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Influence of structural inhomogeneity on the luminescence properties of silicon
nanocrystallites
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The features of the photoluminescence and the manifestation of thermally stimulated and
tunneling luminescence due to the separation of nonequilibrium charge carriers between the
photoexcited silicon core of a nanocrystallite and its peripheral layers of SiOx and SiO2

are investigated for different forms of nanostructured silicon. A model is proposed wherein a ‘‘two-
stroke charge piston’’ acts in turn on the electron and hole components by means of an
Auger process which occurs under restricted volume conditions and brings about a spatial
separation of the charge carriers. ©2002 American Institute of Physics.
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1. INTRODUCTION

An unsolved mystery of porous silicon~por-Si! is the
nature of its bright luminescence in the visible region of t
spectrum, which is observed at room temperature and u
various means of excitation. In the many papers devote
this phenomenon a number of different factors, each
which ~or in combination with others! can explain only indi-
vidual properties of this luminescence. Among the main f
tors considered responsible for the formation of lumin
cence channels are the quantum size effect in the nanom
sized silicon wires and the luminescence of the etch
products on their surface. The advantages and disadvan
of these two approaches are discussed in detail not onl
original papers but also in monographs~e.g., in Refs. 1 and
2!. A unified explanation of the entire complex of observ
properties of the emission from por-Si and of the differe
forms of nanostructured silicon obtained by different me
ods ~enhanced oxidation of por-Si, the implantation of SiO2

layers with Si1 ions, followed by high-temperature annea
ing, the thermally stimulated phase separation of films
nonstoichiometric SiOx into silicon nanoparticles and SiO2)
has not yet been achieved. Our approach to the solutio
this problem is to take into account the influence of the str
tural inhomogeneities of the silicon nanoparticles on the f
mation of the luminescence properties of porous silicon.

For the majority of nanostructured silicon samples o
can distinguish three levels of their structural inhomogene
The first level has to do with the inhomogeneity over t
thickness. As is seen in Fig. 1a, even in the simplest case

FIG. 1. Illustration of the different levels of structural inhomogeneity
porous silicon: inhomogeneity over thickness~a!; variance of sizes~b!;
multilayer structure of individual nanocrystallites~c!.
7061063-777X/2002/28(8–9)/7/$22.00
er
to
f

-
-

ter-
g
ges
in

t
-

f

of
-

r-

e
y.

he

samples of this material must be treated as a two-layer
dium. It is obvious that the fundamental properties of t
substrate material and the layer deposited on it are subs
tially different. A typical example of this type of object is
layer of por-Si in natural contact with monolithic silicon. I
Ref. 3, in particular, it was shown that the thermal propert
of por-Si layers depend on their porosityr; for example, at
r>70% the thermal diffusivity of por-Si layers decreases
a value equal to that of SiO2 . This means that the therma
conditions under which the por-Si layers emit depend onr.
The difference in the degree of heating of the por-Si lay
can affect, for example, the degree of thermal activation
the trap states responsible for the properties of the recom
nation radiation.

The second level of structural inhomogeneity has to
with the variance of the sizes of the silicon nanopartic
~Fig. 1b!, which depends on the technological condition
Because the band gapDEg of a nanoparticle depends on i
average dimensionL (DEg}L22), for an ensemble of nano
particles there is typically an inhomogeneous broadening
the electronic states, and the amount of broadening, whic
thus dependent on the conditions under which the sam
were prepared, is reflected in the spectral composition of
radiation, its polarization, and damping kinetics.1,2,4–6

Finally, the third level of the structural inhomogenei
has to do with the inhomogeneity of an individual silico
nanoparticle. As is seen in Fig. 1c, each nanocrysta
should be treated as a three-layer structure with a sili
core, a transition layer of SiOx (x,2) with a gradient in
terms ofx, and an outer layer of SiO2 . The parameters o
each of these three layers can vary over wide limits and a
depend on the technology used to prepare the samples.
ensemble-averaged energy diagram of a silicon nanocry
lite with allowance for the quantum size effect, the varian
of the size of the nanoparticles, the variable-gap nature of
SiOx layer, and the numerous defect states in the SiOx and
SiO2 layers is shown schematically in Fig. 2. The problem
determining those structural components of a multicom
nent medium which are responsible for the absorption
© 2002 American Institute of Physics
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light and luminescence has to do with the third level of
homogeneity. Very often the absorption of light occurs in o
of the components and the emission in another. In that c
there is also the problem of adequately describing the me
nism of transport of the charge carriers from the photoex
tation region to the secondary-emission region. Here i
important to search for signs of spatial separation of
charge carriers taking part in the radiative recombination
the multicomponent medium. In this paper we solve t
problem on the basis of a comparison of the properties of
photo-, thermo-, and tunneling components of the lumin
cence of nanostructured silicon. A model is proposed
which the whole set of data obtained can be explained fr
a unified point of view.

