wave region. Therefore, it is not possible to create the
structures with intense PL in the blue and green regions
of the visible spectrum. This problem can be solved using
introduction of impurities.

4.1. Influence of aluminum and titanium

Introduction of impurities into the studied SiOy films
implies that, due to active interaction with the oxygen, it
could change the conditions for Si-nc formation and
stimulate the nucleation of Si-nc. This can change both
the size of the synthesized nanocrystalline inclusions and
PL properties. These impurities during annealing must
form chemical bonds with oxygen atoms, thereby
changing the conditions for silicon nanoclusters formation.

Based on these considerations, studies of the effect
of implantation of chemically active metals Al and Ti on
the light-emitting properties of the structures with Si-nc
were performed. Aluminum and titanium are widely used
in microelectronics. At the same time, they have
significantly different properties in relation to chemical
interaction with silicon and oxygen, which stimulates
interest to their study.
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Fig. 10. Mechanisms of radiative recombination in the films
doped with the nitrogen impurity.

Aluminum and titanium were introduced into the
original film by ion implantation (Fig. 10a). Implantation
of the same dose of aluminum and titanium had different
effects on the radiative properties of the structures with
Si-nc. Implantation of aluminum caused the increase in
the PL intensity, while introduction of titanium led to PL
quenching. Introduction of the impurities reduced the
duration of annealing required to obtain films with optimal
light-emitting properties: for implantation of Al — down
to 40 min, and for implantation of Ti — down to 20 min.

The effect of aluminum on PL properties of the
structures with Si-nc depends on the dose of implanted
ions. The depth distribution of Al in SiO;4g film is
depicted in Fig. 11a. Fig. 11b shows the dependence of
the integrated PL intensity on the dose of implanted Al*
ions. At low doses, there is some reduction in the
intensity of PL as compared with non-implanted samples.
This is probably due to the ion-beam disordering of
nanoinclusions that exist in the initial (non-implanted)
sample. Only at doses of aluminum higher than
3.5-10"™ ions/cm?, the PL intensity of implanted samples
reached the level typical for the initial (non-implanted)
sample. The increase in the PL intensity with increasing
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the Al dose was observed. The maximum PL intensity
was observed for the samples implanted with the
aluminum dose of ~ 8-10" ions/cm® Further increasing
the dose of implanted Al” ions resulted in deterioration of
the light-emitting properties inherent to the structures
containing Si-nc. Implantation of the aluminum dose of
~1-10"ion/cm? which provided the concentration of
~1at.% at the depth of the average ion path, led to
decreasing the PL intensity.

During high-temperature annealing, aluminum
atoms mainly react with oxygen atoms, which provides
formation of Al-O bonds, while formation of Al-Si bonds
is not observed [91]. Since the enthalpy of Al,O; phase
formation (AH ~ 1657...1676 kJ/mol) is higher than that
of the SiO, phase formation (AH ~ 861...911 kJ/mol)
[92, 93], the presence of Al in the film SiO, results in
predominant formation of the Al,O; phase, and excess
silicon takes part in formation of nanoclusters. This
process is quite complex, because the mechanisms of
diffusion of the impurities play an important role in
formation of multiphase systems. Critical parameters are

the concentration of Al and the value of stoichiometry
index x. The dose dependence of the PL band intensity in
the visible region (Fig. 11b) indicates the presence of
optimal dose of aluminum, at which the maximum PL is
observed. Taking into account that the optimal dose
(~8-10™ ions/cm?) provides the concentration of Al at the
depth of average range less than 1 at.%, it is possible to
assume that the mechanism of the PL increase is not
related to the increasing the concentration of additional
“released” silicon in the film (< 0.75 at.%), but is caused
by the local influence of the presence of aluminum on the
process of the SiO, phase decay.

The decrease in the PL intensity in SiOy samples
implanted with Ti indicates that the mechanism of
interaction of Ti with the SiO, matrix is different than in
the case of aluminum. In [94] it was shown that the
titanium actively interacts with both oxygen and Si
during annealing.

In addition, Al and Ti atoms can get into individual
nanocrystallites and form impurity levels in the band gap
of Si-nc: Al creates the shallow ones with low recom-
bination activity, Ti forms recombinationally active deep
levels, which serve as the centers of nonradiative
transitions [95]. Therefore, the implantation of Al can
increase the intensity of PL, while the implantation of Ti
leads to the decrease in the PL intensity.

Thus, the difference between the effects of Al and
Ti on PL is due to two features: the first, titanium atoms
during high-temperature annealing form bonds with both
oxygen and silicon, while aluminum interacts only with
oxygen atoms; secondly, aluminum atoms, falling into
Si-nc, can form shallow impurity levels with low
recombination activity, while titanium atoms form deep,
recombinantly active impurity levels, which can be
centers of non-radiative recombination.

