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OF LUMINESCENCE AND INDUCED LIGHT
ABSORPTION BY Si NANOPARTICLES

IN A SiO; MATRIX AT THEIR EXCITATION
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WITH FEMTOSECOND LASER PULSES

We report on the results of our researches dealing with nonlinearities caused by trap states in
the luz-intensity characteristics of the intrinsic emission band of Si nanoparticles embedded
into a Si02 matriz and the dependence of the temporal characteristics of induced absorption
on the pump femtosecond pulse fluence.
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1. Introduction

The developed surface structure of semiconductor
nanoparticles manifests itself in the form of bright
anomalies in the photoluminescence (PL) kinetics, for
the explanation of which a number of models have
been proposed. The “luminescence fatigue” effect,
which consists in the time-degradation of the radi-
ation efficiency followed by a saturation (see, e.g.,
works [1-3]), the formation of photoluminescence ra-
diation in the form of a telegraph-like signal [4,5], the
“charge pump” effect in photoexcited nanoparticles
driven by the electron Auger-process promoting the
activation capture of photoexcited charge carriers by
trap centers in surrounding dielectric SiO, shells (see,
e.g., works [1,6]), and some others can be regarded as
the most known of them. However, all those effects,
which continue to be actively studied today in various
nano-structured semiconducting substances, are im-
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portant for the formation of a long-term (milli- or mi-
croseconds) component in the PL quenching kinetics.

In this work, we report on a new feature in the ki-
netics of photoexcited charge carriers in nano-Si. It
corresponds to a picosecond time interval and man-
ifests itself as a superlinear growth of the radia-
tion intensity in the main luminescence band of Si
nano-crystals incorporated into a SiOs matrix (nano-
Si/Si03) in the range of excitation intensities, at
which the effects of radiation intensity saturation usu-
ally take place. In this work, we studied the origin of
this anomaly in the luminescence kinetics, as well as
the light absorption induced by powerful femtosecond
laser pulses.

2. Fabrication of Nano-Si/SiO, Specimens

Thin-film SiO, specimens were obtained by ther-
mally evaporating silicon monoxide (a purity grade
of 99.9%, Cerac Inc.) in vacuum at a residual pres-
sure of 2x 1072 Pa, following the technology described
in work [8]. Polished sapphire wafers arranged at a
distance of 25 cm from the evaporator were used as
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substrates. The deposition rate was 1.6 nm/s. The
film thickness was tested in situ using the quartz os-
cillator technique and, after the film deposition, it
was measured with the help of a MII-4 microinter-
ferometer. For the examined films, this parameter
was equal to 450 nm. After having been deposited,
the obtained films were annealed in an argon atmo-
sphere for 15 min at a temperature of 1100 °C. In
the course of isothermal annealing, the formation of
silicon nanoparticles took place in the oxide matrix
of experimental specimens. The corresponding phase
separation process in a film SiO, at high tempera-
tures can be described by the reaction

ySiO; — xSi0y, + (y — x)Si,

where y > 2. The annealing temperature governs the
structure of inclusions and the stoichiometry of the
oxide matrix after its annealing. Annealing within
the limits from 500 to 800 °C leads to a coagulation
of Si atoms into amorphous clusters. At annealing
temperatures higher than 900 °C, amorphous silicon
inclusions crystallize to create Si nano-crystals, the
electron structure of which is modified owing to a
quantum-mechanical restriction [7]. The structure of
the obtained composite layers and their light-emitting
properties were studied by the authors of this work
with the use of optical, infra-red, and Raman spectro-
scopies, TEM microscopy, photoluminescence spec-
trum measurements, and other techniques [8-11]. In
particular, it was found that the specimens fabricated
under the conditions described above contain silicon
nano-crystals about 4 nm in dimension and with a
concentration of 5.5 x 10!® cm™3. At an annealing
temperature of 1100 °C, SiO,, becomes almost totally
decomposed, and the content of the oxide matrix in
the obtained specimen is close to SiO3 (y = 2).

Other techniques to produce nano-Si ensembles are
also known. In particular, these are the implanta-
tion of Si ions into a SiOs matrix following by the
isothermal annealing of specimens [12] and the so-
called “wet” (sol-gel) technologies. The advantages of
the technology used by us consist in its simplicity, the
reproducibility of results, and wide opportunities for
the variation of technological regimes.

