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We report on a detailed study of the dynamics of photoexcited carriers in red-emitting porous silicon at room
temperature after excitation by 532-nm picosecond laser pulses. Experimental techniques of time-resolved
absorption~pump and probe! and photoluminescence are used to cover a very large time interval 10211–1024

s. The dynamics exhibits fast and slow components. The fast component~;10210 s! is interpreted as a
bimolecular recombination of free carriers in the core of nanometer-sized silicon nanocrystallites, and the slow
component~;1024 s! originates in the recombination of carriers rapidly trapped in the surface localized states.
We propose a rate-equation model which enables us to describe well the complete photoexcited-carrier dy-
namics from picoseconds to hundreds of microseconds. Our results strongly support the key role of localized
states on the surface of a Si network in the steady-state red photoluminescence of porous silicon.
@S0163-1829~96!01935-2#

I. INTRODUCTION

The demonstration of the efficient photoluminescence of
porous silicon~PS! at room temperature reported five years
ago1 started an intense activity in the investigation of micro-
scopic properties of this material with application viewpoints
in the fabrication of efficient electroluminescent devices
based on PS. However, many fundamental questions have
not been answered yet. Various models describing optical
properties of PS have been considered, but none of them can
describe all experimental results well. In particular, lumines-
cence mechanisms have not yet been identified. From both
fundamental and application viewpoints, a study of the dy-
namics of photoexcited carriers is of great importance.

Many studies were devoted to photoluminescence~PL!
dynamics in PS,2–10 and large scales of decay times and de-
cay behaviors were reported. It should be stressed that we are
dealing only with red-emitting PS in this paper. We shall not
discuss the case of the so-called rapid-thermal-oxidized PS
where an intense fast blue PL component has been
observed.11,12Most of the studies agree about finding a com-
paratively slow red PL decay dynamics at room temperature.
Therefore, most of the studies concentrate on the microsec-
ond time scale.7–10 Only a few papers pay attention to the
initial stage of dynamical behavior, which takes place during
and/or immediately after excitation of the PS sample by suf-
ficiently short light pulses studied by picosecond PL~Refs.
2–5! or absorption picosecond13–16 and femtosecond6 spec-

troscopy techniques. In this paper, we report on a detailed
study of the room-temperature dynamics of photoexcited car-
riers in luminescent PS on a very large time interval
~10211–1024 s! using the experimental techniques of time-
resolved absorption~picosecond time scale! and photolumi-
nescence~picoseconds to hundreds of microseconds!. We
clearly distinguish two components in the dynamics. The fast
component decays on a time scale of hundreds of picosec-
onds, while the slow one extends up to hundreds of micro-
seconds. We propose a model that describes well, for the first
time to our knowledge, the complete PL dynamics. Our
model strongly supports the key role of localized states on
the surface of the Si network in the steady-state red PL in PS.

The paper is organized as follows. In Sec. II, the experi-
mental techniques and sample preparation are described. The
experimental results and the relevant rate-equation model are
presented in Sec. III. The fast and slow components of the
carrier dynamics are discussed separately. The conclusions
are given in Sec. IV.

II. EXPERIMENT

A. Measurement techniques

The dynamics of PL excited by 532-nm pump pulses was
measured using a single-shot streak camera~IMACON 500,
J. Hadland, time resolution of;3 ps!. The dynamics of the
differential absorption was measured by standard pump and
probe technique. The pump pulses were obtained, as in the
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above case of PL dynamics, by frequency doubling of the
1064-nm Nd:YAG~yttrium aluminum garnet! laser output in
a KDP crystal~532 nm, 33 ps, energy'100 mJ/cm2!. The
tunable probe pulses~532–1064 nm,;40 ps, energy,0.1
mJ/cm2! were spectrally selected from a picosecond con-
tinuum. The diameters of the pump and the probe beams
were 0.5 and 0.05 mm, respectively. The time delay between
the pump and probe pulses was varied using an optical delay
line. The beams were polarized orthogonally to each other,
but the results of our measurements did not depend on the
polarization directions. The probe pulse monitors the trans-
missionTE ~T0! of the sample after~without! the pump. It is
connected with the relevant absorbanciesAE ~A0! as
TE,05exp~2AE,0!. The differential absorbanceAD is given as
AD5AE2A0 .