2. EXPERIMENTAL TECHNIQUE

The basic objects of study were samples of highly o
dized por-Si and nanoparticles of silicon in SiO2 , obtained
by the ion implantation. The por-Si samples were prepa
by the conventional technology of electrochemical etchi1

of p-type silicon wafers having a resistivity of abo
10V/cm and a crystallographic orientation~111! at anodiz-
ing current densities of 5 – 80 mA/cm2 and etching times of
15 to 90 min. The samples of the second type were obta
by the implantation of SiO2 layers of the order of 500 nm
thick with Si1 ions at an irradiation dose of 631016 cm22,
followed by annealing for 30 min in a nitrogen atmosphere
Tann51150 °C.6

The photoluminescence~PL! was excited by radiation
from a mercury lamp or a pulsed nitrogen laser with a wa
length of 337 nm. The luminescence was detected wit
diffraction spectrometer with a CCD-array detector. The te
perature was controlled and stabilized to 1 K or better.

The thermally stimulated luminescence~TSL! and the
tunneling luminescence~TL! were measured in the temper

FIG. 2. Schematic diagram of the energy states of a silicon nanocrys
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ture range 4.2–300 K on an automated device for therm
activated spectroscopic research. The TL and TSL sign
were registered by a cooled photomultiplier operating in
photon-counting mode. The sample was placed in
controlled-temperature optical helium cryostat, and af
cooling was irradiated by a high-pressure mercury lamp
10–60 s at a steady temperature, which was stabilized to
K in the range 5–250 K. The kinetics of the TL were me
sured directly after the excitation was turned off, with a d
lay of 1 to 1000 s, and the signal integration time was 1
The technique used to measure the TL was analogous to
described previously,7 and the details may be found in Ref.
The TSL was measured starting 7–15 min after excitati
when the intensity of the TL had decreased to the dark~back-
ground! signal level. The TSL was measured in two differe
modes: a linear heating mode, with the sample heated
constant rate of 0.15 K/s, and a fractional thermolumin
cence~FTL! mode. The fractional heating mode is a sup
position of a slow linear heating of the sample and relativ
low-amplitude ~up to 10 K! temperature oscillations. Th
FTL mode, which is a modification of the initial-segme
method, makes it possible to determine the activation ene
for detrapping of a charge carrier to a higher accuracy
thus has a higher resolving power than the linear hea
mode. This is the main advantage of using the FTL mo
since the usual methods of processing the TSL curves
extremely imprecise or altogether inapplicable in the case
a continuous or quasi-continuous distribution of the tra
over energy and also when there is a discrete set of traps
very close activation energies. The details of the FTL meth
and the data processing are described in Refs. 9 and 10.
main difference of our implementation of the FTL metho9

from that proposed earlier10 is the extension of the tempera
ture interval of the measurements from liquid-nitrogen te
perature down to 4.2 K, making it possible to study shall
carrier traps.

The effective average activation energyEa is determined
in each cycle of temperature oscillation by the expressio

Ea52
d ln I TSL~T!

d~1/kBT!
, ~1!

whereI TSL is the TSL intensity,T is the temperature, andkB

is Boltzmann’s constant. In accordance with the techniq
developed in Ref. 10, the distribution function of the fille
trapsh(E) can be calculated to within a normalizing fact
as

h~E!}
I TSL~E!

dEa /dT
, ~2!

where I TSL(E) is the TSL intensity after conversion of th
temperature scale to an energy scale with the use of
Ea(T) dependence obtained experimentally.

