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We investigate the relationship between the multiexponential photoluminescence (PL) dynamics of large
nanocrystal (NC) ensembles and the intensity intermittency (blinking) characteristic of single NCs. A general
model is developed and a simple fitting form derived for the analysis of PL decay curves allowing the
extraction of both the intrinsic radiative recombination rate and an intensity intermittence parameter. The
analysis is applied to the PL of a series of Si-NCs embedded in silicon oxide matrices yielding a good
agreement between extracted and theoretical recombination rates. An excellent agreement is furthermore re-
ported between the range of power-law exponents obtained and those previously determined through both
single-NC experiments and current blinking mechanism theory. We suggest that a similar approach may well

be fruitful in the analysis of time-resolved PL for a large variety of other carrier-confined materials.
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I. INTRODUCTION

It is well known that nanostructured Si materials such as
porous Si,'? Si quantum wells,> and Si nanocrystals (Si-
NCs) (Refs. 4 and 5) exhibit greatly improved luminescent
properties in comparison with those of the bulk. However,
despite the long-held interest in these remarkable character-
istics, the fundamental nature of carrier recombination in
such systems remains highly controversial. This is particu-
larly exemplified by the anomalous multiexponential form of
photoluminescence (PL) decay.

It has been widely observed that the PL relaxation of
carrier-confined Si ensembles exhibits a multiexponential or
typically stretched-exponential form.®~!7 Such observations
are a source of anomaly as populations of confined carrier
densities emitting at a given energy are expected to ideally
share a single recombination rate and thus decay according
to a single exponential.'® Multiexponential curves on the
other hand imply either recombination rate dispersions or a
recombination rate that is time varying.

The physical mechanisms that may be responsible for
such behavior have been extensively debated. Three main
models have been proposed to explain the elongation of PL
dynamics in carrier-confined Si and these can be differenti-
ated according to their assertions in regards to the escape of
carriers from confined states.

The first model, proposed by Pavesi and Ceschini!® to
describe PL dynamics in porous Si, relies on the supposition
that excited carriers can easily migrate to nearest-neighbor
NC core states by tunneling through the intervening oxide
potential barriers. A group of NCs is thus represented as an
interconnected network of confined states where distribu-
tions of random delays impede the recombination of carriers.
These delays determine the form of luminescence
relaxation”?® and are introduced either by the occasional
trap-release of carriers in the case of correlated (exciton)
pairs'1%21 or, conversely, in the case of uncorrelated
carriers'>?? the unlikely spatial concurrence of an electron-
hole pair. Evidence against such intercrystallite migration
however has been reported in two separate works. Mihal-
cescu et al.”? provide arguments based on resonant excitation
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while Guillois et al.” demonstrate the independence of PL
dynamics on intercrystallite distances.

The second model to be considered, though it discounts
any intercrystallite transport, asserts that PL decay is affected
by the escape of confined carriers to nonradiative states lo-
cated in much closer proximity to the NC.'®!7-?* The prob-
ability of escape is determined both by local disorder at the
NC interface and the crystallites’ immediate environment.>*
The variations between independent NCs within a sample
thus result in distributions of escape rates and, consequently,
nonradiative recombination rate dispersions.

The third mechanism arises from the notion that the PL
relaxation of confined Si is determined by the independent
and wholly migration-confined relaxation of core-state tran-
sitions which, it is suggested, result in dispersions of radia-
tive rates.®® Delerue et al.® assert that small variations in
Si-NC structure may cause large variations in the overlap
between electron and hole wave functions in k space. This,
coupled with the multiphonon nature of confined-state tran-
sitions, would result in radiative rate dispersions for any en-
semble of indirect-gap NCs.

Although each of these three models could hypothetically
generate the required elongated or stretched-exponential”
decay form,?*2>-27 without further evidence, for example, a
convincing agreement between theoretical and experimental
recombination rates, no single model can be confirmed.
However, perhaps due to both the theoretical complexities
involved in the simulation of atomic clusters?®=" and the
difficulty in deriving physically meaningful conclusions
based on aggregate behaviors of large NC populations with
intrinsic polydispersity,”®3!32 such information remains elu-
sive.

The observation of single NCs is therefore needed to pro-
vide basic information for the understanding of PL in con-
fined systems. Recently, advances in single-NC spectroscopy
have furnished excellent results relating to the characteristics
of single particulates.”® However, though single-particle be-
havior inevitably affects the characteristics of large en-
sembles, it is not immediately obvious how the attributes of
single NCs can be combined for the interpretation of experi-
mental results for large populations.3

©2009 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.80.035330

DUNN et al.