4.2. Influence of carbon implantation

Nitrogen and carbon were detected in the studied
samples, which affected the light-emitting properties of
Si-nc. Taking into account the probability of the presence
of carbon impurities in the initial SiO4 films, it was
decided to find out how the implantation of C affects the
formation process and the properties of structures with
silicon nanoclusters. On the other hand, the literature data
show that the implantation of carbon can significantly
expand the range of wavelengths emitted by the
nanocluster structure based on silicon [68, 69].

For the objective study of the mechanisms of the
influence of carbon on the formation process and light-
emitting properties of structures with silicon-based
nanoclusters, two approaches were used to obtain SiOy
films with carbon admixture: the implantation of silicon
and carbon in silicon dioxide films and the implantation
of oxygen and carbon in a silicon substrate.

Implantation of silicon and carbon in SiO, films.
SiO, films obtained by thermal oxidation of the silicon
wafer were implanted with silicon ions (E = 100 keV and
Dg = 6:10%°cm?®) to form the SiO, suboxide film.
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The maximum concentration of silicon in the film at the
depth of the projective run was ~ 37-38%. At the next
stage, carbon implantation was performed with the
parameters that ensured the coincidence of the
distribution profiles of Si and C in the SiO, film
(E =50 keV and Dc=2.5-10%...2:10" cm?).
Implantation of Si ions only results in the broad
band with the maximum at 700 nm and the low-intensity
band with a maximum at 540 nm (Fig. 12a, curve 1). In
the samples after combined implantation of Si*+ C*
intensive PL bands with maxima at 425 nm, 540 nm, PL
band in the region of ~ 680 nm, as well as low-intensity
band with the maximum at 360 nm are observed (Fig. 12a,
curve 2). These bands (except for the 360 nm band) are
denoted for convenience as R, G and B with the maxima
at ~ 700, 540 and 425 nm, respectively. The dependences
of PL intensities for different spectral peaks on the dose
of additionally implanted carbon are shown in Fig. 12b.
The obtained results cannot be explained
exclusively by using the model of quantum-size effects in
nanocrystalline silicon. This model is acceptable partly

for the R-band. The R-band occurs at annealing
temperatures higher than 1050 °C. Its energy position
after annealing at the temperature of 1100 °C indicates
that the average size of Si nanocrystals is ~3 nm [44].
The estimated values of the average crystallite size
exceed the experimental values obtained by TEM ~ 2 nm
(Fig. 5), which may indicate the feasibility of considering
localized electronic states at the interface SiO,/Si-nc
when describing light-emitting properties. Increasing the
annealing temperature to 1200 °C leads to the shift of this
band into the long-wave region, which is associated with
the increase in the size of nanoclusters.

The decrease in the band intensity at these
temperatures indicates the decrease in the concentration
of nanocrystals due to the increase in their size and
deterioration of the conditions for quantum-size localiza-
tion. The presence of the carbon slows down the process
of Si precipitation by creating Si—C bonds and reducing
the diffusion coefficient of silicon [96]. In the structures
implanted with carbon, the R-band is shifted to the short-
wave region, which indicates the decrease in the size of
Si nanoclusters.

The intensity of G-band reaches its maximum at
low annealing temperatures, when nanocrystallites are
not formed. The energy position of the G-band depends
on the carbon dose and annealing temperature, and the
band itself consists of two components. The low-energy
component that dominates at high concentrations of
carbon is likely to be associated with the carbon clusters.
In our opinion, the higher-energy component, which
dominates at temperatures of 600 up to 800 °C, is
associated with the step-like silicon-containing structural
formations such as organosilicon compounds. Indeed, as
shown in [97], organosilicon polymers with Si—C bonds,
as well as polymeric compounds, namely siloxenes,
which include oxygen have similar to low-size silicon
objects (nanoclusters, nanowires and quantum layers)
properties. The organosilicon compounds can have
different structures: one-dimensional chains, branched,
stepped, and reticulate or planar-siloxene. The spectral
position of the high-energy component of the G-band
coincides with the position of the photoluminescence
band for silicon-containing polymers with the step-like
structure that are stable up to the temperatures close to
800 °C [97]. The presence of a PL band with the maxi-
mum at 360 nm indicates creation of small number of the
chain silicon formations, the nature of the luminescence
of which is associated with delocalized excitons [98].

The energy position of B-band is close to that
observed when studying porous silicon carbide PL [99].
If we take into account that the energy of Si-Si, Si-C and
C-C bonds is 2.36, 3.21 and 3.70 eV, respectively, then
with increasing the annealing temperature thermo-
dynamically favorable is formation of carbon and SiC
nanoclusters. It corresponds to the obtained results
according to which the higher intensity of the G- and B-
bands is observed for high annealing temperatures.
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Fig. 13. Oxygen distribution profiles of samples implanted with
oxygen (1) and additionally with carbon ions possessing the
energies of 50 keV (2) and 30 keV (3) (a) and PL spectra for
samples implanted with oxygen (1) and co-implanted with
carbon (b), after annealing in Ar at T = 1150 °C for 20 min.