The TSL and TL signals, as a rule, were rather we
ruling out the use of a monochromator for studying th
spectral composition. Therefore the spectral distribution
the radiation was estimated using a set of light filters pla
between the window of the cryostat and the photomultipl

l.
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3. EXPERIMENTAL RESULTS

Photoluminescence

Let us consider those properties of the photo-, therm
and tunneling luminescence of nanostructured silicon
can be explained in the framework of radiation recombi
tion of spatially separated charge carriers. Several result
particular the temperature dependence and lux–inten
characteristic of the photoluminescence, were obtained
viously in Ref. 11. Since the study of the PL of por-Si h
been the subject of many papers and reviews~see, e.g. Ref.
1!, we will mention only those properties of the PL which a
common to samples of nanostructured silicon obtained
different technological processes. We are talking about
complex of properties of the red–orange emission band w
a maximum of around 680 nm for oxidized por-Si and 7
nm for silicon nanoparticles obtained by ion implantatio
We note three features of the PL of nanostructured silico

1. A nonmonotonic temperature dependence of the in
grated photoluminescence intensityI PL of the red–orange
band and a dependence of the point of inversion of the s
of dIPL /dT on the excitation density. As we see in Fig.
with increasing temperature one initially observes a grow
of the integrated intensity, which gives way at high tempe
tures to the typical Arrhenius quenching. With increasi
density of excitation the point of inversion of the sign
dIPL is shifted to higher temperatures.

2. Nonlinearity of the lux–intensity characteristic of th
same band, which is especially pronounced at excitation d
sitiesP above 2 kW/cm2 ~see Fig. 4!.

3. Long-term degradation of the PL~the ‘‘fatigue ef-
fect’’ ! with an approach to a stationary value~Fig. 5!. This
effect displays temperature and spectral sensitivity and
most strongly expressed at the short-wavelength edge o
red–orange band at helium temperature. After the sam
were heated to room temperature the emission spectrum
restored.

To explain the nonmonotonic behavior ofI PL(T) and the
dependence of the position of the point of inversion of
sign ofdIPL /dT on the excitation density and the technolo
used to prepare the samples, in Ref. 11 a model was
posed based on the assumption of a thermal detrappin

FIG. 3. Temperature dependence of the integrated PL intensity. The de
of excitation is 1 kW/cm2 ~circles, dashed curve! and 20 kW/cm2 ~squares,
solid curve!.
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charge carriers and their subsequent localization in st
from which recombination accompanied by radiation in t
red–orange PL band occurs. To check this model we m
sured the TSL and TL of these same samples.

Thermally stimulated luminescence

TSL measurements can elucidate the role of the t
states~which are assumed to be associated structurally w
the SiOx and SiO2 layers! in the luminescence properties o
nanostructured silicon. For this it is important to study t
spectral properties of the TSL. We investigated por
samples for which a nonmonotonic dependence ofI PL(T) is
observed. Here it should be noted that in some papers
por-Si ~see the literature cited in Ref. 11! a monotonic
I PL(T) dependence of the Arrhenius type was also observ
It was shown in Ref. 11 that the cause of that behavior is t
the red–orange PL band contains a contribution from ot
oscillators, most likely involving residual etching produc
This was confirmed by the fact that a gradual cleaning of
por-Si surface by laser ablation was accompanied by a t
sition from the simple Arrhenius behavior to a nonmonoto
I PL(T) characteristic.

Figure 6 shows typical TSL curves measured in differe
spectral ranges of the PL. It is known that the total PL sp

ityFIG. 4. Typical dependence of the integrated PL intensity of por-Si on
excitation density.

FIG. 5. Spectral dependence of the degree of degradation of the PL of p
at T56 K, an excitation density of 30 kW/cm2, and irradiation timest
@min#: 15 ~1! and 60~2!.
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trum consists of a main red–orange band with a maximum
around 680 nm and a less intense blue band with a maxim
at around 440 nm, the origin of which has been linked to
energy levels of defect states in the peripheral SiO2 layer.1

As we see in Fig. 6, the components of the emission sp
trum of por-Si consist of two components of the TSL sign
a narrow low-temperature doublet near 25 K, and a wi
structureless band extending all the way to 200 K. One a
notices the following features of the TSL in por-Si.

1. There is a clear correlation between the lo
temperature doublet in the TSL and the blue PL band.
view of the nature of the blue PL band, the origin of t
low-temperature doublet is also naturally associated with
crete trap states of a defect nature in the SiO2 layer. This
conclusion is supported by the data of Ref. 12, in which, i
study of the damping kinetics of the blue PL band in por-
it was observed that, in addition to the main nanosec
damping component, as the temperature is lowered f
room to helium temperature, a millisecond damping com
nent arises in a threshold manner at about 30 K, i.e.,
temperature of its onset is practically equal to the position
the low-temperature component of the TSL. In Ref. 12
appearance of the slow component of the PL kinetics is
tributed to a manifestation of trap states in the emission fr
the peripheral SiO2 layer. The narrowness of the low
temperature doublet in the TSL signal indicates the follow
features of the PL: a small variance of the energy inter
between the emitting and trapping states~the blue PL band!,
and a narrow width of the trap level, which is more chara
teristic of defect states in SiO2 than in the silicon core or the
SiOx layer, since the latter are typified by an inhomogene
broadening of the electronic levels.

