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The effect of surface states of silicon nanocrystals embedded in silicon dioxide on the photoluminescent proper-
ties of the nanocrystals is reported. We have investigated the time-resolved and stationary photoluminescence
of silicon nanocrystals in the matrix of silicon dioxide in the visible and infrared spectral ranges at 77 and 300 K.
The structures containing silicon nanocrystals were prepared by the high-temperature annealing of multilayer
Si0;/SiO; films. The understanding of the experimental results on photoluminescence is underlain by a model
of autolocalized states arising on surface Si-Si dimers. The emission of autocatalized excitons is found for the
first time, and the energy level of the autolocalized states is determined. The effect of these states on the
mechanism of the excitation and the photoluminescence properties of nanocrystals is discussed for a wide range
of their dimensions. It is reliably shown that the cause of the known blue boundary of photoluminescence of
silicon nanocrystals in the silicon dioxide matrix is the capture of free excitons on autolocalized surface states.
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1. INTRODUCTION

An intense photoluminescence (PL) of porous sili-
con in the visible spectral range at room temperature
was first observed by Canham in 1990 [1]. This PL, not
inherent to silicon (which is an indirect gap semicon-
ductor), was explained as the result of the size quanti-
zation effect of electron states in silicon nanocrystals.
The possibility to create optoelectronic devices based
thereon and the prospects of their use in photovoltaics
promoted research on the optical and electric proper-
ties of silicon nanocrystals in various matrices [2, 3].

Currently, much attention is attracted to silicon
nanocrystals in the matrix of silicon dioxide (SiOs,).
This is due to the high thermal and chemical stability
of the material and its complete compatibility with the
traditional silicon microelectronic technology.

To obtain an efficient emission in the visible and
near-IR spectral ranges, the nanocrystals should be of
the size not exceeding several nanometers. At this size,
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the ratio of the nanocrystal surface to its volume is
large, and the surface states may significantly affect the
excitation and emission mechanisms of the nanocrys-
tals.

It is known that with a decrease in the size of sili-
con nanocrystals in the SiOs matrix, the maximum of
the PL band at the room temperature shifts from the
IR region only to some “blue boundary” of the wave-
length about 0.6 pum (corresponding to the emission
energy 2.1 V), which has not been predicted by the-
oretical calculations based on the size quantization ef-
fect [4]. Yet the PL band of silicon nanocrystals in the
silicon nitride matrix (Si3N,) undergoes the blueshift
up to the ultraviolet region of 0.41 um (approximately
3 eV) as the size of nanocrystals decreases to 2.6 nm [5].
The blueshift up to 3.5 €V is also observed for the PL
of porous silicon when the surface of the crystals is
covered with hydrogen [6]. Therefore, the existence
of the “blue boundary” of 2.1-2.2 eV for PL of silicon
nanocrystals in the silicon dioxide matrix demonstrates
a strong effect of the nanocrystal surface on the PL
characteristics.



MKITD, Tom 145, BhIm. 5, 2014

Effect of surface Si-Si dimers on photoluminescence ...

The most widely spread preparation method of sil-
icon nanocrystals in the matrix of silicon dioxide is the
high-temperature annealing of initial films of silicon
suboxide SiO, (z < 2), which can be carried out by var-
ious procedures [3]. The annealing process induces the
separation of the Si and SiO» phases with the formation
of silicon nanocrystals embedded in SiOs. The size of
silicon nanocrystals depends on the amount of excess
Si, as well as on the annealing temperature. The results
of the studies of the fine structure of X-ray absorption
spectra near the edge structure (XANES) indicate that
the nanoparticles obtained by the high-temperature
annealing of SiO, films are silicon nanocrystals sur-
rounded with a thin layer of 0.6-0.8 nm of amorphous
Si0, of variable composition z [7]. This way, several
types of structural defects — Si=0, Si—O-Si, Si—-O, and
surface Si-Si dimers — form on the surface of silicon
nanocrystals.