The presence of the R-band at these temperatures is
explained by the fact that the concentration of implanted
silicon by several times exceeds the concentration of
carbon, and at formation of carbon nanoclusters the excess
silicon precipitates in the form of the nanocrystals.

It should be noted that at the annealing temperature
of 1000 °C there is the sharp drop in the intensity of G-
and B-bands, which may be caused by the processes of
restructuring (nucleation of Si-nc) and increasing the
concentration of broken bonds, which are the main
channel for nonradiative recombination [100].

Therefore, implantation of carbon into SiOy, films
leads to formation of carbon and silicon carbide
nanoclusters and silicon-containing polymers with a step-
like structure along with the Si-nc, which results in
significant expansion of the wavelength range of light
emitted by these structures.

Implantation of oxygen and carbon into the silicon
substrate. When forming buried SiO, films in the case of
known SIMOX (silicon implanted with oxygen) techno-
logy, these films contain inclusions of silicon crystallites.
As a rule, the size of these crystallites is within

the range of 10 to 100 nm and their use for light emission
is impossible. However, creation of buried dielectric
layers with silicon nanocrystals has the prospect of
practical application in multilevel optoelectronic circuits.

Creation of a buried layer of SiO, in silicon is
accompanied by generation of the large number of
defects and significant mechanical stresses, which
remarkably complicates the process of SiO, phase
formation and stimulates creation of dislocation loops.
Reduction of the mechanical stresses in such structures is
possible through generation of vacancies. Carbon is the
widely used impurity to generate vacancies in silicon.
During annealing, carbon implanted into silicon forms
the network of vacancies in silicon, which is the drain
for interstitial silicon atoms. Therefore, additional
implantation of carbon in the area between the generated
buried oxide (BOX) structure and the surface stimulates
formation of SiO, phase and reduces the concentration of
unwanted defects (dislocations and dislocation loops) and
promotes formation of crystalline silicon nanoclusters in
this area.

Silicon wafers were implanted with oxygen ions O,"

(E =130 keV and Dy =(1.8..5)-10""cm?) to form the

suboxide SiO, film. The maximum concentration of
oxygen in the film at the depth of the design run is
~(1.1...3.0)-10% cm®. At the next stage, carbon implan-
tation was performed. Implantation of carbon was carried
out in two modes: i) carbon implantation in the region of
maximum oxygen concentration (coincidence of the
distribution profiles O and C in Si) at conditions
E=50keV and Dc=2-10"® cm% ii) implantation of
carbon in the area between the created hidden SiO, layer
of and surface (E=30keV and Dc=1:10*cm™®). The
parameters of heat treatments and details of experiment
see in [101].

The oxygen distribution profile coincides with that
theoretically calculated using the TRIM program in the
samples after oxygen implantation (Fig. 13a, curve 1).
After additional carbon implantation, the oxygen
distribution profile is shifted toward the sample surface,
and it is in the region between the maximum carbon
distribution at the given energy and the concentration
maximum of the vacancies created during oxygen
implantation (Fig. 13a, curves 2 and 3).

The region with the thickness close to 30 nm with
the constant oxygen concentration is observed in the
samples implanted with carbon at the energy of 30 keV,
which indicates creation of the thin stoichiometric SiO,
layer.

In the case of additional carbon implantation, the
nucleation of the SiO, phase takes place in the region of
carbon distribution, and the oxygen distribution profile is
shifted to the surface. This is caused by two factors: i) in
the region of carbon distribution, the critical radius of
SiO, precipitates is much smaller, which creates conditions
for effective formation of the SiO, phase; ii) there are no
drains for interstitial atoms, which reduces the rate of
precipitation in the initial distribution of oxygen.
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In our opinion, PL is associated with the presence of
nanocrystalline silicon inclusions with the size of 2 to
5nm in the thin stoichiometric SiO, layer, which was
formed in the samples implanted with oxygen and
carbon. The presence of these inclusions is confirmed by
the results of diffuse X-ray scattering [102].

Therefore, additional implantation of carbon ions
into silicon structures implanted with oxygen ions leads
to redistribution of oxygen over the thickness and
stimulates the emergence of the SiO, phase in the region
with the maximum carbon concentration. The maximum
effect is observed when the carbon distribution profile
coincides with the maximum vacancy distribution. The
thin (~ 30 nm) stoichiometric layer of silicon dioxide is
created in this region. Carbon implantation enables to
effectively control formation of silicon nanoclusters and
the growth of SiO, phase during annealing. After
annealing of the samples additionally implanted with
carbon, PL with the peak at 600 nm is observed
(Fig. 13b), this is associated with inclusion of silicon in
the thin stoichiometric SiO, layer.