2. A comparison of the curves in Fig. 6 shows that t
broad high-temperature component of the TSL signal co
sponds to the red–orange PL band. Using light filters to
out different parts of the main emission band, we found t
there was no shifting or deforming of the contour of the T
band, only a decrease in the total signal. This fact sugg
that ~for por-Si samples cleansed of residual etching pr
ucts! the main emission band is structureless, i.e., it is no
superposition of bands of various natures.

3. The FTL technique was used to obtain the tempera

FIG. 6. Temperature dependence of the TSL signal for por-Si in diffe
spectral ranges: total signal~detection regionl.800 nm) ~1!, l.640 nm
~2!, l.690 nm~3!, l.730 nm~4!, l.580 nm~5!.
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dependence of the thermal activation energyEa for the de-
trapping of carriers~the points in Fig. 7!, which is described
well by the empirical expression

Ea50.0028T20.12@eV#. ~3!

The energy spectrum of the trapped states respons
for the formation of the red–orange PL band can be cal
lated by starting from the TSL curve~curve2 in Fig. 6! and
expressions~2! and ~3!. It follows from the results obtained
that the distribution of the traps over energy is continuo
and quite wide~lying at a depth of up to 0.3 eV!, its width
being close to the half-width of the main PL band.

One reason why the TSL curve is so wide is the app
ciable scatter of the trap states with respect to energy, ap
ently because of their localization in a layer of variable co
position SiOx . Another reason is the variance of the sizes
the silicon nanocrystallites, which leads to significant var
tion of the energy interval between the trap levels in Six

and the bottom of the conduction band of the silicon co
~Fig. 2!.

Tunneling luminescence

It is known that the detrapping of charge carriers usua
occurs in a thermally activated process, but tunneling~sub-
barrier! transitions can also occur,8 and they are particularly
important at low temperature. The light emitted at these tr
sitions is called tunneling luminescence. It is known that
is an ordinary phenomenon in glasses, alkali–halide crys
and heavily doped semiconductors,13–15 and its damping ki-
netics, as a rule, obeys a Becquerel distribution law of
form I}t2b, wheret is the time andb>1 is the Becquerel
index. Thus the tunneling luminescence is the longest-liv
emission component.

The curves of the damping kinetics of the integrated
intensity measured in the temperature interval 5–250 K fo
samples of oxidized por-Si are shown in Fig. 8. We see t
the damping of the TL has a Becquerel character with
exponentb'1, whereb has an explicit nonmonotonic tem
perature dependence~Fig. 9!. As far as we know, this is the
first time that such a nonmonotonicb(T) dependence ha
been observed in semiconductor materials.

To describe the damping kinetics of the tunneling co
ponent of the PL we consider a model based on the hopp
transport of a charge carrier between localized states in

t
FIG. 7. Temperature dependence of the average activation energyEa .
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disordered SiOx layer. The intensity, or the probability pe
unit time of a tunneling/thermally activated hop from o
localized state~site! with energy« i to an adjacent state with
energy« f , is described by the well-known expression16

n5G i f expS 2
Ei f

kBTD , ~4!

where Ei f 5H 0, « f<« i

« f2« i , « f.« i
,

Ei f is the activation energy of a hop,G i f is the activationless
component of the hopping probability, which is determin
mainly by the overlap of the wave functions of the states

Because of the disorder in the SiOx layer, the values of
« i , « f , andG i f on going from one site to another vary in
random manner. The problem confronted by a theoret
description of the phenomenon under discussion is that
spatial distributions of these quantities and the depende
~density! of states over energy are unknown. Moreover, th
can be different for different samples and even for differ
nanocrystallites,1 and that also makes it difficult to do exa
calculations on the basis of expression~4!. Therefore, in this
situation it is advisable to use the effective medium appro

FIG. 8. Damping kinetics of the TL at different temperaturesT @K#, for each
of which the Becquerel indexb was calculated~excitation wavelength
lexc5405 nm).