It has been shown in theoretical investigations [8, 9]
that the blue boundary of PL for silicon nanocrystals in
the SiO» matrix can be described with a model of au-
tolocalized exciton states forming on the surface Si-Si
dimers. We refer to these states as self-trapped exciton
state, STE(Si-Si). We note that according to the cal-
culations, radiative recombination of autolocalized ex-
citons on STE(Si-Si) should result in the appearance
of a PL band in the range 1.2-1.5 eV for small silicon
nanocrystals in the matrix of silicon dioxide. The ob-
servation of this band can become the proof of the sug-
gested model. However, no experimental studies that
detected PL of autolocalized excitons on surface Si—Si
dimers have appeared until now.

Recently, results were published of an experimen-
tal investigation of induced light absorption in silicon
nanocrystals, which were explained based on a model of
the capture of hot excitons into the autolocalized sur-
face states on the Si-O bond [10]. It was shown that
in the time interval about 0.1 ns, a hot exciton from
the nanocrystal is captured on the surface metastable
state, from which it returns into the nanocrystal. This
process was described using a phenomenological model
of autolocalized excitons constructed in the framework
of a single-mode approximation of Huang—Rhys. The
Si—O vibration was taken as the vibration mode where
the exciton was localized. We refer to these autolo-
calized surface excitons as STE(Si-O). Based on this
model, the processes of “hot” exciton capture from the
nanocrystal into the autolocalized state, the backward
return into the nanocrystal by thermoactive tunneling,
and the processes of the optical ionization of the ex-
citon and its radiative and nonradiative recombination
were theoretically discussed in [10, 11]. The STE(Si-O)
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model may also explain the blue boundary of the PL in
silicon nanocrystals. In [10], no attempts were made to
detect PL of the autolocalized exciton. It should also
be noted that the study of induced light absorption in
a silicon nanocrystal cannot be regarded as a direct
method of the investigation of autolocalized states.
The purpose of this paper is to provide experimen-
tal evidence for the existence of autolocalized states
on the surface of silicon nanocrystals in the matrix of
silicon dioxide and to reveal their nature and their in-
fluence on PL of free and autolocalized excitons. We
investigated the stationary and time-resolved PL of sil-
icon nanocrystals in the matrix of SiOs in the visible
and IR spectral ranges. The obtained experimental re-
sults are well understandable based on the model of
autolocalized excitons on surface Si—Si dimers.

2. PREPARATION OF SAMPLES AND
MEASUREMENT PROCEDURES

In this work, we studied structures composed of thin
films of silicon dioxide containing silicon nanocrystals
and separated by layers of pure silicon dioxide. This
allowed decreasing a probable effect of energy trans-
fer from a silicon nanocrystal of a smaller size to the
nearest-neighbor of a larger size. In thin (close to the
size of the silicon nanocrystal) layers of the SiO, ma-
trix, the number of nearest neighbors is several times
smaller than in the case where the thickness of the
Si0, layer with silicon nanocrystals is larger than the
nanocrystal size.

Multilayer nanostructures a-SiO, /a-SiO» were ob-
tained by alternate evaporation in a vacuum of appro-
priate initial materials from two separate sources, with
the layer thickness monitored photometrically as de-
scribed in [12,13]. The a-SiO, layers were deposited
by evaporation of SiO powder from an effusion tanta-
lum source, and the a-SiO2 layers, by electron beam
evaporation of fused silica. The temperature of the sil-
icon substrate during the deposition was maintained
at 200°C. The thickness of a-SiOy layers was set at
a constant value of 2.8 nm, and the structures were
distinguished only by the thickness of a-SiO, layers.
In all cases, the first deposited layer was that of sili-
con suboxide, followed by SiOs, a-SiO,, etc.; the upper
layer consisted of SiOs. After deposition, structures
were annealed at high temperature (about 1100 °C) for
two hours in an Ny atmosphere. As a result, structures
were obtained with silicon nanocrystals of the mean
dimensions 2.5, 3.5, and 4.5 nm, approximately in ac-
cordance with the thickness of the deposited layer of
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a-Si0,. The size control of the nanocrystals was car-
ried out with high-resolution transmission electron mi-
croscopy as described in [12,13].