The dynamics of PL on time scales longer than tens of
nanoseconds was measured by dispersing the luminescent
light by a monochromator, and detecting it using a photo-
multiplier and an oscilloscope. The time resolution of this
setup was;15 ns.

Auxiliary measurements to characterize the samples were
also performed. cw PL was excited by a 488-nm line from an
Ar-ion laser and monitored by an OMA 2 optical multichan-
nel analyzer. The spectra were corrected for the spectral re-
sponse of the apparatus. The conventional transmission spec-
tra were measured by a standard double-beam spectro-
photometer. All experiments were performed at room tem-
perature.

B. Samples

Both PS samples attached to ac-Si substrate and self-
supporting PS membranes have been used throughout this
study.P-type 1–10-V cm Si wafers were the starting mate-
rial for the preparation of PS by conventional electrochemi-
cal anodization. The self-supporting membranes were pre-
pared by anodization of the substrate in HF acid solution
~HF:H2O53:1! with current densities 30–50 mA cm22. The
thickness of the samples was;25 mm. To facilitate the PL
and pump and probe experiments, the membranes were
clamped between two quartz slides. The samples attached to
the substrate were electrochemically anodized in a HF acid-
ethanol solution ~50% HF:ethanol51:1!. Two sets of
samples were prepared. The samples of the first set~labeled
set II! ~1.3-V cm wafers! were anodized with the current
density of 10 mA/cm2 for 10–40 min, those of the second set
~labeled set V! ~0.9-V cm wafers! were anodized with the
current densities 10–50 mA/cm3 for 5 min. An example of
conventional absorption and photoluminescence spectra of a
self-supporting PS sample is shown in Fig. 1.

III. RESULTS AND DISCUSSION

Two components can be distinguished in the dynamics of
both the PL and transient absorption as measured by pico-
second and slower techniques. The fast component has a
decay of the order of 100 picoseconds, while the slow com-
ponent decays longer, up to hundreds of microseconds. In
what follows, we demonstrate that the two components are
of different origin, due to recombination of carriers in two
distinct energy states, as suggested by their different spectral
and intensity behaviors described below. We have already

suggested16 the assignment of the two components as fol-
lows: the fast one is due to the recombination of photoex-
cited carriers in the core of silicon nanocrystals, while the
slow component is connected to the recombination of carri-
ers localized in surface states. We will discuss the two com-
ponents separately.

A. Fast component„picosecond dynamics…

First we studied carrier dynamics in PS using picosecond
spectroscopy techniques. The dynamics of differential absor-
banceAD at wavelength of 1064 nm of the self-supporting
PS sample from Fig. 1 is shown in Fig. 2~a!. In Fig. 2~b! the
dynamics of spectrally integrated PL of the same sample is
shown. In both cases the sample was excited by a 532-nm
picosecond pulse. The dynamics of both differential absor-
bance and PL follow the same time course, i.e., the transmis-
sion and emission measurements monitor identical excited
states~the apparent difference is due to different time reso-
lution of both techniques of measurement!.