FIG. 9. Temperature dependence of the Becquerel indexb.
al
e

ce
y
t

i-

mation~see, e.g., the review17!. Thus we replace the spatiall
nonuniform quantitiesEi f and G i f in Eq. ~4! by spatially
uniform effective quantitiesE andG, which actually describe
a process in which an electron and a hole are transporte
the same site, where their recombination can occur i
single hop with a probability

n5G expS 2
E

kBTD , ~5!

whereG andE are random variabes with a certain effecti
distribution. Such an approximation is justified in the ca
when the distance between the electron and hole is s
~within a few hops!. The admissibility of this approximation
for the system under study is ensured by the small thickn
of the SiOx layer and the small size of the silicon nanocry
tallite as a whole. In such an approach one can also take
account the possible transitions of the carriers from the Sx

layer to the silicon core and back, by considering the core
be an individual trap with state energy«5Eg .

Taking into account that the probability per unit time f
the recombination of an electron–hole pair localized on
same site is much larger than the average hopping rate
time dependence of the luminescence intensityI can be writ-
ten as

I ~ t !5q^ve2vt&E,G , ~6!

where the factorq takes into account the quantum yield
radiative recombination, and the angle brackets denote a
aging over the effective distributions ofG andE. Since we
are interested in the temperature dependence of the
querel index, we shall replace the nearly temperatu
independent quantityG by its average value. We then obta
the following expression for the damping kinetics of the T

I ~ t !5qGE
0

`

expF2
E

kBT
2Gt expS 2

E

kBTD G f ~E!dE.

~7!

Expression~7! can be converted to a form more conv
nient for analysis by taking the integral by the method
steepest descent. Such a simplification is justified for
case of the long-time asymptotic behavior that we are in
ested in, primarily because it is at long times that the dam
ing has a Becquerel character. Here the saddle-point valuE0

is determined from the equation

kBTc~E0!512Gt expS 2
E

kBTD , ~8!

where c~E0![
d ln f ~E0!

dE0
.

The physical interpretation of the method of steepest
scent is rather transparent: in the course of a certain t
interval from time t to t1Dt the charge carriers that tak
part in emission are predominantly those which are held
traps with an activation energy close toE0(t,T). The longer
the observation timet or the higher the temperatureT, the
larger the value ofE0(t,T). For this reason, by studying th
long-time asymptotics one can ‘‘probe’’ the distribution fun
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tion f (E) of the effective activation energy, much as this
done by increasingT in TSL measurements. The dampin
exponent is given by the formula

b~ t !52
d ln I ~ t !

d ln t
5~12kBTc!

3F12
~kBT!2c81~kBT!3c9

2~12kBTc2~kBT!2c8!2G . ~9!

Since the TL is measured mainly at low temperatu
when the conditionkBT!DE holds, whereDE is the effec-
tive width of the distributionf (E) ~in practice this condition
means thatb'1, as is observed in experiment!, this allows
us to make a simplification in expression~9!, whereupon the
relation between the Becquerel index and the energy di
bution of the traps takes the simple form

E05kBT ln~Gt !, ~10!

c~E0!5@12b~ t,T!#/kBT. ~11!

Equation~10! establishes the relation between the ene
scale, on the one hand, and the temperature and time~on a
logarithmic scale! on the other. Equation~11! relatesb and
c(E) @and, hence,f (E), according to Eq.~8!#.

From the experimental data on the TL damping kinet
~Fig. 8! we calculated the functionc(E) using expressions
~10! and ~11!. The value 1/G'0.2 s was obtained from th
condition of consistency of the kinetic curves measured
different temperatures. This value characterizes the m

FIG. 10. Distribution function of the trapped-carrier activation ener
f (E), recovered from the TL damping kinetics.
,

ri-

y

s

t
an

time between successive activationless hops. Then, using
~8!, we recovered the functionf (E). The result of the calcu-
lation is presented in Fig. 10.

Thus the results of TSL and TL measurements
complementary and to a certain degree are in mutual ag
ment. The TSL gives an estimate for the width of the activ
tion energy distribution:DE>0.3 eV. The TL measurement
indicate a monotonic growth of the functionf (E) at low
energiesE<0.1 eV. This sort of behavior can be explaine
by the fact that the charge carriers execute several hops
to recombination.