When carbon is introduced into SiO, films, in
which there are no significant mechanical stresses during
annealing and no formation of Si-nc, formation of carbon
and silicon carbide nanoclusters and silicon-containing
polymers is observed, which is accompanied by
expansion of the wavelength range of emitted light.
When carbon is implanted into the region of the buried
SiOy layer obtained by implantation of oxygen in the
silicon wafer, formation of silicon nanocrystallites during
annealing occurs under significant mechanical stresses.
In this case, there observed is thickness redistribution of
oxygen and more efficient formation of stoichiometric
SiO, with embedded Si-nc. That is, in the first case (low
mechanical stresses) carbon is the “building material”
providing formation of nanoscale inclusions (SiC, carbon
nanoclusters), in the second case (when significant
mechanical stresses are present) carbon plays the role of
“catalyst” promoting formation of SiO, phase with
embedded Si-nc and compensates significant mechanical
stresses that occur in the film.

4.3. The effect of nitrogen introduction

All the above results were obtained for the structures
after annealing in the inert atmosphere (Ar). However,
in the samples obtained by the PECVD method, the
small concentration of nitrogen was revealed, which
probably led to significant differences in the photo-
luminescent properties of Si-nc structures obtained using
this method.

Despite  intensive  researches [64-67], the
mechanism of nitrogen effect on the luminescent
properties of silicon nanoclusters in the SiO, matrix has
not been definitively ascertained. To study the effect of
nitrogen on the light-emitting properties of the structures
with Si-nc, it is important to control the introduction of
nitrogen, which can be provided only by ion
implantation.
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Fig. 14. (a) Nitrogen distribution profiles in SiO;s films
annealed in the N, (1) atmosphere and in Ar atmosphere after
N," implantation, D = 2.2-10% jon/cm? (2) and (b) dependence
of PL intensity on the dose of implanted nitrogen after
annealing in Ar (the arrow shows the PL of the SiO.5 film
annealed in N). Annealing at T = 1150 °C for 20 min.

During studying the effect of nitrogen on the light-
emitting properties of the structures with silicon
nanoclusters, nitrogen was introduced into the SiO, film
by using two methods: (i) by thermal annealing in N, and
(i) by implantation of N," ions (see [103] for
experimental details).

Uniform distribution of the nitrogen over the
thickness of the sample is provided by its diffusion
(Fig. 14a, curve 1). The increase in the nitrogen
concentration at the depth of ~ 340 nm is due to its
ability to accumulate at the SiO,/Si interface. In case of
ion implanted samples, the distribution of the nitrogen
atoms along the depth of the sample should be non-
uniform (in the form of two Gaussians with maxima at
the depths 120 and 240 nm, which correspond to two
energies of implantation). However, due to diffusion, the
distribution of nitrogen in the implanted samples after
annealing becomes almost uniform (except for the region
near the SiO,/Si interface).
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It was found that the presence of nitrogen increases
the intensity of PL (Fig. 14b) and leads to the shift of the
PL band in the short-wave region [104]. The effect of the
nitrogen on PL does not depend on the method of its
introduction, but is defined by the concentration of
nitrogen in the film. The use of the ion implantation
enables to estimate the required nitrogen concentration,
at which the maximum increase in PL intensity is
observed. For the structures, in which the excess
concentration of silicon is ~ 10 at.%, this optimal dose of
nitrogen is within the range of 3.5 to 4 at.%.

To elucidate the mechanism of the annealing
atmosphere on the radiative properties of the structures
with Si-nc, in addition to annealing in the inert
atmosphere and the nitrogen atmosphere, combined
annealing was performed: short-term (2 min) and long-
term (18 min) with different sequence of annealing
atmospheres. It was found that the position of the PL
band is defined mostly by the conditions at the initial
stage of the annealing, and the intensity is related to the
environment of the structure at the final stage of
annealing.

The obtained experimental results cannot be
explained only within the frames of the quantum-size
model, so for their interpretation the PL model with
localized electronic states at the SiO,/Si-nc interface was
considered: exciting light is absorbed in nanoclusters,
and radiative recombination occurs through the energy
levels at the SiO,/Si-nc interface.

Since the enthalpy of silicon nitride phase formation
is significantly lower [92, 93] than the enthalpy of silicon
dioxide formation, Si—N bonds are rapidly formed during
thermal annealing, and it causes redistribution of the
silicon bonds, which slows down the diffusion of silicon
in SiO, film. Thus, at the initial stage of Si-nc formation,
the diffusion-limited stage of cluster growth is restricted,
and the processes of clusters oxidation are suppressed
due to the autocatalytic mechanism [105].