3. Experimental Part

Non-stationary optical phenomena in nano-Si/SiOs
were studied with the use of the “pump-probe” tech-
nique developed by us. In this method, laser pulses
with a wavelength of 800 nm, a pulse duration of
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about 150 fs, and a pulse repetition frequency of
1 kHz were divided into two components with differ-
ent intensities. One of them was frequency-doubled
in a nonlinear LBO crystal (the excitation wavelength
was 400 nm, the pulse duration about 200 fs, the ex-
citation spot diameter 0.35 mm, the pulse energy up
to 70 pJ, and the average excitation fluence per pulse
up to 20 mJ/cm?); this component was used for the
excitation of a specimen normally to the surface. At
a fluence of more than 25 mJ/cm?, the specimen was
destructed. Another component, after having been
delayed for a certain femto- to picosecond interval,
was focused on a rotating sapphire disk, in which
the generation of a “white supercontinuum” with the
pulse duration close to 180 fs occurred. In the trans-
mission geometry, the pulses of “white supercontinu-
um” were focused at a small angle with respect to the
exciting beam into the center of a section of the ex-
cited specimen and used for reading out the induced
variations in absorption. The time dependence of the
induced absorption (IA) obtained for researched spec-
imens was scanned by varying the time interval be-
tween the excitation and probe pulses. The spectrum
of the probe radiation that passed through the excited
specimen was registered with the help of an Acton
SP500i spectrograph equipped with a CCD-camera.
The overall time resolution of this method was close
to 400 fs. In review [13], the applied research tech-
nique was described in more details.

PL excitation of nano-Si/SiOs for measuring its
lux-intensity characteristic integrated over the time
does not differ from that described above. The PL
spectra were registered at an angle of 45° on an Ac-
ton SP500i spectrograph.

4. Experimental Results and Their Discussion

Let us consider the results of measurements obtained
for the lux-intensity characteristic, i.e. for the depen-
dence of the total PL intensity (the area S under the
spectral curve) on the excitation pulse fluence J. In
the inset in Fig. 1, the PL spectra normalized to the
same amplitude are plotted for two J-values, 4.3 and
11.5 mJ/cm? (making no correction to the spectral
sensitivity of the device). One can see that the PL
spectrum shape changes little if J varies.

The circles in the main panel of Fig. 1 exhibit the
results of measurements for the lux-intensity charac-
teristic S(J). The dependence S(J) has two linear
sections with different slopes. At J > 6 mJ/cm?, the
slope becomes approximately twice as large pointing
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Fig. 1. Lux-intensity characteristic S(J) for nano-Si/SiOg.
The dependence S(J) changes its slope at J = 6 mJ/cm?. In
the inset, the normalized PL spectra of nano-Si/SiO2 at the
excitation pulse fluences J = 4.3 and 11.5 mJ/cm? are shown
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Fig. 2. Dependences of the ratio Ip/Ip on 7 at the excitation
pulse fluences J = 6.3, 11.1, and 19.1 mJ/ch. In the inset,
the dependence of Io/Ip at 7 = 0 on J is shown. The probe
light wavelength is 680-690 nm

to a corresponding growth in the quantum yield of
luminescence. This growth cannot be explained by
the effects of PL radiation stimulation. Really, the
stimulation of secondary radiation emission is always
accompanied by a variation in the shape of a PL spec-
trum contour for both uniformly and non-uniformly
broadened bands as a result of the selective enhance-
ment of some spectral part. At the same time, as
is evident from the insert, an increase of the fluence
above the threshold value invokes only minor changes
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in the general form of the spectrum. Such a behav-
ior of the lux-intensity characteristic is unexpected,
because, when nano-structured silicon is excited with
nanosecond laser pulses, the opposite S(J)-behavior
is usually observed, which is associated with an en-
hancement of the role of radiationless Auger recom-
bination at the growth of charge carrier concentra-
tion (see, e.g., works [6, 14, 15]). In our opinion, the
nonlinear growth of S(.J) can be explained by the in-
fluence of trap states, which are always present in
nano-structures with a developed surface. The pe-
culiarity of femtosecond excitation consists in that,
within the time interval that is much shorter than
the charge lifetime, the number of generated charge
carriers can even exceed the number of available trap
states. Then, if we suppose that the number of gen-
erated free carriers is still insufficient for filling all
trap states at J < 6 mJ/cm?, the latter, by captur-
ing charge carriers, will reduce the PL intensity. The
complete saturation of trap states at J > 6 mJ/cm?
gives rise to an increase in the lifetime of free carriers
that form the PL radiation either by means of radia-
tive electron—hole recombination or by transforming
into radiative states of another nature and, accord-
ingly, to the PL intensity growth.