The stationary PL was exited with a semiconduc-
tor laser emitting at A = 405 nm and was registered
by a photomultiplier or by a liquid nitrogen-cooled
germanium detector. The time- resolved PL spectra
were obtained at the excitation with a pulse nitrogen
laser emitting at A\ = 337 nm, with a pulse duration
of 7 ns and the repetition frequency 45 Hz. The PL
measurements were performed with the use of grat-
ing monochromator, a stroboscopic voltmeter with the
strobe pulse duration of 4 ns, and a digital oscillograph.
The time resolution of the registration system with the
use of a photomultiplier tube in the spectral range 400—
850 nm was 20 ns, and in the region 700-1600 nm, when
the cooled germanium detector was used, 20 us. All PL
spectra are corrected for the spectral sensitivity of the
optical system.

3. EXPERIMENTAL RESULTS

In Fig. 1, PL spectra are shown for the three ob-
tained nanoperiodic structures containing ensembles of
silicon nanocrystals of mean nanocrystal sizes 2.5, 3.5,
and 4.5 nm in the matrix of silicon dioxide. PL was
excited with a continuous laser at A = 405 nm.

The PL bands with the maxima in the region 700—
900 nm are well known for silicon nanocrystals in the
SiOs matrix. They originate from size quantization of
the electron states in silicon nanocrystals. Half-widths
of the bands of this PL amount to 250-300 meV and are
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Fig.1. The normalized PL spectra of silicon nanocrys-

tals in the SiOy matrix obtained under excitation with

a continuous laser at A\ = 405 nm for the mean size of

nanocrystals in the ensemble (1) 2.5 nm; (2) 3.5 nm,
and (3) 4.5 nm; T'= 295 K
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Fig.2. PL spectra of the structure with silicon

nanocrystals of the mean size about 2.5 nm at T =

= 295 K for three delay times with respect to the ex-

citation pulse: (1) 0-10 ns, (2) 20 ns, (3) 40 ns. The

left-hand side of the spectrum is cut off by the filter at
A =450 nm

practically independent of temperature. We note that
in the experiments published in [14], where the PL of
one silicon nanocrystal was separated at low temper-
ature, the half-width of the PL band was 20-30 meV.
Consequently, the observed width of the PL band (200
300 meV) is mainly due to the dispersion of nanocrys-
tal sizes in the ensemble. This fact allows the study of
PL kinetics in a wide range of nanocrystal sizes using
silicon-nanocrystal ensembles with one to two different
mean sizes, by changing the wavelength of the regis-
tered PL signal.

It is well known that under the excitation with a
pulse laser, regardless of the nanocrystal size, two PL
bands are observed from the silicon nanocrystal in the
matrix of SiOs. In Fig. 2, we present typical PL spectra
of our structure with the mean size silicon nanocrystals
about 2.5 nm, registered at different delay times with
respect to the excitation pulse.

As can be seen from Fig. 2, beside the above-
described PL band in the region 700-900 nm, related to
size quantization of the electron states in the nanocrys-
tals, a second PL band is observed in the region 500—
550 nm. The decay time of this PL band, in keep-
ing with the data of Fig. 2, is of the order of 10 ns
(the time resolution limit), three orders of magnitude
smaller than the decay time of the PL band in the re-
gion 700-900 nm. According to the published data, the
decay time of the PL band in the region 500-550 nm
amounts to several nanoseconds. The origin of this
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Fig.3. PL decay curves at three different wavelengths

obtained at 7' = 295 K for a sample with the mean

size of nanocrystals 2.5 nm: (1) 660 nm; (2) 720 nm;
(3) 800 nm

band was not established. It is usually attributed to
the Si=0 bonds on the interface between the silicon
nanocrystal and the Si0, matrix. We note that as can
be seen from Fig. 2, we did not observe a time delay
(within an accuracy of 20 ns) in the appearance of PL in
the region 700-900 nm originating from the size quan-
tization effect of the electron states in nanocrystals.