Therefore, the presence of nitrogen stabilizes the
SiO,/Si-nc structure and maintains the high concentration
of nanoclusters. During the annealing process, nitrogen is
accumulated at the oxide/Si-nc interfaces and passivates
the broken silicon bonds, which leads to the decrease in
the number of non-radiative recombination centers [106].
Thus, in the process of thermal annealing in nitrogen, the
high concentration of nanoclusters surrounded by the
SiO, phase is maintained, in which the broken bonds are
passivated by nitrogen.

The intensity of the PL decreases sharply with
increasing the nitrogen concentration from 4 to 5.5 at.%
(Fig. 14b). This is caused by occurrence of silicon
oxynitride phase at the cluster surface, which decreases
the concentration of radiating interface electronic states
and, accordingly, decreases the intensity of radiative
recombination.

The study of the nitrogen effect on PL of the
structures with Si-nc formed by nitrogen implantation in
structures with already formed nanoclusters did not

provide direct evidence that the mechanism of nitrogen
effect is to modify the interface and create the centers of
the radiative recombination. The main obstacle in this
case was generation of the large number of radiation
defects. These defects significantly reduce the intensity
of PL and do not allow to directly study the effect of
nitrogen on PL of the structures with Si-nc. However, the
obtained results of intensity reduction and short-wave
shift of the PL band maximum can be unambiguously
explained only in the framework of the model of nitrogen
modification of the Si-nc/SiO, interface.

Investigation of the nitrogen effect on the light-
emitting properties of SiO, films implanted with Si*
showed that the effect of annealing in the nitrogen
atmosphere (increase in PL intensity and shift of the PL
band maximum position) depends on the concentration of
excess silicon in the film [76].

5. Photoluminescence of the structures with Si-nc
obtained by acoustic-stimulated ion implantation

The nucleation of the nanoclusters can be stimulated
through the use of the ultrasonic treatment of the wafer in
the process of the ion implantation. It is known that
vacancy complexes are effectively formed during
ultrasound treatment at implantation [78, 79], which
should facilitate the process of the silicon precipitation in
the initial stages of annealing. TEM data confirm
formation of the array of nanoclusters with
approximately the same sizes and almost the same
concentration at both conventional implantation and that
with ultrasound treatment (Fig. 4). However, the intensity
of the long-wave PL band (1.55 eV) in the samples
synthesized with ultrasonic treatment is significantly
lower (Fig. 15a). This effect could be associated with the
decrease in the concentration of large nanoclusters
(4 nm). However, according to the electron microscopic
studies, the number and size of nanoclusters in samples
obtained with and without ultrasonic treatment is almost
the same.

Since the PL band 1.5...1.6 eV, according to [7, 89,
90], can also be associated with recombination through
electronic states at the nSi-nc/SiO, interface, to
discriminate the possible mechanisms of influence of the
ultrasonic treatment on the PL intensity, the X-ray
photoelectron spectra of these structures has been
investigated (Fig. 15b).

The decomposition of X-ray photoelectron spectra
into elementary components, according to the procedure
described in [77], demonstrates the presence of five
elementary components in the Si-2p spectrum, which
correspond to the different degrees of silicon oxidation in
the matrix.

Table 1 shows the calculated relative integrated
intensity of the oxidation state of silicon. The Si°
component corresponds to the unoxidized silicon
(nanoclusters), Si* to fully oxidized silicon (SiO, matrix),
and other components to intermediate oxidation states.
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Table 1. The relative integrated intensity of the silicon
oxidation state.

Si° Sit Si% Si* Si*
m'tigsoun o 948% | 1% | 0% | 0% |8952%
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Fig. 15. PL spectra (a) and X-ray photoelectron spectroscopy
data (b) for Si-nc structures obtained using ion implantation
with and without ultrasonic treatment.

X-ray photoelectron spectroscopy (XPS) data show
that in the case of ultrasonic treatment, the Si-nc/SiO,
interface is more perfect (practically absent 1-, 2- and 3-
fold oxidized silicon). In the case of ultrasonic treatment,
there is the significant decrease in the intensity of the PL
band with the maximum at 800 nm. That is, the decrease
in the “transitional” suboxide layer at the interfaces
between the Si nanocluster and SiO, is accompanied by
the decrease in PL.

Fig. 16 shows the dependence of the total
concentration of silicon suboxide states Si"" (n = 1 to 3)
(a) and the intensity of the PL band with the maximum
near 800 nm (b) on the power of the applied ultrasonic
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Fig. 16. Dependence of the total content of suboxide states (a)
and the intensity of the PL band with the maximum near
800 nm (b) on the power of ultrasonic treatment for structures
with Si-nc obtained using acoustic-stimulated ion-beam
synthesis.

wave. The PL band intensity at 800 nm and the total
concentration of suboxide states decrease with increasing
the ultrasonic processing power.