Moreover, the results obtained provide an oppor-
tunity to evaluate the upper limit for the number of
trap states per one nanoparticle with an average di-
mension of 4 nm. The result of our calculations based
on the absorption factor measured at a wavelength of
400 nm, o = 2.7 pm~!, testifies that a laser pulse
with J = 6 mJ/cm? creates 60 charge carriers, on
the average, in a nanoparticle making no allowance
for the reflection by nanoparticles and other possible
losses. Just this value determines the upper limit for
the number of trap states per one nanoparticle. We
emphasize that the real number of trap states can be
much smaller. For instance, every charge carrier cap-
tured through the Auger recombination mechanism is
related to a recombination of a e — h pair. In other
words, if this mechanism dominates, the presented
value should be reduced by a factor of three.

In order to verify our hypothesis concerning the
saturation of trap states, we carried out experimental
researches of the time-resolved IA in a nano-Si/SiOq
specimen subjected to the action of femtosecond laser
pulses at a wavelength of 400 nm. Following the au-
thors of works [12,16], we assume that TA emerges as a
result of the probe radiation absorption by free charge
carriers generated by a femtosecond laser pulse. Of
two possible IA mechanisms — absorption by free car-
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riers following the Drude mechanism, at which the
cross-section grows quadratically as the wavelength
increases, and secondary excitation of nonequilibrium
charge carriers into higher states — the latter is en-
gaged in the investigated case. This conclusion fol-
lows from our measurements of IA at various probe
light wavelengths, 680—-690 and 610-620 nm, and the
same excitation pulse fluence J = 10 mJ/cm?. The
resistance of the TA signal magnitude to a variation of
the probe light wavelength testifies that IA is invoked
not following the Drude mechanism, but sooner as a
result of the secondary excitation of nonequilibrium
charge carriers into higher states. Just this model was
used in works [12,16] to explain IA in nano-structured
silicon.

In this connection, let us analyze the experimen-
tal results depicted in Fig. 2. The TA value was de-
termined as the ratio Iy/I, between the experimen-
tally measured intensities of probe radiation passed
through the non-excited, Iy , and excited, I, speci-
mens. The main panel illustrates the dependences of
Iy/I, on the delay time 7 of a probe pulse with re-
spect to the excitation one at various excitation pulse
fluences J’s. The experimental results for Iy/I are
denoted by hollow squares for J = 6.3 mJ/cm?, solid
squares for J = 11.1 mJ/cm?, and hollow circles for
J =19.1 mJ/cm?. In all cases, the ratio Iy/I, equals
1 if the probe pulse advances the pump one (negative
7-values). The time moment of the excitation is char-
acterized by a drastic increase of IA, with the excita-
tion front growth duration being determined by the
installation resolution (about 0.4 ps). After attaining
the maximum at 7 = 0, the A magnitude decreases;
firstly very quickly, then more slowly. The experimen-
tal data for Iy/I,(7) at 7 > 0 were approximated by
the function yo + Ay exp(—7/t1) + Az exp(—7/t2) de-
scribing a two-exponential decay. The best agreement
was achieved for the following values of time constants
t; and to: for J = 6.3 mJ/cm?, t; = 0.4 £ 0.4 ps
and t, = 2.1 £ 0.7 ps; for J = 11.1 mJ/cm?,
t7, = 0.64 £0.1 ps and ¢t = 3.5 £ 0.7 ps; and
for J = 19.1 mJ/em?, ¢t; = = 0.47 + 0.07 ps and
to =5.7£04 ps.

The inset illustrates the dependence of the TA am-
plitude at 7 = 0 ps (marked by an arrow in the main
panel) on J and its linear approximation.

The proximity of the time constant ¢;, which char-
acterizes the initial fall of A to the installation time
resolution and the linear dependence of the IA mag-
nitude on J testify that the initial peak at 7 = 0 is
a consequence of the two-photon absorption process,
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Fig. 3. Long-term dynamics of IA. The excitation pulse flu-
ence J = 19.1 m.]/cmz. Two-exponential approximation of the
TA reduction is characterized by two time constants, 6.5 and
79 ps

in which one photon from exciting radiation (400 nm,
3.1 €V) and one photon from probe one (< 690 nm,
> 1.8 €V) participate, because the total energy of
those two photons, equal to 4.9 eV, considerably ex-
ceeds the direct energy gap width in silicon even if
the quantum-size effect is taken into account.