In this work, we broach a deeper analysis into the link
between the characteristics of single NCs and the lumines-
cent behavior of systems comprising large NC distributions.
In particular, we suggest that the widely observed phenom-
enon of intensity intermittence, or “blinking,” in single
fluorophores3*3 is likely to play an important role in the
multiexponential nature of PL relaxation for a large range of
luminescent materials.

Under continuous excitation, single NCs are observed to
exhibit intermittent and discrete luminescence intensity lev-
els resulting in a series of alternating on- and off-periods.”®
This phenomenon, observed for a large variety of systems, is
now thought to be exhibited by single fluorophores of almost
all light sources.>*3 Interestingly, the distribution of on- and
off-periods for many nanoscale systems (NCs, nanorods,
nanowires, and some organic molecules) appears to be
characterized by power-law behavior with exponent values
in the vicinity of 1.5, irrespective of the nanoparticle
material 8-34-40

We propose that the blinking mechanism, producing sud-
den changes in PL intensity during continuous excitation, is
furthermore likely to affect carrier recombination during PL
relaxation and, consequently, must be significant in the evo-
lution of decay curves for NC ensembles.

We begin with the development of a general model de-
scribing the interaction of relaxing carrier populations with
the blinking mechanism and subsequently derive a simple
fitting procedure which allows the deconvolution of intrinsic
recombination rates and extrinsic blinking effects. This
analysis is then applied to relaxation curves recorded for a
series of Si-NCs embedded in Si oxide, which were synthe-
sized using reactive pulsed laser deposition (rPLD). Good
agreement is obtained between extracted recombination rates
with energy and theoretical values reported in the literature.®
In addition to this, we achieve excellent agreement between
power-law blinking parameters thus obtained and the range
of values expected for the blinking statistics power-law ex-
ponent according to both experimental®® and theoretical*!
works.

II. EXPERIMENT: METHOD AND RESULTS

Si-NCs were synthesized using the experimental proce-
dure described by Riabinina et al.*? in which Si-rich Si oxide
films are deposited using rPLD and are subsequently an-
nealed. Samples were hydrogen passivated in 5% forming
gas at 500 °C for 1 h. X-ray diffraction (XRD) and high
resolution transmission electronic microscopy (HRTEM)
were used to determine the average size of Si-NCs embedded
in the Si oxide matrix.*> Time-resolved PL output light was
recorded using a photomultiplier tube with a typical reso-
Iution of 1 us. Samples were excited using a diode laser
pulse of 30 us at 405 nm. The observation energy is selected
within the range 1.2-1.9 eV using optical filters.

As previously reported*? significant PL is obtained from
Si-NCs embedded in Si oxide synthesized by rPLD. Figure
1(a) shows the continuous excitation PL spectra of four
Si-NC samples A, B, C, and D. The average NC diameters
were found to be 4, 2.5, 2, and 1.5 nm, respectively.* As
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FIG. 1. (Color online) (a) Continuous stimulation PL curves for
samples of embedded NCs with mean diameter 4 (sample A), 2.5,
(sample B), 2 (sample C), and 1.5 nm (sample D). (b) Typical decay
curves measured for sample B at emission energies between 1.35
and 1.8 eV. Each decay curve is fit with both the derived blinking
form (continuous line) and the common stretched-exponential form
(dashed line).

expected,* the peak positions of the PL spectra are size de-
pendent. These peaks are centered at 1.35 (A), 1.51 (B), 1.57
(C), and 1.63 eV (D) with an average full width at half maxi-
mum (FWHM) equal to 0.3 eV. Time-resolved PL decay
curves were recorded as a function of emission energy for all
four samples and typical decay curves are shown in Fig. 1(b)
where one sees multiexponential behavior with slope magni-
tudes changing by a factor of 2 or more.

II1. BLINKING MODEL OF LUMINESCENCE DECAY
A. Overview

In this section, we develop a model which explains the
multiexponential nature of pulsed stimulated decay curves by
including the effects of the single-NC blinking phenomenon.
In this model, we consider a collection of NCs that, having
turned “on” at some preceding time, are in an “on-state” at
the termination of pulse stimulation.