The principal attention in this research was focused
on the study of the decay kinetics of free excitons PL in
the region 850-650 nm (1.45-1.9 eV), presuming that
the selection of PL according to wavelength in this
range would correspond to the kinetic dependences of
the emission for the nanocrystals of respective sizes.
The example of the PL kinetics for silicon nanocrystals
at several energies of emitted photons for a sample with
the mean size of nanocrystals 2.5 nm is shown in Fig. 3.

It follows from Fig. 3 that the PL decay of silicon
nanocrystals is not of the single-exponential character.
The impossibility to describe the PL decay observed
for silicon nanocrystals in the silicon dioxide matrix
with a single exponent is commonly overcome by ap-
plying a “stretched” exponent. This character of de-
cay was attributed to the effect of surface states or to
the excitation energy transfer to the nearest neighbor-
ing nanocrystal. However, it was shown in [15] that
even at the low density of nanocrystals, when energy
transfer between nanocrystals could not occur, the PL
decay also did not fit the single-exponential behavior.
Therefore, the cause of the deviation of the PL decay
of silicon nanocrystals in the matrix of SiOs from the
single-exponential character should be sought in the ef-
fect of the surface.
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Fig.4. Decay time of the (1) slow and (2) fast com-
ponents of PL for silicon nanocrystals with the mean
size 3.5 nm as a function of the energy E,; of emitted
photon. Plot (3) shows the fraction k of the ampli-
tude of the fast component in the overall PL ampli-
tude (k = Afast/(Afast + Asiow)). The results were
obtained at 7' = 300 K. The points are connected with
lines for clarity

The processing of our experimental data on the PL
decay of silicon nanocrystals in the region 850-650 nm
(1.45-1.9 eV) has demonstrated that they are well de-
scribed in the full studied range of photon energies with
two exponentials differing in time by approximately an
order of magnitude. In Fig. 4, the decay times of the
fast and slow PL components of free excitons for the
structure with the mean size of nanocrystals 3.5 nm
are presented as functions of the energy of the emitted
photon (i.e., of the silicon nanocrystal size). In the
same figure, the fraction k of the amplitude of the fast
component in the total amplitude is also shown.

4. DISCUSSION

The results of our research can be understood based
on the model of autolocalized exciton states on surface
Si-Si dimers STE(Si-Si), developed in [8,9]. Surface
Si—Si dimers arise at the replacement of a silicon atom
with an oxygen atom, with the formation of chemi-
cal bonds with two neighboring silicon atoms giving a
bridging Si-O-Si bond. Two remaining dangling bonds
of the silicon form bonding and antibonding orbitals of
the dimer. We note that in theoretical calculations of
the energy of formation of Si—O, Si—-O-Si, and Si=0
bonds on the surface of nanocrystals, the bridging bond
was shown to lead to the most stable isomeric configu-
ration. In the case of the bridging structure, deforma-
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tion is localized around the Si—-O-Si bond, thus pro-
ducing the stretching of the Si-Si dimer [16,17]. The
Si—Si dimers on the surface of the oxidized silicon were
recently found by detecting the electron spin resonance
spectra using the effect of spin-dependent recombina-
tion [18].

In the framework of this model, we believe that
the results of the fitting the PL decay curves with
two exponentials presented in Fig. 4 (curves I and 2)
allow suggesting that the nanocrystal ensemble con-
tains two groups of emitting nanocrystals. The first
group consists of the nanocrystals that have surface
states (states of autolocalized excitons) where free ex-
citons can be captured, and the second group consists
of the nanocrystals of the same size devoid of these
surface states. Just the presence of these two groups of
nanocrystals results in the two-exponential PL decay of
silicon nanocrystals. The slow component of the PL de-
cay (curve 1 in Fig. 4) is due to the well-known increase
in the rate of radiative recombination at decreasing the
nanocrystal size. The experimental data on the slow
component (curve 1 in Fig. 4) are well consistent with
the known lifetime of PL of silicon nanocrystals of the
corresponding size. As regards the fast component of
the PL decay (curve 2 in Fig. 4), whose amplitude in-
creases with decreasing the size of nanocrystals (curve
3 in Fig. 4), we attribute it to the reduced lifetime
of free excitons in the nanocrystals having the surface
STE states.