The data shown in Fig. 2~a! indicate an induced absorp-
tion, i.e., a positive differential absorbanceAD which decays
in time. A positiveAD is connected with the excited-state
absorption. On the other hand, the excitation of carriers
across the gap changes the occupancy of the upper and lower
states, which leads to the bleaching of the absorption~a
negativeAD!. In crystalline direct-gap bulk semiconductors,
the bleaching of the ground-state absorption dominates for
above-gap wavelengths andAD,0 results. In our case, dif-
ferential absorbanceAD is positive for all wavelengths in the
interval 532–1064 nm. This is also illustrated in Fig. 3,
where the result of pump and probe measurement is shown
for pump and probe wavelengths of 532 nm. A positive dif-
ferential absorbance measured by femtosecond pulses was
also reported recently by Fauchet.6

A positive differential absorbance means that the excited-
state absorption is stronger than the interband absorption.
This is typical of indirect-gap semiconductors at photon en-
ergies slightly greater than the gap energy@e.g., inc-Si ~Ref.
17!#. A positive differential absorbance has also been re-
ported in amorphous semiconductors, where it is understood
to be mainly due to the loss ofk-vector conservation by

FIG. 1. Typical absorption and luminescence spectrum of the
self-supporting PS sample studied.~The absorption coefficient is
not corrected for Fresnel losses, and the PL spectrum is obtained
with a 488-nm cw excitation!.
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disorder@e.g., ina-Si ~Ref. 18!#. The same argument is very
likely to apply in PS due to its morphology.19

In the dynamics shown in Figs. 1–3, two components can
be distinguished. The fast component has a decay on the
order of 100 picoseconds. The detailed shape of the slow
component cannot be obtained from picosecond measure-
ments. In fact, it displays a microsecond decay, as discussed
in Sec. III B. The relative weight of the fast and slow com-
ponents is sample dependent, in some samples the slow com-
ponent is very weak.

The two components can be separated by their spectral
behaviors. In Fig. 4, the dynamics of the differential absor-
bance at wavelengths of 570 and 760 nm are shown~with a
pump pulse wavelength of 532 nm!. Clearly, at short-time
delays the magnitudes of both dynamics differ considerably,
while their slow components are of the same amplitude. This
behavior is also illustrated in Fig. 5, where the spectral de-
pendence ofAD is shown for short- and long-time delays. In
addition, their behavior with the pump intensity is different,
as shown in Fig. 6. The slow component shows saturation.
From these results, we conclude that the fast and slow com-
ponents have different origins, i.e., they are connected with
two different types of carriers.

We have previously suggested16 an assignment of the two
components as follows: the fast one is due to a recombina-
tion of photoexcited carriers in silicon nanocrystals, and the
slow component is connected with the recombination of car-
riers localized in surface states. The latter interpretation is
suggested by the fact that the slow dynamics is affected sub-
stantially by the fabrication conditions of PS~see below!,
and by the observed saturation which indicates a limited
number of relevant states.

FIG. 2. Dynamics of differential absorbance at 1064 nm~a!, and
the spectrally integrated PL~b! of a self-supporting PS sample ex-
cited by a 532-nm, 33-ps pulse. Solid curves are the best fits using
the model proposed@Eqs.~1!–~7!; see the text#.

FIG. 3. Dynamics of the differential absorbance at 532 nm of a
self-supporting PS sample excited by a 532-nm, 33-ps pulse.

FIG. 4. Dynamics of differential absorbance at 570 and 760 nm
for a self-supporting PS sample excited by a 532-nm, 33-ps pulse.

FIG. 5. Spectral behavior of the fast and slow components of the
dynamics of differential absorbance~self-supporting PS sample,
532-nm pump pulse!. Full circles: fast component, i.e.,
AD~max!2AD~500 ps!. Open circles: slow component, i.e.,AD~500
ps!. The solid curve is a functionf ~l!;l2 corresponding to the
Drude model of free-carrier absorption.
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In connection with an interpretation of the slow compo-
nent, thermal effects might be considered. However, in the
present case the pure thermal origin of the slow component
can be ruled out. Indeed, we can see the same shape of dy-
namics in both the photoluminescence and transient absor-
bance measurements@see Figs. 2~a! and 2~b!#. Moreover, an
estimate of the peak rise in temperature can be calculated
using the specific-heat capacity and density ofc-Si for sili-
con nanocrystals, and the density of photoexcited carriers in
silicon nanocrystals~&1020 cm23 in our experiments!. The
maximum temperature rise is;20 K. This corresponds to
the ;5-meV shift in the band-gap energy, which means a
;1–3 % increase in the absorption at the pump wavelength.
However, the positive absorbance is due to the excited-state
absorption, the temperature dependence of which is very
weak. We have verified that by direct measurement of the
dynamics of differential absorbance, with the result that nei-
ther its shape nor amplitude depend on the sample tempera-
ture in the interval 295–390 K.