While in an on-state, carriers excited by the stimulus re-
combine according to an intrinsic recombination rate which
represents a sum of the available radiative and nonradiative
recombination pathways. However, during PL relaxation,
one by one, each of the radiators turn off irreversibly via a
strong Auger-type recombination pathway. The peculiar
characteristics of the power-law blinking process mean that
the longer a NC is in an on-state, the less likely it is to turn
off within a following interval.

As a result, the signal intensity initially drops much faster
than it would have according to intrinsic mechanisms alone,
due to the time-dependent turn-off rate of the emitters. This
effect, however, is not as straightforward, nor as abrupt, as
the power-law duration distribution, given that NCs taking
part in the decay process have already spent some undeter-
mined duration in the on-state.

Evidently, the total instantaneous rate of change per car-
rier for a segregated carrier population is not constant in
time, implying that the members of any exponential decom-
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position of the relaxation curve are not necessarily directly
characteristic of the available recombination pathways. The
challenge, then, is to determine how the PL behavior of NC
ensembles may be analyzed to extract the basic information
concerning both carrier recombination and the blinking phe-
nomenon.

B. Development

Intensity intermittence in single quantum dots (QDs) was
first reported by Nirmal e al.*® in 1996, who observed that
under constant excitation the fluorescence of single CdSe
QDs exhibit sudden and discrete changes in intensity result-
ing in a series of alternating on/off periods. This phenom-
enon, now commonly referred to as blinking, has since been
reported for various other NC materials including InP,3
CdS,*® CdTe,*” and PbS,*® in addition to both Si QDs (Ref.
38) and porous Si particulates.3” In this section we consider
how this phenomenon may contribute to the recombination
of excited carrier populations during PL relaxation.

It is now widely accepted®*3>4° that the luminescence
quenching responsible for such two-state behavior is caused
by the sporadic transition of an excited carrier to localized
trap states external to the NC. The net charge left on the NC
as a result of local electron or hole deficiency opens an ad-
ditional strong Auger recombination pathway, whereby, re-
combination energy is transferred to another carrier rather
than to the emission of a photon. Subsequent radiative re-
combination events are thus rendered highly improbable un-
til the luminescence is reenabled by the trapped carrier re-
turning to the NC core.””

The ionization of the NC may occur in one of several
ways.?® First, at high excitation intensities, an Auger assisted
process may occur if multiple excitons are present in the
conduction band simultaneously. As one of the excitons re-
combine, it may release its energy to one of the remaining
excited carriers, effectively reducing the interface potential
barrier seen by that carrier and thus increasing the probabil-
ity of escape. However, as the nonradiative relaxation of
multiexciton states to single exciton states is expected to take
place on the picosecond scale,’! it is unlikely that this pro-
cess will be significant for systems such as embedded
indirect-gap NCs due to the low photon absorption rate. An-
other possible ionization mechanism, however, involves the
direct tunneling of single excited carriers to nearby external
trapped states. Cichos et al.¥’ calculate that the tunneling of
carriers to states external to the NC may be efficient for
Si-NC systems where trapped states are located within a few
nm of NC cores. As the tunneling mechanism does not rely
on the presence of multiexcitons or on continuous excitation,
it is likely that NC ionization (and consequently nonlumines-
cent states) will occur even during PL relaxation after pulse
excitation.

In general, the durations of both PL-on- and PL-off-
periods for nanoparticles (£, or &, referred to henceforth as
&oniogy)> as measured using single-NC photospectroscopy, are
found to be statistically distributed according to an inverse
power law, P; (1) o< t=%nioff, where P f(t) represents the
probability that the duration &,/ is equa{ to 7. Such behav-
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ior is often characterized by power-law exponents «,, and
a,s that are approximately equal to 1.5 or fall within the
range 1 <, orr < 2.2852 Various authors have had some suc-
cess in explaining these observations in terms of physical
models.3*3>49

Duration statistics have been shown to be well described
by the inverse power law for an extremely wide range of
time values, where cutoff points are often determined by
experimental limitations.?®4° However, due to the physically
unacceptable infinite short-time behavior of the inverse
power law, the duration statistics must deviate from the over-
all tendency as a result of some intervening mechanism
(likely to tend toward zero at t=0) at some short cutoff time
&nin- Where &, is sufficiently small, the probability
P(&onopr<&min) is negligible in comparison with P(&,,,sr
=¢,,n). As there is some evidence to suggest that power-law
behavior extends toward short times even into the nanosec-
ond regime***3* and few works*’ have reported any devia-
tion in statistics for long durations, despite several decades
of observation, it can be assumed that P(&,,,,< &) is ef-
fectively equal to zero.