We qualitatively discuss the effect of the size of
nanocrystals with surface Si—Si dimers on possible tran-
sitions between the free and autolocalized excitons and
their radiative recombination. In Fig. 5, the configu-
ration coordinate diagram is presented for three char-
acteristic sizes of nanocrystals having surface Si-Si
dimers. The shape of the adiabatic potentials for Si—Si
dimers shown in Fig. 5 corresponds to the theoretical
calculations in [8, 9] with the strong anharmonicity due
to the stretching of the covalent Si—Si bond on the sil-
icon nanocrystal surface taken into account.

Under optical excitation, the “hot” excitons arise
in all nanocrystals of the ensemble regardless of the
presence or absence of surface Si—Si dimers in them.
After the thermalization process, we arrive at the adi-
abatic potentials FE1, FE2, and FE3 shown in Fig. 5,
which correspond to the presence of a free exciton in
the nanocrystals with surface Si—Si dimers. We note
that the capture of “hot” excitons into the autolocal-
ized state STE(Si-Si) is excluded because the excited
oscillation levels of the Si—Si dimer exist only in a nar-
row interval of energies (cf. Fig. 5).

The process of excitation of free excitons in

Q Q Q

Fig.5. Schematic configuration coordinate diagram
for three characteristic sizes of nanocrystals having
STE(Si-Si) states. The configuration coordinate @
corresponds to the stretching of the covalent Si—Si
bond on the silicon nanocrystal surface. The adiabatic
potential G corresponds to a Si—Si dimer with no ex-
citon. The adiabatic potentials FE1 > FE2 > FE3 are
presented in the cases where a free exciton is present in
the nanocrystal of the respective size D1 < D2 < D3.
The adiabatic potential of STE(Si-Si) corresponds to
the presence of an exciton in the autolocalized surface
state. The vertical arrows show the possible radia-
tive recombination transitions and the horizontal ar-
rows show the possible nonradiative transitions of free
excitons into the autolocalized state, and the reverse
transition

nanocrystals with STE(Si-Si) states is therefore
essentially different from the excitation process of
free excitons in nanocrystals with STE(Si—O) states;
for the latter, the capture of “hot” excitons into the
autolocalized state with the subsequent transition into
free-exciton states plays the decisive role [8,9].

We first consider the case of the smallest nanocrys-
tals, where the energy minimum of the adiabatic poten-
tial (FE1) for a free exciton is higher than the energy
of the STE(Si-Si) state (cf. Fig. 5a). Free excitons due
to the low potential barrier separating the minima of
the adiabatic potentials FE1 and STE easily go over to
the autolocalized state. Photoluminescence of free ex-
citons from these nanocrystals would be weak or even
absent. This phenomenon very well explains the fact of
the blue boundary of PL of silicon nanocrystals in the
silicon dioxide matrix at the dimensions of nanocrystals
smaller than 2 nm (emission energy near 2 eV) [8].

The total lifetime 7 of free excitons in small
nanocrystals with STE(Si-Si) states is governed by the
radiative lifetime 7. and by the time 73, of the ther-
mally activated transition in the autolocalized state:
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For 7. > 7, (low barrier), we have 7 = 74,. There-
fore, the fast component of the PL decay time of free
excitons shown in Fig. 4 is determined by the time of
capture of free excitons into the STE state. As the
nanocrystal size increases, 7, increases due to the in-
crease in the potential barrier between the state of the
free exciton and STE state. This is fully consistent
with the results of measuring the decay time of the fast
PL component in the range 1.7-1.9 eV (cf. Fig. 4).