Taking into account that the average size of Si-nc
and their size distribution does not change during
ultrasonic treatment (Fig. 5), the similar nature of the
dependences of PL intensity and concentration of
suboxide states on the applied power of ultrasonic waves
indicates that the band in the region of 800 nm related to
suboxide states at the Si-nc/SiO, interface.

Melnik V.P., Popov V.G., Romanyuk B.M. et al. Luminescent properties of the structures with embedded silicon ...

293



SPQEO, 2023. V. 26, No 3. P. 278-302.

In our opinion, when forming the nanocluster
structures without ultrasonic treatment, the large amount
of underoxidized silicon creates the large concentration
of the electronic states at the Si-nc/SiO,, which are
responsible for PL in the region of 1.55 eV. Ultrasonic
treatment, reducing the concentration of surface
electronic states, leads to the decrease in the intensity of
the low-energy PL peak, without affecting the higher-
energy peaks (Fig. 15a).

Thus, experimental results show that, for the PL
band in the red and near-IR regions, the dominant
mechanism of radiative recombination is recombination
through localized states at the Si-nc/SiO, interface.

6. Influence of the low-temperature treatments on the
light-emitting properties of the structures with Si-nc

Experimental results show that the radiative properties of
structures with Si-nc significantly depend on the state of
the Si-nc/SiO, interface. The results of studies of the
macroscopic interface Si/SiO, indicate that its properties
can be significantly changed by heat treatment at the
temperatures 450 to 850 °C [105, 106].

Low-temperature (LT) annealing of the structures
with formed Si-nc at the temperature of 450 °C in
vacuum or in the atmosphere of inert gas (Ar) practically
does not change the PL spectrum (Fig. 17) [75-77]. At
the same time, annealing in the oxygen atmosphere
slightly increases the intensity of PL, while the shape of
the spectrum does not change. Subsequent LT treatments
in N, atmosphere lead to the significant increase in the PL
intensity. In addition, the shape of PL band itself changes
— the noticeable shoulder appears in the long-wave region.
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The highest PL intensity is observed for the
structures that after high-temperature annealing were
subjected to LT treatment in the mixture of nitrogen and
oxygen. In this case, there is a significant shift of the PL
maximum to the long-wave region.

The intensity of PL increases with increasing the
period of annealing in air up to 6 hours Note that the
position of the PL band is shifted to the long-wave region
with increasing the duration of LT annealing. When this
period is longer than 6 hours, the intensity of PL goes to
the saturation. During long LT annealing in the nitrogen
atmosphere, the PL intensity is lower by several times
and reaches saturation at the annealing time longer than
1 hour (Fig. 17, insert).

Subsequent thermal annealing at the temperatures
above 450 °C leads to the decrease in PL, and repeated
modification annealing in the N, + O, mixture at 450 °C
restores the radiative properties of the structure with
Si-nc (for details see [75]).

For the samples formed in the Ar atmosphere, the
PL intensity after LT annealing increases more than in
the case of the structure formed in the N, atmosphere.

The highest PL intensity is observed for the
structures with Si-nc formed during high-temperature
annealing in Ar, which then underwent additional heat
treatment in the mixture of nitrogen and oxygen at
450°C and subsequent passivating annealing in
hydrogen (see [76]). For these structures PL is more than
an order of magnitude higher than the structures
immediately after formation (Table 2).

The integrated PL intensity in normalized on
the PL intensity for the structures formed in the Ar
atmosphere.
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Fig. 17. PL spectra of SiO;5 films after forming high-temperature annealing and subsequent low-temperature annealing in
different atmospheres. In the insert — the dependence of PL intensity on the duration of low-temperature annealing in the mixture

of N, + O, and nitrogen.
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Table 2. Integrated PL intensity.

Formation Low-temperature treatments
atmosphere 1100 °C 450 °C (N, + Oy) 480 °C (H,) 450 °C (N, + O,) + 480 °C (H,)
Ar 1 9.02 6.90 16.83
N, 1.78 6.59 8.62 8.78
Table 3. Relative integrated intensity of silicon oxidation before and after low-temperature treatment.
Si° (%) Si** (%) Si** (%) Si** (%) Si** (%)
1) forming annealing: 1150 °C (Ar) 8.9 1.9 4.0 0 85.3
I1) the following NT treatment:
1150 °C (Ar) + 450 °C (N, + Oy) 6.5 11 103 0 821

The integrated PL intensity in normalized on the PL
intensity for the structures formed in the Ar atmosphere.