For simplicity, we assume the short-duration cutoffs for
both on- and off-periods to be equal and constant (&, ..
= &nin.ofr= Emin)- Long-time cutoffs &, if they exist, are fur-
thermore expected to be many orders of magnitude greater
than both the excitation-pulse duration 7, and expected con-
fined carrier lifetimes.*>>33* For the purposes of decay
analysis, it is therefore safe to neglect long duration cutoffs
and assume that §,,,,=°.

Inverse time power-law behavior presents many formal
problems for analysis.>> To begin with, the expectation value
of the relation Pfon/o”(t) is infinite for «,,,<2. This im-
plies that an average value calculated from experimental data
is dependent on the maximum observation time and, conse-
quently, cannot be characteristic of any physical process. The
conditional probability P(t+s|s) in addition, unlike purely
random (exponentially distributed) variables is not simply
equal to P(z). As a result, the probability for a NC to remain
in a given state for some additional ¢ after a time s depends
on the length of time s that the NC has previously passed in
that state. Given the counter-intuitive nature of blinking sta-
tistics, the interpretation of both single particle and ensemble
behavior requires particular care.

The cumulative distribution function (CDF), of blinking
durations &, is determined by first applying the normal-
ization [ ?minPgonmff(t)dhl to the inverse time power-law
form and subsequently integrating over time from §,,;, to
time t,

t | @omor1)
(1)

Fgmz/off(t) = 1 - |:§_

min

Here, we employ the useful notation Fyx(x) to represent a
CDF that describes the probability that the random variable
X <x. The corresponding probability density function (PDF)
is denoted by fy(x).

Figure 2 summarizes the sequence of events that are
likely to contribute to relaxation curves measured under
pulse excitation for large NC ensembles. As is shown in the
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FIG. 2. Schematic representation of PL intensity vs time for the
pulse excitation of a single intermittent NC. The blinking NC un-
dergoes a series of statistically distributed &,, and &,/ intervals
before the termination of the laser pulse at 7,. While undergoing
natural relaxation processes after 7, the decay may be cut short at
some time 7, due to a final disabling blinking event occurring at
Td,-xj (i.e., at the end of jth on-period). If excited carriers remain in
the NC at time 7, they will be lost nonradiatively.

diagram, assuming the ionization state is initially neutral, at
the onset of laser-pulse excitation at ¢y, each NC will be in an
on-state (indexed 1) which will persist for some duration
§U,,l. Within this duration, carriers are excited by the laser
and recombine both radiatively and nonradiatively as deter-
mined by their potential environments.>

At some time 7, an instantaneous off event occurs,
forcing the NC into a nonluminescent off-state of duration
§,,ffl. Any carrier excited by the stimulus will then recombine
very quickly, but nonradiatively, via the supplementary Au-
ger recombination pathway. Evidently, an alternating se-
quence of a statistically determined number of &,, and &,/
periods will then ensue leading up to the termination of the
pulse at 7).

If it happens that the NC is in an off-state at time 7, it
will quickly and nonradiatively lose its excited population
and consequently remain dark for the remainder of the PL
decay. (This condition is not depicted in Fig. 2 as it does not
contribute to PL decay as no photons are emitted after 7),.)

The behavior of interest, for a given NC, obtains only if
the end of the pulse excitation at T,,,falls within a NC on-
duration. In this case, the relaxation could either proceed
normally until the excited carrier (likely to be singular) (Ref.
51) has been lost according to intrinsic mechanisms or the
process may be cut short at some time T, (the last 7;,) by a
final terminal blinking off event. The otherwise intrinsic re-
laxation curve of any large ensemble of blinking NCs is
therefore effectively altered by the distribution of cutoff
times T.,.

The following four assumptions apply in the analysis: (1)
the pulse duration 7,>&,,,. (2) £,, and &, are distributed
according to Eq. (1) for &,;,=<t<, (3) sequences of ran-
dom variables &, are memoryless,”’ and (4) at a given
emission energy, members of a sequence containing only ei-
ther on- or off-periods {&os,s " Eonopr,» " '§0n/0ff]‘} are
identically distributed for all » and ;.