At the largest sizes of the nanocrystals from the
ensemble (cf. Fig. 5¢), when the energy of the free ex-
citon FE3 is lower than the energy of the autolocalized
state, the energy barrier separating free-exciton states
and STE states is large. In this case, the free excitons
cannot be captured into the STE states. This means
that the probability of the radiative recombination of
free excitons in these nanocrystals is insensitive to the
presence of the surface Si—Si dimers.

When the energy of the free exciton from the
nanocrystal in the ensemble coincides with the energy
of an STE state (cf. Fig. 5b), the energy barrier sepa-
rating the state of the free exciton and the STE state
is identical for the free and autolocalized excitons. The
free excitons can transit into the STE states, and the
autolocalized excitons, into free-exciton states. We be-
lieve that the energy range where the decay time of
the fast PL component (cf. Fig. 4, curve 2) is inde-
pendent, of the energy corresponds just to this case. It
is therefore possible to estimate the energy position of
the autolocalized state to be close to 1.7 €V (730 nm).
Approximately the same value was obtained from the
dependence of the amplitude ratio of the fast and slow
components on the energy of the emitted photon (cf.
Fig. 4, curve 3). We note that the energy of 1.7 €V cor-
responds to the emission energy of silicon nanocrystals
in Si0,, below which the quantum efficiency of sili-
con nanocrystals starts to increase from 0.5 at 700 nm
(1.8 eV) to approximately 1 at 800 nm (1.5 eV) [19].

5. EMISSION OF AUTOLOCALIZED
EXCITONS ON A SURFACE Si-Si DIMER

We believe the applied model of STE(Si-Si) states
can be proved by experimentally detecting the PL band
of an autolocalized exciton whose intensity is maximum
for small nanocrystals where the energy minimum of
the adiabatic potential FE1 for a free exciton is lo-
cated higher than the energy of the STE(Si-Si) state
(cf. Fig. 5a).
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Fig.6. PL spectra of the structure with the mean size
of silicon nanocrystals (a) 3.5 nm and (b) 2.5 nm:
(1) the complete PL spectrum; (2) the PL band ex-
tracted from spectrum 1 corresponding to the large de-
caytimer =5 ms; T =77 K

We have found the PL of an autolocalized exciton
when investigating the PL of two structures with the
mean size of nanocrystals 2.5 and 3.5 nm. Photolumi-
nescence was excited with the radiation of a GaN laser
emitting at A = 405 nm. The laser was modulated
with a current to obtain a pulse duration of 50 ms at
the frequency 10 Hz. In this case, PL was registered
with a cooled germanium photodetector. The PL spec-
tra of the structures with the mean size of nanocrystals
2.5 and 3.5 nm registered at the temperature 77 K are
presented in Fig. 6.

As can be seen from Fig. 6, along with the PL
band of the free excitons with the maxima at 0.825 and
0.735 pm, bands with the maxima at 1.24 and 1.18 ym
for nanocrystals of the respective size 3.5 and 2.5 nm
are observed in the spectra of both structures. The
same as the peak of free excitons, the low-energy peak
is subject to the blueshift with decreasing the size of
nanocrystals. The shift of the low-energy peak amounts
to about a half of the blueshift of the free-exciton PL
band. The longwave bands were attributed in [20] to
the recombination of an electron from the valence band
with a hole located in a deep surface trap on the bound-
ary between the silicon nanocrystal and SiO,. In this
model, the half-shift corresponds to the shift of the edge
of the conduction band of silicon nanocrystals.

We see from Fig. 6 that the PL spectra of the struc-
tures have a nontrivial shape of the PL bands in the
region 0.9-1.1 um, especially evident for the structure

5*
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Fig.7. PL decay curves at the wavelengths

(1) 1.05 pm, (2) 0.85 pum, and (3) 1.20 pm for a
sample with the mean size of nanocrystals 2.5 nm;
T =29 K

with the mean size of nanocrystals 2.5 nm (cf. Fig. 6b).
The spectrum shape suggests the existence of one more
band in this region. To discover this band, we have
studied the PL kinetics depending on the energy of the
emitted photon in the region 0.8-1.25 um. Examples of
PL decay curves in the region 0.9-1.2 ym for a sample
with the mean size of nanocrystals 2.5 nm are shown
in Fig. 7.