The conventional absorption~see Fig. 1! in the spectral
interval of Fig. 5 is rather small, so that the negative contri-
bution to the differential absorbance is supposed to be
negligible—at least for wavelengths greater than 700 nm.
That is why the spectral shape ofAD should be given by the
spectral dependence of the excited-carrier absorption. The
simple description of free-carrier absorption by the Drude
model gives the free-carrier–absorption cross-section
s~l!;l2. Indeed, the data in Fig. 5~short time delays! seem
to follow this function plotted as a solid curve. This suggests
that the transient absorption observed shortly after photoex-
citation is due to carriers in the extended states of silicon
nanocrystals. Thel2 behavior of the transient absorption was
also reported very recently also by Fauchet6 and Grivickas
and Linnros.20

The fast initial decay depends on the photoexcited carrier
density. This is illustrated in Fig. 7, where the dynamics of
differential absorbance is shown at two pump pulse intensi-
ties for the sample showing no apparent slow component in
the differential absorbance dynamics. In Fig. 8, the value of
the differential absorbance at the time delay of 30 ps is plot-

ted versus the pump pulse energy fluence. The data in Figs. 7
and 8 clearly suggest a nonlinear behavior of the decay.

What type of nonlinearity is this? We have recently pro-
posed a rate-equation model involving a bimolecular recom-
bination to describe the picosecond dynamics of photoex-
cited carriers.15 Here we present a more detailed treatment
stressing the spatiotemporal formulation of the problem. The
photoexcited carrier densityN(z,t) in the core of nanocrys-
tals can be described by the following rate equation:

]N~z,t !/]t5P~z,t !2BN~z,t !2, ~1!

wherez is a coordinate in the direction of the propagation of
light, P(z,t) is the pumping, andB is a coefficient of the
bimolecular recombination. In general, the sample thickness

FIG. 6. Intensity behavior of the fast and slow components of
the dynamics of differential absorbance.~Self-supporting PS
sample, 532-nm pump pulse!. Differential absorbance at maximum
~open squares! and at a time delay of 200 ps~full squares! vs the
pump pulse energy.

FIG. 7. Dynamics of the differential absorbance at 1064 nm, of
a self-supporting PS sample excited by a 532-nm pulse at two dif-
ferent pump pulse energies. The solid curve forP is the best fit
according to the model proposed with no apparent slow component
@p50, Eqs.~1!–~6!; see text#. The solid curve for 0.38P is com-
puted without any adjustable parameters using the best-fit values of
B54310210 cm3 s21 ands59310218 cm2.

FIG. 8. Differential absorbance~at 1064 nm, self-supporting PS
sample, 532-nm pump! at a time delay of 30 ps vs excitation.
Squares: experimental points. The solid curve is computed@model
of bimolecular recombination,p50, Eqs.~1!–~6!# without any ad-
justable parameters using the values ofB ands from Fig. 7. The
dashed curve is computed using the model of Eqs.~1!–~6!, where
bimolecular recombination is replaced by Auger recombination
;CN3 with parameters obtained from the best fit forP51 ~see
text!. Auger constantC'10229 cm6 s21.
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L is larger than the absorption length of the pump pulse,
which leads to an inhomogeneous excitation profile~in thez
direction!. We do not take into account the transversal ef-
fects. The pumpingP(z,t) can be expressed as

P~z,t !5a0~12p!I ~z,t !/hn, ~2!

where the saturation of the absorption is neglected. Herea0
is the small signal absorption coefficient of the sample, and
I (z,t) is the pump pulse profile. Parameterp gives the frac-
tion of carriers which are transferred to the localized states,
where they recombine on a microsecond time scale. The
trapping of carriers is supposed to be very fast in this model.
This is in accord with results of subpicosecond measure-
ments showing that trapping of carriers is a femtosecond
process.6 If we neglect its decay for times&1 ns, the density
n(z,t) of the trapped carriers can be described as

n~z,t !5pa0E
2`

t

„I ~z,t8!/hn…dt8. ~3!