The results of layer-by-layer analysis of thermally
evaporated SiOqs films after each stage of three-stage
annealing: 1 — 1150°C (Ar, 20 min); 1l — 450°C
(N2 + Oy, 2 hours); Il — 1150 °C (Ar, 20 min) indicate
that nitrogen diffuses into the film during the LT stage
(Fig. 18a). After forming high-temperature annealing (1)
in the Ar atmosphere, the nitrogen concentration in the
film is negligible. But there is some increase in the
concentration of the nitrogen at the film-substrate inter-
face, which is associated with its ability to accumulate at
the interface. After LT annealing in the mixture of
nitrogen and oxygen (1), the concentration of nitrogen in
the film increases significantly. Subsequent high-tempe-
rature annealing (111) removes nitrogen from the film.

Fig. 18b shows X-ray photoelectron spectra of Si-2p
for the samples after forming annealing (upper curve)
and after subsequent LT treatment (lower curve) and
their decomposition into elementary components corres-
ponding to the different degrees of silicon oxidation in
the matrix. Table 3 shows the calculated relative
integrated intensity of the oxidation state of silicon.

XPS data show that after LT treatment, the
“transition” layer at the Si-nc/SiO, interface significantly
increases (the amount of 2-fold oxidized silicon increases
significantly). There is the significant increase in the
intensity of PL band with the maximum near 800 nm,
namely in this case. That is, the increase of the
“transition” layer at the interface between the nanocluster
and SiO, is accompanied by the significant increase in
the PL intensity.

The mechanism of the influence of the LT annealing
in N, + O, on PL is related to the reconstruction at the
Si-nc/SiO, phases interface due to the quasi-chemical
reactions involving oxygen and nitrogen atoms [107].
The important factor in the course of quasi-chemical

reactions is the presence of broken bonds at the interface,
which, in our opinion, is the beginning of the
reconstruction of the interface. Measurements of the
distribution of nitrogen along the depth of the film
showed that nitrogen in the process of LT annealing is
distributed uniformly over the entire thickness of the
film. Subsequent high-temperature annealing leads to the
release of the nitrogen from the film. These experiments
indicate that the long-wave shift of the PL band is
associated with the reconstruction at the Si-nc/SiO,
interface and formation of electron energy states through
which radiative recombination occurs. XPS data confirm
the significant increase of the “transition” layer at the
Si-nc/SiO, interface after LT treatment.

The kinetics of the process indicates that oxygen,
which diffuses into the film, is involved in formation of
PL centers (see Fig. 17, insert). Since the oxygen
diffusion coefficient at the temperature near 450 °C is
quite low [31], the process of formation of these centers
is slow. In the case of annealing in nitrogen, there is the
rapid process of non-radiative recombination centers
passivation by attaching nitrogen to the broken bonds at
the nanocluster/matrix interface, then with additional
oxygen diffusion new centers are created by oxidation of
silicon and autocatalytic maintenance of this reaction
with the following bounding of nitrogen.

However, during formation of radiative centers at
the Si-nc/SiO, interfaces there are appearance of new
broken bonds, which are the centers of nonradiative
recombination. This is confirmed by the results of
hydrogen passivation in these structures: the intensity of
PL after passivating annealing in H, grows [76]. The
destruction of photoluminescent centers at the annealing
temperatures higher than 650 °C occurs due to the
effusion of nitrogen from the film, which is confirmed by
the profiles of nitrogen distribution after high-tempera-
ture annealing (Fig. 18a).
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Fig. 18. Distribution of nitrogen in the SiO; s film after each
stage of cyclic annealing: 1150 °C — 450 °C — 1150 °C (a)
and X-ray photoelectron spectroscopy data after the first and
second stages of annealing (b).

Thus, the mechanisms responsible for the PL
intensity increasing after LT annealing in the mixture of
oxygen and nitrogen are associated with the recon-
struction of the Si-nc/SiO, interface and formation of the
electron energy states involved in recombination of non-
equilibrium charge carriers. Quasi-chemical reactions of
these centers formation take place with participation of
oxygen and nitrogen. The initial centers of these
reactions are broken bonds at the Si-nc/SiO, interface.

7. Conclusions

The influence of the presence of the number of impurities
(H, C, N, Al, Ti) on the processes of formation and
modification of the luminescent properties inherent to the
structures with silicon nanoclusters embedded into the
dielectric matrix has been studied. It was ascertained that

the presence of carbon, nitrogen and aluminum in the
high-temperature (1100...1200 °C) formation of Si-nc in
the matrix of silicon dioxide significantly accelerates
nucleation and growth of the silicon nanoclusters. The
main mechanism of influence is the binding of excess
oxygen in the growth region of Si-nc. Controlled
implantation of impurities (at the level of 0.1 to 2 at.%)
allows one to influence the size and concentration of
nanoclusters and, accordingly, to change the spectral cha-
racteristics of the luminescent structures. In particular,
the implantation of carbon and nitrogen increases the
concentration of smaller clusters, which is accompanied
by the increase (by several times) in the intensity of
photoluminescence in the short-wave region of the
spectrum. In addition, nitrogen effectively passivates the
centers of non-radiative recombination, which leads to
the overall increase in the intensity of radiative recom-
bination. Aluminum, intensively absorbing oxygen,
creates conditions for rapid formation of the Si-nc at the
initial stages of their high-temperature formation.