With these assumptions, and where PL is observed at a
selected wavelength (constant emission energy), the intensity
recorded at some time ¢ is described by the joint probability
that (i) a radiative recombination event occurs at ¢ and (ii)
that a NC in an on-state at time T, is still in that state at time
t. The PL intensity decay curve can then be represented as a
two-term product
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1(t) = 1;,(t, + Tp)FTC(td) ) (2)

where the time variable 7,=¢-T), is referenced to zero at the
pulse termination 7, the first term 1;,(r) will be the result of
the probability density of intrinsic band-band recombination
mechanisms without any random termination,® and the

blinking term F r,(t) is a CDF that describes the probability
P(T.> 1) that a decaying NC is yet to undergo a terminating
off event at time .

In the analysis described in the Appendix, stable distribu-
tion theory is applied to obtain a useful approximate form for

the CDF F r.(ts). We arrive at the simple expression

_ td —(a-1)
FT os 1 + — N (3)
c Tp

where the blinking parameter « is related to the statistical
power-law blinking exponents «,, and «,, through convo-
lution. As remarked in the Appendix, the substitution of Eq.
(3) into Eq. (2) can be used in the construction of fitting
forms for experimentally obtained decay curves, where some
small number of confined and/or bulk recombination mecha-
nisms are assumed.

IV. RESULTS

In this section we evaluate the significance of the blinking
model to multiexponential PL relaxation by applying a fitting
form based on the concept that the luminescence decay of a
NC ensemble is determined both by the density of intrinsic
recombination events and by the probability distribution of
terminal off events, as stated by Eq. (2) and discussed in the
previous section. In the simplest case, a singular recombina-
tion rate k is assumed to dominate intrinsic recombination at
a given emission energy (potentially addressing a group of
NCs with similar size and geometry).>%° We furthermore
assume that within this group of crystals, the power-law ex-
ponents «,, and a, are also shared.

This, coupled with the CDF FT(‘, as given by Eq. (3),
results in the following fitting form:

1(1)=1o(1 +t/T,)" ) exp(- kt). (4)

Here T, is set to the pulse duration (30 us), I, is the initial
intensity, both the blinking characteristic exponent « and re-
combination rate k are fitting parameters, and time ¢ is refer-
enced to the termination of pulse excitation.®

By way of comparison, each of the experimental Si-NC
decay curves [Fig. 1(b)] are also fitted with the conventional
stretched-exponential form

1(2) = Iy exp[(— kg t)Psr]. (5)

The common stretched-exponential form is a semiempirical
construction that is often used to describe relaxation curves
in disordered systems for various quantities, for example,
magnetic or dielectric relaxation,'~3 or dispersive transport
in amorphous semiconductors.”® Although the physical
mechanisms that may be responsible for the behavior remain
a source of intense debate,20-2-2658.64.65 the form has been
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FIG. 3. Results of the analysis of time-resolved PL curves for
Si-NC samples A (+), B (O), C (X), and D (J) using either the
derived blinking form [(Eq. (4), Figs. (a) and (b)] or the stretched-
exponential form [Eq. (5), Figs. (c) and (d)]. (a) Characteristic ex-
ponent “a” vs emission energy. (b) Intrinsic recombination rate “k”
vs emission energy. The exponential tendency (black dashed) of
experimental intrinsic recombination rates (symbols) is plotted to
guide the eye [k=A exp(E/E,), where A=135 sec”! and E,
=0.4 eV]. Theoretical radiative recombination rates with energy
(gray continuous) reported in the literature (Ref. 6) are included for
comparison (A=20.55 sec”! and E,=0.31 eV). (c) Stretched expo-
nential dispersion parameter “B,,” vs emission energy. (d) Stretched
exponential rate parameter “k,,” vs emission energy showing expo-
nential tendency (dashed) (A=270 sec™! and E,=0.37 eV).

frequently applied to time-resolved luminescence in nano-
structured materials, where the fitting parameters S, and kg,
have sometimes been associated with dispersion and carrier
lifetime, respectively (k=1/7).10:11:66

As shown in Fig. 1(b), both of these forms provide suit-
able fits for the experimental PL decay curves, however, for
the highest photon energies (1.6 and 1.8 V), the physically
derived blinking form (continuous curve, Eq. (4)) provides a
noticeably better agreement than the purely empirical
stretched-exponential fit (dashed curve, Eq. (5)) shown on
the same axis.