The absorption coefficient of the sample is then

a~z,t !5a01sN~z,t !1s1n~z,t !, ~4!

wheres is the free-carrier absorption cross section, ands1 is
the absorption cross section connected with localized carri-
ers. In general,a0, s, ands1 are spectrally dependent, and so
is the absorption cross sectiona. That is why the absorption
of the sample is different for the pump and for the probe
pulses in the two-color pump and probe experiment. The
transport equation for the pump intensity can be written

]I ~z,t !/]z52a~z,t !I ~z,t !. ~5!

We approximate laser pulses by a temporal Gaussian func-
tion; their magnitudes are known from the experiment. The
differential absorbance of the sample of thicknessL can be
written as

AD~ t !5E
0

LFsN~z,t !1s1pE
2`

t

„a0I ~z,t8!/hn…dt8Gdz.
~6!

We solve the above equations numerically, and convolute the
differential absorbance with the Gaussian probe pulse to
model the absorption experimental data. From our previous
measurements,15,16B54310210 cm3 s21. We can fit the ex-
perimental curvesAD5AD(t) at any wavelength with~s1p!
ands as fitting parameters. The best fits, shown as the solid
curves in Figs. 2 and 7, are obtained fors52310218 and
9310218 cm2, respectively. These values ofs should be
compared to the values reported previously in PS~Ref. 20!
~5310218 cm2 at 1.3mm!, c-silicon17 ~5310218 cm2 at 1064
nm!, and amorphous silicon18 ~3310218 cm2 at 1064 nm!.
The dynamics in Fig. 7 is fitted well withp50, which shows
that the weight of the slow component is rather small for this
particular sample. Integrating the above equations up to 30
ps for various pump pulse energies gives an excellent agree-
ment with the experimental points in Fig. 8~full curve! with-
out any adjustable parameters. This again supports the bimo-
lecular feature of the recombination. The three-particle
Auger nonradiative recombination was suggested by some
authors to interpret their data.20,21Our experimental data can-

not be fitted only by the standard Auger~;N3! kinetics,
which does not seem to reproduce correctly either the shape
of decay curves or the intensity dependences. For compari-
son, we show the Auger intensity dependence as a dotted
curve in Fig. 8. This was obtained by fitting the decay curve
of Fig. 7 @using a modified model in which the recombina-
tion term;N2 of Eq. ~1! was replaced by the term;N3# for
P51, and by solving the relevant rate equations with the
best-fit values of parameters~the fit—not shown here—is of
bad quality, not reproducing the experimental decay profile
correctly, and the value of Auger recombination constant has
to be taken at least two orders of magnitude larger then that
of c silicon for pump rates corresponding to the experiment!.

The value of the bimolecular recombination coefficientB
is found to be of the same order as that of radiative recom-
bination in direct-gap semiconductors@e.g., B52310210

cm3 s21 in GaAs,22,23B52.4310210 cm3 s21 in GaSb~Ref.
24!#. The value of this coefficient in indirect semiconductors
is several orders of magnitude smaller@e.g.,B55.4310214

cm3 s21 in GaP andB51.8310215 cm3 s21 in c-Si ~Ref.
24!#. The bimolecular recombination with coefficient of the
same order25,26 ~B57310210 cm3 s21! or slightly larger27

~B573109 cm3 s21! has also been reported in amorphous
silicon, where it was interpreted as a nonradiative Auger-like
process. Its bimolecular character is explained by an Auger
recombination of two free charge carriers and one trapped
charge carrier,25,26 or by an Auger recombination of highly
correlated electron-hole pairs.27