4. DISCUSSION OF THE EXPERIMENTAL RESULTS

The results of the previous Section attest to the fact t
a portion of the photogenerated charge carriers leave the
con core, becoming localized in the peripheral layers of Sx

and SiO2 . The experimental data can be explained from
unified point of view in an approach which we call the ‘‘two
stroke charge piston’’ model. It is assumed that the abso
tion of light with the generation of an electron–hole (e–h)
pair occurs in the silicon core of the nanocrystallite~Fig.
11a!. After this their radiative recombination can occur, wi
the production of a photon of secondary emission. Howe
the characteristic recombination time is rather long~up to
several milliseconds!, and therefore at the excitation dens
ties usually used it is quite probable that prior to recombi
tion the firste–h pair will generate a second pair~Fig. 11b!.
As has been noted in a number of papers~see, e.g., Ref. 6!,
in the presence of more than two pairs of charge carriers
nanosize silicon core a radiationless Auger recombina
process becomes probable, in which the energy of recom
nation of onee–h pair is expended on the ejection of one
the carriers of the othere–h pair into the outer layer of the
nanocrystallite. As a result, the nanoparticle undergoe
transition to a state in which, e.g., an electron is localized
the SiOx layer and a hole remains in the silicon core~Fig.
11c!, or vice versa. The rate of recombination of such a s
tially separatede–h pair is quite low because of the sma
probability of a tunneling transition. Therefore, when yet a
othere–h pair is generated in a silicon core in such a st
~Fig. 11d!, the radiationless Auger process is again the m
probable, and the result is that now a hole is ejected into
SiOx layer ~Fig. 11e!. Thus the silicon core of the nanocrys
tallite is free of charges, which are now localized in t
peripheral layers, and the core has returned to a potent
radiative state. This cyclic return of the sample to a radiat
state can account for the experimentally observed ‘‘lumin
cence fatigue’’ effect, when the intensity of the PL does n
go to zero but to a finite value of the saturation signal~Fig.

,

FIG. 11. Schematic illustration of the operation of the ‘‘two-stroke charge piston’’ in nanocrystalline silicon.
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5!. Here the efficiency of the expulsion of charge carriers
the two-cycle process described can in general be diffe
for electrons and holes because of the difference of the
ergy distributions of their traps.

The model set forth above is based on the assumptio
a high efficiency of the electronic Auger process, which
the motive force of the ‘‘two-stroke charge piston,’’ alte
nately ejecting electrons and holes from the silicon core o
nanocrystallite into its peripheral layers. This is in fact
justifiable assumption. It is known the the rate of the Aug
process for free charge carriers is proportional to the squ
of their concentration. At a distance between interacting p
ticles of the order of 10 nm~which corresponds to a volum
density of around 1018 cm213) the cross section for Auge
scattering is comparable to the cross section of the crysta
cell (;10215 cm2), i.e., it is even greater than cross secti
of the electron–phonon interaction.6 Auger scattering is
therefore the main dynamical process governing the lifet
of the e–h pairs, the radiationless recombination time, a
the other kinetic parameters of the system.

The high efficiency of the Auger process should resul
efficient population of the trap states~including those of a
defect nature! localized in the peripheral layers, and that c
cumstance is manifested in the aforementioned feature
the PL spectra and of the TSL and TL signals and also t
dependence on the technological conditions under which
nanostructured silicon samples were prepared. We note
the efficiency of the Auger process is higher for smaller si
of the nanocrystallite. Therefore, the more intense TSL
TL signals are observed for samples with the smaller~on
average! nanocrystallites.

Let us conclude by noting the differences between
model and that proposed in Ref. 6. The process considere
Ref. 6 ends with the transition of the nanocrystallite to
nonradiative state~corresponding to Fig. 11c!, and the in-
complete degradation of the PL is explained by the pa
thermally activated detrapping of electrons in the periphe
layers. However, it follows from our TSL results that th
majority of the trapped charge carriers are detrapped aT
.50 K. Therefore, to explain the quantitative degradat
indices of the PL spectrum~especially near helium tempera
ture! it is not enough to take into account only the therm
restoration of the trapped carriers: the maximum degree
degradation of the PL does not exceed a factor of three e
at T54.2 K. We have therefore refined the model propos
in Ref. 6, extending the effect of the Auger process to
hole component of the electronic subsystem of the silic
core and proposing the possibility of multiple repetition
the process within a single nanocrystallite. As a result, bo
charge carriers accumulate in the outer layer of the crys
lite, and their recombination is manifested as features of
TSL and TL.