The intrinsic recombination rates k resulting from the
blinking model fit of PL decay data are presented in Fig. 3(b)
with observation energy for all four samples (A, B, C, and
D). This tendency may be compared with theoretical results
from the literature. In particular, Delerue et al.® using a
tight-binding approximation for strong-confinement regime
oxide-shell Si-NCs, report an average E-k curve that is well
described by k=A exp(E/E,) for constants A=20.55 s and
Ey=0.31 eV. This theoretical result is plotted in Fig. 3(b) as
a continuous gray line.

The pseudorate values k;, obtained from the stretched-
exponential fit for the same experimental decay curves [Fig.
1(b)] are shown in Fig. 3(d). Evidently, though theoretical
recombination rates and rates obtained using the blinking
form are both on the same order of magnitude [both shown
in Fig. 3(b)], the stretched-exponential rate k,, is consistently
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an order of magnitude higher [Fig. 3(d)]. However, as shown
in Fig. 3(b), the intrinsic recombination rates obtained from
the PL decay curves using the blinking form (symbols) still
remain somewhat higher than radiative recombination rates
determined through simulation® (gray line).

As shown in Fig. 3(a), the characteristic exponent values
a obtained from the blinking decay model exhibit an obvious
evolution toward higher values with increasing confinement
energy. This can be compared with the behavioral variation
in B,, with energy, as shown in Fig. 3(c), which appears to be
more random in nature with only a slight rising trend.

Significantly, for emission energies within the range 1.2
<E<145 eV, the blinking parameter « remains stable at
approximately 1.5, corresponding to the ideal power-law ex-
ponent predicted by simple blinking models. #7434 At
higher values of emission energy (E>1.45 eV), « steadily
increases until it exceeds 2 at approximately 1.8 eV. These
values are in excellent agreement with the unusually high
range of power-law exponents reported for porous Si by
Cichos et al.’’

V. DISCUSSION AND SUMMARY

By considering the simple case of a population of emitters
decaying with a shared characteristic recombination rate and
exhibiting identically distributed statistical power-law blink-
ing durations, we have demonstrated that single lumiphore
intermittency may naturally lead to multiexponential or
stretched-exponential luminescence decay for carrier-
confined materials. Using a number of approximations, we
have furthermore derived a simple fitting form for the analy-
sis of multiexponential time-resolved PL for nanostructured
materials, which permits the extraction of intrinsic recombi-
nation rates, effectively deconvolving the curve elongation
attributed to intensity intermittence from intrinsic confined-
state recombination.

We have applied this technique to a series of Si-NCs em-
bedded in Si oxide and obtained some useful agreement be-
tween extracted recombination rates and average theoretical
radiative rates reported in the literature.® For a range of emis-
sion energies, the power-law exponents thus obtained are ap-
proximately equal to the ”ideal” value of 1.5 (Refs. 53 and
54) and subsequently tend upward to surpass 2.

We suggest, therefore, that the multiexponential nature of
PL decay for quantum confined systems is strongly related to
the blinking phenomenon, an assertion for which there is
some prior evidence. In general, the time-average PL relax-
ation of single NCs is observed to be multiexponential.®”-63
However, by simultaneously monitoring the emission inten-
sity fluctuations of single NCs, and photons emitted follow-
ing pulse stimulation, Fisher et al.%® observe that where de-
cay curves are reconstructed using only photons emitted
during maximal intensity periods, PL relaxation is found to
be characterized by a single exponential. The implication
here is that intrinsic recombination for a single NC in the
absence of off blinking events is characterized by a single
recombination rate, indicating that the decay curve elonga-
tion is indeed a result of the blinking process.
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A. Short-time behavior

In this work we have approached investigations based on
the supposition that blinking durations of single particulates
follow inverse power-law statistics over a large range of time
values and deviate from this behavior at some short time &,
in comparison with the excitation-pulse length. Although it is
widely accepted that single emitters of various materials ex-
hibit this behavior, including direct-gap NCs and some or-
ganic molecules,* the situation is somewhat less established
for indirect-gap Si particulates, possibly due to their low ra-
diative recombination rates. Indeed, of the two main works
that examine the blinking durations of single Si emitters (po-
rous Si particulates and Si-NCs, respectively), only one
study®’ reports power-law behavior (within the limited obser-
vation time of 10 ms to 60 s), while the other®® reports purely
random (exponential) behavior, which is interpreted in terms
of early blinking models.®” Interestingly, the observations for
porous Si (Refs. 37 and 70) appear to be in contradiction
with those of Si-NCs.3#

There is currently some evidence to suggest that power-
law durations may persist in direct-gap NCs even down to
excited carrier lifetimes or below,**3* however, similar
methods are yet to be applied to their indirect-gap counter-
parts. It may be useful, therefore, to additionally consider the
case in which the restrictions on short-time cutoff &,;, are
lessened.