B. Slow component„microsecond dynamics…

Before we proceed to the description of the slow PL dy-
namics studied by a photomultiplier, let us mention how the
fast and the slow components superpose in the PL decay as
measured by the streak camera~time interval&15 ns!. The
fast ~picosecond! PL decay can be observed forl&650 nm
for 532-nm pumping. In accord with the above discussion, it
can be understood as a contribution due to the carriers in the
extended states in the core of nanocrystals. The slow PL
componentISE(t), which is due to the localized carriers, de-
cays on a microsecond time scale~as discussed below!. Us-
ing the above rate equations, PL intensity can be then fitted
by an expression

I ~ t !5KN~ t !21ISE~ t !. ~7!

Here ISE(t) can be approximated asISE(t)'I 0 for times
greater than the pulse duration and smaller than 10 ns, so that
the experimental constantK and I 0 are the only fitting pa-
rameters. In Eq.~7!, N(t) is an average value of carrier den-
sity taken over the absorption length of the sample. The fits
are of very good quality, as illustrated in Fig. 2~b!, where the
best fit is shown as a solid curve. This means that we monitor
the states—both free carriers and localized states—which are
connected with both the luminescence and absorption. In
general,B5Brad1Bnonrad. However, a fairly strong fast lu-
minescence suggests that the bimolecular recombination is
rather a radiative process. For the slow component, the lumi-
nescence efficiencies and absorption cross sections in lumi-
nescence and absorption data, respectively, are connected
with the density of localized carriers in our model. This
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makes it apparently impossible to find the relative impor-
tance of the radiative and nonradiative processes in the slow-
carrier recombination.

To confirm the different origin of the fast and slow com-
ponents, we have studied the influence of anodization condi-
tions on carrier dynamics. In particular, we have measured
PL dynamics for two sets of samples described above. The
results for the sets II and V are shown in Figs. 9~a! and 9~b!,
respectively. Clearly the relative weight of the slow compo-
nent increases with both anodization time~for constant an-
odization current! and anodization current~for constant an-
odization time!. This can be clearly seen in the insets,
showing the relative weight of the slow componentw versus
the anodization time@Fig. 9~a!# or the anodization current
@Fig. 9~b!#. w is obtained as the ratio of the intensity of the
slow componentI 0 ~defined above! to the total intensity at
the maximum. To understand these observations, we recall
that it has been shown28 for lightly doped Si substrates~;1
V cm! that the increase of both the anodization time and
anodization current density leads to higher porosity and, con-
sequently, to the decrease of specific surface area for porosi-
ties.50%. This means that in both cases the dimensions of
Si nanoparticles become smaller and, therefore, the relative
importance of their surface states rises. This is in agreement
with the increase ofw presented in Fig. 9, which strongly
supports the assignment of the PL slow component as due to
the recombination via localized surface states.

The study of PL dynamics on a longer time scale using a
photomultiplier and an oscilloscope has shown that for all
the samples the slow component decays on a microsecond
time scale, that it is nonexponential, and that it is faster at
shorter wavelengths. As an example, the slow part of the PL
decay for the sample anodized for 40 min~set II! is shown in
Fig. 10. Its profile follows the stretched-exponential decay
law

ISE~ t !5I 0exp@2~ t/t!b#, ~8!