As can be seen from Fig. 6, the PL decay is gov-
erned by two components: a short one with the time
less than 50 us, and along one with the time about 5 ms
in the whole spectral range where this band is observed.
This large difference in the decay times permits an easy
extraction of the long-lived PL component, whose spec-
trum is shown in Fig. 6b (curve 2). We believe that the
PL band discovered in the region 0.9-1.2 ym with the
maximum at about 1.05 ym (1.18 €V) and the FWHM
about 250 meV is caused by radiative recombination of
the autolocalized excitons. The energy position of this
band is in good agreement with the position theoret-
ically calculated for an exciton localized on a surface
Si-Si dimer [8,9].

We interpreted the long lifetime of the autolocalized
excitons at 77 K and the absence of the correspond-
ing emission band at room temperature based on the
model of Calcott et al. [21]. This model takes into ac-
count that the exciton levels are split by the energy
of the exchange interaction between an electron and a
hole into a triplet (lower) and a singlet (upper) level.
The radiative transition from the triplet level is forbid-
den. Tt is known that the level splitting energy of free
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excitons in silicon nanocrystals in SiOs monotonically
increases from 8.4 to 17 meV as the nanocrystals size
decreases from 5.5 to 2 nm [20,22]. As a result, at he-
lium temperatures, where the free exciton exists in the
triplet state, its radiative lifetime is large, 5-10 ms.

It can be expected that the energy of the exchange
splitting of the autolocalized state of a surface exci-
ton should be larger. From the obtained decay time
7 = 2 ms of the long-lived PL band of the autolocal-
ized exciton, we can estimate the energy of the singlet—
triplet splitting of STE(Si—Si). For this, we use the
formula describing the temperature dependence of the
PL radiative lifetime 7 from [6],

L3 1 (_ABN]
T n Tsexp kT
AENT™!
X |:3+eXp (_kB—T):| s (2)

where 7, and 1 are the radiative lifetimes of the exciton
in the singlet and triplet states, kp is the Boltzmann
constant, and AF is the energy splitting. For the esti-
mation, we took 75 = 10 ns, the characteristic lifetime
of direct radiative transitions not involving phonons,
and 7; = 5 ms, the characteristic lifetime of a free exci-
ton in the triplet state, and the lifetime of the autolo-
calized exciton, which we experimentally measured as
7 = 5 ms at temperature 77 K. The obtained estimation
of the energy of the singlet—triplet splitting, AE = 60—
80 meV, was, as expected, larger than in the case of
a free exciton in silicon nanocrystals, where its value
ranged from 6 to 20 meV for nanocrystals of the size
from 5 to 2 nm. This is due to the stronger exchange
interaction originating from the exciton localization on
the nanocrystal surface within the area less than 1 nm.

6. CONCLUSION

We have studied the kinetics of PL decay of silicon
nanocrystals in the matrix of silicon dioxide in a wide
range of the energy of emitted photons (nanocrystals
sizes). The experimental results are well consistent
with the model of the capture of free excitons on sur-
face Si-Si dimers with the formation of autolocalized
excitons, calculated theoretically in [8,9]. The PL
band of the autolocalized exciton in the SiOs matrix
with silicon nanocrystals is discovered for the first
time. The energy position of the autolocalized exciton
(1.7 eV), the energy of splitting of singlet—triplet states
(60-80 meV), and the energy of the optical transition of
the autolocalized exciton (1.18 eV) are estimated. It is
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shown that the surface Si-Si dimers essentially govern
the luminescence properties of silicon nanocrystals in
the SiOs matrix, determining the “blue boundary” of
PL of silicon nanocrystals and the high quantum yield
of the nanocrystals with the emission energy below the
energy level of the autolocalized exciton state.
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