For example, simplistically, if it is assumed that &, is
comparable to, but shorter than the excitation-pulse duration,
the proportion of NCs that remain in a single on-state for the
entire pulse duration should be significant (equivalent to the
case in which j=1 for Fig. 2), on the condition that P(&,,
<&,m) =0 [where an intervening mechanism causes Te, ()
to tend to zero for r<<§,;], at which point, the blinking

contribution to decay [F r,(t) as appears in Eq. (2)] can be
approximated by the probability that a NC, having already
spent the duration of the pulse excitation 7, in an on-state, is
still on at some subsequent time #. This is given by the con-
ditional probability”! P(&,,>1+T,|£,,>T,)=(1
+1/ Tp)‘(“m’"). It is worth noting that this expression is in
agreement with the general form of F Tc(t) derived for &,,,
<T, given by Eq. (3), except that where T, is instead com-
parable to &,,,, the fitting parameter a may yield the unique
value of the on-state exponent «,,. It is apparent, therefore,
that for a specific system, in this case Si-NCs, the exact form

of F. Tc(t) may well be dependent on the short-time behavior
of the blinking mechanism, however, further experimental
evidence is required in order to make progress on the specif-
ics.

B. Dependence on pulse duration

An interesting consequence of the power-law blinking
model of luminescence decay is the prediction that the form
of luminescence decay is explicitly dependent on the dura-
tion of pulse excitation (7)), as appears in Eq. (4). Unfortu-
nately, however, there is comparatively little attention paid to
such a relationship (or lack thereof) in the literature. With
particular reference to confined Si, only two systematic in-
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vestigations into the effect of pulse duration on the form of
relaxation have been reported but with opposing
conclusions.?72

The first, by Pavesi,2! reports that the form of lumines-
cence decay of porous Si is indeed a function of excitation-
pulse length independent of the excitation energy per pulse.
They observe, that for increasing pulse durations within the
range 20 ns=7,=2.15 ms, stretched-exponential fits of de-
cay curves yield increasing values of carrier lifetime and
marginally increasing values of 8,,. Kanemitsu'® and Chen et
al.”>73 note simply a strong dependence on excitation condi-
tions such as “laser-pulse width and laser intensity,” how-
ever, the effects of individual parameters are not elucidated.
On the other hand, Finkbeiner ez al.” report no variation in
decay form for pulse durations within the range 15=T7,
=200 us. In the same vein, Pacifici et al.”* report that car-
rier lifetimes in embedded Si-NCs are invariant with pulse
duration for the range 100 us=T7,=0.1 s, however, they
do not discuss the decay form.

It is clear, therefore, that the possibility of a relationship
between excitation-pulse duration and the form of the lumi-
nescence decay for NC ensembles merits further investiga-
tion. There is no shortage of candidate effects to account for
such behavior. In addition to the relationship that results
from power-law blinking behavior, as suggested by Eq. (4),
other dependencies have previously been predicted, particu-
larly where pulse duration is comparable to carrier lifetimes.
These have been deemed to be caused by, for example, the
gradual diffusion of carriers between localized states during
excitation for materials with restricted geometries,” the fill-
ing of nonradiative centers and increased exciton
thermalization,?! or simply the probabilistic excitation and
relaxation of a distribution of states.”®

C. Interpretation of the parameters

Despite an agreement on the order of magnitude, recom-
bination rates obtained using the derived blinking form fit
remain noticeably higher than theoretical radiative values.
Such discrepancies may be indicative of nonradiative recom-
bination processes, perhaps owing to the incomplete passiva-
tion of nonradiative defect centers. However, it is also diffi-
cult to discount the possibility that the discrepancy is related
to differences in structure between embedded NC samples
and the simulated oxide-shell NCs.