CONCLUSION

The luminescence properties of a system of silicon na
particles depends substantially on their average size
structural inhomogeneity. The influence of the size facto
manifested not only in a variation of the spectral composit
of the emission due to the variation in the band gap of
nanocrystallite but also in the efficiency of the Auger pr
n
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cess, the cross section of which is inversely proportiona
the size of the crystallite. A ‘‘two-stroke charge piston
model is proposed, the motive force of which is the Aug
process, which brings about the expulsion of charge carr
from the photoexcited silicon core of the crystallite to
peripheral oxide layers and the subsequent localization of
carriers in them. A feature of the model is the extension
the action of the Auger process successively to the elec
and hole components of the silicon core. The propo
model can explain from a unified point of view a who
complex of experimental results: the nonmonotonic tempe
ture dependence of the integrated PL intensity and the s
of the position of the extremum of this dependence on va
tion of the excitation density, saturation of the lux–intens
characteristic of the main PL band, the ‘‘emission fatigu
effect in the PL spectra, the features of the TSL signal,
presence of a tunneling component of the luminescence,
the higher intensity of TSL and TL for samples with small
sizes of the nanocrystallites. The proposed model is o
general nature and can be invoked to explain the feature
the luminescence in ensembles of nanoparticles of o
semiconductors.

This study was done under the grant ‘‘Electrical and O
tical Physics of Nanostructures Based on Silicon and Ger
nium’’ of the Russian–Ukrainian Intergovernment Progra
‘‘Nanophysics and Nanoelectronics.’’

*E-mail: blon@iop.kiev.ua

1O. Bisi, S. Ossicini, and L. Pavesi, Surf. Sci. Rep.38, 1 ~2000!.
2P. Hess,Progress in Photothermal and Photoacoustic Science and Te
nology, Vol. IV Semiconductors and Electronic Materials Series, SP
Press, Bellingham, Washington~2000!.

3S. V. Bravina, I. V. Blonskyy, N. V. Morozovsky, and V. O. Salnikov
Ferroelectrics254, 65 ~2001!.

4M. S. Brodin, I. V. Blonskii, and V. A. Tkhorik, JETP Lett.20, 580~1994!.
5I. V. Blonskyy, M. S. Brodin, and V. A. Thoryk, Semicond. Sci. Techno
12, 11 ~1997!.

6D. Kovalev, B. Averboukh, M. Ben-Chorin, F. Koch, A. L. Efros, an
M. Rosen, Phys. Rev. Lett.77, 2089~1996!.

7X. Guo and G. D. Mendenhall, Chem. Phys. Lett.152, 146 ~1988!.
8A. Kadashchuk, Yu. Skryshevskii, A. Vakhnin, N. Ostapenko, V.
Arkhipov, E. V. Emelianova, and H. Ba¨ssler, Phys. Rev. B63, 115205
~2001!.

9A. Kadashchuk, D. S. Weiss, P. M. Borsenberger, S. Nespurek, N. O
penko, and V. Zaika, Chem. Phys.247, 307 ~1999!.

10I. A. Tale, Phys. Status Solidi A66, 65 ~1981!.
11S. N. Bashchenko, I. V. Blonski�, M. S. Brodyn, V. N. Kadan, and Yu. A.

Skryshevski�, Zh. Tekh. Fiz.71~1!, 66 ~2001! @Tech. Phys.46, 63 ~2001!#.
12A. Kux, D. Kovalev, and F. Koch, Appl. Phys. Lett.66, 49 ~1995!.
13D. E. Aboltin, V. J. Grabovskis, A. R. Kangro, Ch. Lushchik, A. A

O’Konnel-Bronin, I. K. Vitol, and V. E. Zizap, Phys. Status Solidi A47,
667 ~1978!.

14E. A. Kotomin and A. B. Doktorov, Phys. Status Solidi B114, 287~1982!.
15K. G. Zamaraev, R. F. Za�rutdinov, and V. P. Zhdanov,Electron Tunneling

in Chemistry: Chemical Reactions at Large Distances@in Russian#,
Nauka, Novosibirsk~1985!.

16A. Miller and E. Abrahams, Phys. Rev.120, 745 ~1960!.
17J. W. Haus and K. W. Kehr, Phys. Rep.150, 263 ~1987!.

Translated by Steve Torstveit