as already proposed by other groups.7–10 In this function, the
parameterb is 0<b<1. The values of the time constantt lie
in the interval 1ms–1 ms for the samples studied. This func-
tion indicates a dispersive diffusion of photoexcited carriers,
most probably within a single nanocrystal.29 Under the con-
ditions of our experiments the so-called hopping mechanism
applies,8 and parameterb is given by the geometry of local-
ized states. The fits of the experimental data by Eq.~8! have
very good quality~the solid curves in Fig. 10!, and they
provide values for fitting the parametersb and t which are
shown in the inset of Fig. 10.t is shown to be linear in the
semilog plot versus PL photon energyE, which suggests
that it follows approximately an exponential function,
t;exp~2GE!, the value30 of G;6 eV21 being the same for
all the samples of sets II and V. The exponential behavior
was also observed by others,7–10,31and interpreted as due to
the exponential distribution of localized states within the
band gap.31 The value ofG we have obtained agrees well
with other published data.8,10 Parameterb ~see the inset of
Fig. 10! has been found to be a slowly decreasing function of
luminescence photon energy, which is in very good agree-
ment with both the data and theoretical calculations
published.8,10 The behavior ofb is similar for all samples
measured.

The decay function Eq.~8! can be understood as a conse-
quence of distributiong~l! of the decay ratesl of nonradi-
ative processes which are supposed to dominate the decay,10

so that

I ~ t !;E
0

`

g~l!exp~2lt !dl. ~9!

FIG. 9. PL dynamics of samples of PS on a substrate.~a! Set II,
anodization times 10, 15, and 40 min.~b! Set V, anodization current
density 20, 25, 30, and 50 mA/cm2. Curves are normalized. Insets:
relative weightw of the slow component vs anodization time~a!
and current density~b!.

FIG. 10. Spectrally resolved microsecond PL delay~sample of
PS on substrate anodized for 40 min, set II!. Solid curves are the
best fits using Eq.~8!. Inset: parametersb andt of function ~8! vs
the PL photon energy.
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By inverse Laplace transform of Eq.~9!, the distribution
functiong~l! can be found. In Fig. 11, the distribution func-
tions for two samples of set II~10- and 40-min anodization
times! are shown. The distribution functions for 800-nm PL
overlap for both samples. The values of the average decay
ratesl0 corresponding to the 560-nm distribution functions
are shown by arrows in Fig. 11. It can be seen that, at higher
photon energies, the distributiong~l! is broader and the de-
cay faster, and at lower energies the narrower distribution
and slower decay are typical. This can be understood in
terms of the greater number of opportunities for relaxation
for carriers in high-energy states in the band tail. The anod-
ization conditions modify the functionsg~l!. Longer anod-
ization times mean faster decay at high photon energies~see
Fig. 11!. This can be interpreted as an increase in the density
of relevant energy states, as suggested previously,32 which
means that morphology and/or surface chemistry are af-
fected.

The simultaneous measurement of PL dynamics using a
steak camera and photomultiplier gives a complex picture of
PL decay in the time range of six orders of magnitude. As an
example, PL dynamics of the sample anodized for 40 min
~set II! is shown in Fig. 12. The dashed curve which repro-
duces the experimental data well, is obtained using the pro-
posed model@Eqs.~1!, ~7!, and~8!# with the values of con-
stants given above.

IV. CONCLUSION

We have investigated the dynamics of photoexcited carri-
ers in PS after excitation by picosecond 532-nm laser pulses

at room temperature. The dynamics exhibits fast and slow
components. We have suggested a rate-equation model
which makes it possible to fit well the observed carrier dy-
namics in a large time interval of 10211–1024 s. The fast
component is believed to be due to a bimolecular~both ra-
diative and nonradiative! recombination of carriers in the
core of the nanometer-sized silicon crystallites. The standard
~trimolecular! nonradiative Auger recombination process
seems to be of much less importance in PS under our experi-
mental conditions. We interpret the slow component as a
recombination of carriers rapidly trapped in states localized
at the surface of Si crystallites. This recombination occurs
simultaneously with the carrier hopping relaxation process
through the tail states. The above interpretation is consistent
with the observed fact that the increasing anodization time,
as well as the increasing anodization current, entails a higher
weight of the slow component as a consequence of the en-
hancement of the relative importance of the surface states.
Our results strongly support the model in which steady-state
PL is related to radiative recombination from localized states
on the surface of Si nanocrystallites.33
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