Numerous experimental and theoretical works tes-
tify to a high thermalization rate (hundreds of fem-
toseconds) of “hot” charge carriers, which were gener-
ated firstly, onto the bottom of the conduction band
in nanocrystalline semiconductors with various com-
positions (see, e.g., works [17-19]). For this rea-
son, we assume below that the initial thermaliza-
tion has already terminated within the time inter-
val comparable with the time resolution of the ex-
perimental installation, and our subsequent measure-
ments concern the dynamics of thermalized charge
carriers.

After the rapid (hundreds of femtoseconds) ther-
malization of “hot” charge carriers that were gener-
ated firstly [17-19], the subsequent fall of IA is char-
acterized by the time constant to = 2 <+ 6 ps, which
grows if J increases. By its magnitudes, this con-
stant agrees with the relaxation times obtained in
work [16]. Surface Auger recombination is known to
be an important mechanism leading to a reduction in
the concentration of charge carriers, n._j, and their
lifetime at high excitation levels in nano-structures
and thin semiconductor layers (see work [14]). How-
ever, as follows from IA measurements, the lifetime
to of free carriers, on the contrary, increases if their
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concentration grows. In our opinion, such a behav-
ior of ¢y confirms conclusions made earlier concerning
the influence of the trap state saturation effect on
the dynamics of photoexcited charge carriers. At a
relatively low excitation level, the trap centers effec-
tively capture free carriers and diminish their number
within a picosecond time interval. If the number of
charge carriers generated by an intensive femtosecond
excitation pulse exceeds the number of traps, the lat-
ter become saturated, which leads to the growth of
to. Nevertheless, the given reasoning does not deny
the participation of Auger processes in the filling of
trap states. The specific mechanism of this filling
can be different: both thermally activated transitions
into low-energy levels and Auger recombination re-
sulting in the filling of high energy levels. The only
important thing is that the both channels of n._j, re-
duction disappear after all free trap states have been
filled.

Hence, the increase in the lifetime of free charge
carriers in nano-Si/SiOs at the excitation intensity
growth is evidenced by both the lux-intensity charac-
teristics (Fig. 1) and the results of IA measurements
(Fig. 2). However, the issue concerning the specific
mechanism of radiation emission — direct recombina-
tion or by means of radiative surface states — remains
open. Nevertheless, a conclusion can be drawn that
the rapid initial capture of charge carriers occurs onto
radiationless states, because it reduces the quantum
yield of luminescence at low excitation levels. The
cross-section of charge carrier capture by radiation-
less trap states, which induce a reduction of the lumi-
nescence quantum yield, is much larger than that for
states forming PL. It is this circumstance that results
in a quick (within a few picoseconds) initial reduction
in TA until the traps are not filled. After that, as
the results of longer-term measurements demonstrate
(Fig. 3), IA decreases with time constants of an order
of 100 ps. It is this time constant that can char-
acterize the charge carrier transitions into radiative
states.

5. Conclusions

Rapid (faster than 10 ps) processes of photoexcited
charge carrier capture by trap states are responsi-
ble for both their lifetime in the picosecond time
range and the quantum yield of luminescence in nano-
Si/SiOs. If the number of charge carriers gener-
ated by one femtosecond laser pulse increases, the
trap states become totally filled. As a result, the
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lifetime of charge carriers substantially grows (to
about 80 ps), and the quantum yield of luminescence
also does.
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BIIJIUB ITACTKOBUX CTAHIB HA KIHETUKY
JIFOMIHECLIEHIIIT TA HABEJIEHOI'O ITOTJIMHAHHA
CBITJIA HAHOYACTUHKAMMU Si B SiO2 MATPUIIL
ITPU 3BVAKEHHI ®PEMTOCEKYH/JIHNMN
JIABEPHUMMH IMITYJIBCAMMU

Peszmowme

PoarisinyTo HesiHIRHOCTI JIIOKC-IHTEHCHBHOCTHOI XapaKTepu-
CTHKH BJIACHOI CMyTH BHUIIPOMIHIOBaHHSI HAHOYACTHHOK Si, iH-
kopriopoBanux B SiOg MaTpuo, i 3a1eXHicTh YacoBUX mapa-
MeTPIiB HABEJIEHOTO IOIVIMHAHHS BiJl I'YCTUHU eHepril 30y1Ky-
1090r0 (PEMTOCEKYHIHOIO IMITYJIbCy, SIKi 3yMOBJIEHI i€lo mac-
TKOBUX CTaHiB.
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