It has been ascertained that the luminescent
properties of the structures with Si-nc are influenced by
the state of the nanocluster/matrix interface, and
modification of this interface allows one to significantly
increase the PL intensity. The presence at the interface of
the transition layer with the thickness of several
monolayers containing silicon suboxides leads to the
increase in the PL intensity within the spectral range of
700 to 900 nm. The intensity of PL is proportional to the
number of suboxide states and can be changed by
implantation of impurities, temperature modification
(annealing at T ~ 450 °C) and ultrasonic treatment. The
mechanisms responsible for increasing the PL intensity
are related to the reconstruction of the Si-nc/SiO,
interface and formation of electron energy states involved
in the recombination of non-equilibrium charge carriers.
Quasi-chemical reactions to create these states occur with
participation of oxygen and nitrogen, and the initial
centers of reactions are the broken bonds at the interface
Si-nc/Si0..

It has been shown that the combined use of the
number of the technological procedures, namely:
stimulated conditions for the formation of nanoclusters,
modification of the Si-nc/SiO, interface, passivation of
non-radiative recombination centers can significantly (up
to 17 times) increase the efficiency of PL intensity as
compared to traditional luminescent structures, namely,
thermal decomposition of non-stoichiometric SiOy film
(x~ 1.5).
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JlroMiHeCIeHTHI BJIACTHBOCTI CTPYKTYP i3 BOYIOBaHMMH KpPeMHi€BUMH HAHOKJAcTepaMH: BIUIUB TeXHOJOTII,
JeryBaHHs Ta Bignaiay (OrJsux)

B.I1. Meabuuk, B.I'. ITonoB , .M. Pomaniok, C.B. AHTOHiH, A.A. €BTYX

AHoranis. Busenenns ¢oromominecuenuii (®JI) y TpaguuiiiHo HemoMiHecleHTHOMY Marepiani Si (THIIOBO
HENpsIMO30HHOTO HaIiBIPOBITHUKA) MIPUBEPTA€ BEJHMKY yBary sk y HayKOBOMY acleKTi, Tak 1 JUIi 3aCTOCYyBaHb Y
cdepax MIKpO- Ta HAHOEGJIEKTPOHIKH 1 hoToenekTpoHiku. He3Baxkarouu Ha ycrixX y TEXHOJOTIT Ta pO3yMiHHI 0araTtbox
ocobmuBocTel xapaktepuctuk ®JI, 6arato mpoOseM Ie He BUPILICHO. 30KpeMa, sKi MEeXaHi3MU MOXOJPKCHHsI JIiHii
®JI — KBaHTOBO-PO3MIpHIi, MOJIEKYJISIpHI KOMILICKCH BeepeauHi Si0,, inTepdeiicHi a0o 00’ eMHI JIOKaTi30BaHI CTaHH 1
T. iH. SIk mocsartu 30inpmenns inTeHcuBHOCTI @JI Ta cTBOpenHs @JI y pi3HHX OIISHKAX CIEKTpa. 3alporOHOBAHUMN
OIJISII CHCTEMATH3y€E Pe3yNbTaTH, MOB’A3aHi 3 TaKUMHU NpoblieMaMHu, 3 BUKOPUCTAHHSIM OpPUTiHAIBHHUX TEXHOJIOTIH
CTBOpEHHS Si-HaHOKpHCTaliB (Si-HK) Ta pi3HUX METOJIB MOCTiKeHb. Ha 3akiHUeHHS, MU HiICYMOBYEMO pe3yIbTaTh
[IO/I0 BJIACTUBOCTEU JIOMIHECHEHTHUX CTPYKTYp Si-HK—SIiO, B 3aNeXHOCTI BiJi TEXHOJOrii cHHTE3y, (OTO- Ta
CTPYKTYPHHUX BIACTHBOCTEH 1 IIEPCIICKTUB 3aCTOCYBAaHHS UL MIKPO- T4 HAHOCICKTPOHIKH 1 (POTOCTEKTPOHIKH.

KoaiouoBi ciioBa: kpeMHiii, HaHOKIacTep, (POTOTIOMIHECLEHIIS,, IOHHO-TIPOMEHEBUI CHHTE3, JIETYBaHHS, BiMal.
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