Extracted characteristic exponents « exhibit a good agree-
ment with the range of values (1<a<2) expected for
power-law exponents in blinking statistics for a variety of
NC materials.*!4%33* With particular reference to Si, Cichos
et al.’’ report unusually high values for the on-state exponent
(a,,=2.2%0.1). Though this appears to be congruent with
our results, one should bear in mind that the derivation of the
blinking fit is only valid for the range of characteristic expo-
nents 1 <a,,,,,<2. It is possible, therefore, that where « is
determined to be much larger than 2, extracted parameters
may be erroneous. An illustration of this is provided in Fig.
3(b); where a>2, the E—k curve begins to deviate from the
exponential tendency.

The interpretation of the fitting parameter « is, however,
somewhat complicated as its precise relationship to the
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blinking parameters «,, and «,, remains unclear. The ex-
tracted parameter « is the result of the convolution of two
stable distributions (SDs) with characteristic exponents
“a,,—1” and “a,;—1.” However, as relationships between
arbitrary SD parameters and parameters of SD convolutions
have not been defined, the problem must consequently be
examined computationally.

It is, nevertheless, illustrative to consider the situation in
which a,,~a,;. In this case, the fitting parameter a is
equivalent to the single-NC characteristic exponent ;-
The observation that a=~1.5 for emission energy 1.2<FE
< 1.5 eV is then particularly exciting as it corresponds to the
value predicted by the ideal diffusion-controlled electron-
transfer model of the blinking phenomenon.*' Considering
this encouraging result, and the obvious tendency observed
for o with emission energy, it is foreseeable that time-
resolved PL decay analysis of large ensembles may in fact
provide an extremely simple and effective alternative for the
extraction of blinking data, where a greater range of excita-
tion conditions (e.g., lower fluences) or fabrication proce-
dures may be used. Further work is, however, required in
order to understand the possible causes of the increase in «
with emission energy.

D. Conclusions

We have shown that blinking statistics represent an im-
portant consideration in the analysis of time-resolved PL data
for nanostructured materials. We have developed a method
for the extraction of both single-NC blinking parameters and
intrinsic radiative rates for recombination in quantum con-
fined systems. We further suggest that due to the large range
of systems exhibiting blinking phenomena and the preva-
lence of inverse power-law blinking statistics,”® a similar ap-
proach may be used for a wide range of nanoscale systems
including, for example, direct-gap nanostructures,3’-3
indirect-gap  nanostructures,>>**-*® and some organic
molecules.*

We nevertheless caution the reader that while the blinking
model does provide an excellent fit to decay data and yields
useful values for recombination rate k and characteristic ex-
ponent «, one cannot yet exclude the effects of other models
in contributing to multiexponential behavior. There is a clear
need for further experimentation to settle this aspect.
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APPENDIX: DERIVATION OF BLINKING FORM
To understand the influence of the blinking phenomenon
on group intensity decay, it is important to determine the

nature of the CDF FT () considering the conceptual model
detailed in Sec. III. We begin by recognizing that the PDF
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fT((t) can be represented as a sum of joint probabilities, for
an integer j number of on-periods,

T2 i

2 fTC,j(t)- (A1)
j=1

fr (1) =

Each of the joint PDFs f7 ;(r) describes the probability that
T, (the last cutoff) is equal to 7 and occurs at the completion
of the jth on-duration £, . These summands f7_;(7) are there-
fore defined according to the relation

fTC,j(t) = P(Tdisj =tN Tenj < Tp N Tdisj = Tp)? (A2)

for a given known constant pulse duration 7,. This somewhat
complicated expression simply means that the probability is
given here for all cases with the following three conditions in
order (from left to right): (i) the last disabling jth blink oc-
curred at t= Tdu , (ii) this jth PL-on event occurred before the
end of the pulse at T),, and (iii) this jth PL-off event (at time
Tduj) happened after T),.

If we construct a time sum S; consisting of j—1 on-
periods and j—1 off-periods, terminating in the last (jth) on-
period, we have the total time from the start of the pulse to
the end of the last turn-off as follows:

Jj-1

Sj = E (gonl- + goffl.) + gon,-'
J=0 !

If we apply the relation P(A N C)=P(A|C)P(C) to Eq. (A2),
each summand ch~ ;(#) can then be rewritten partly in terms of

the negated CDF F,,(f) according to the following form:

fTC,j(t) = H(t - T‘]})ngn(t - Tp)fTS_(t)’ (A3)
J
where F,,(1)=1 —F¢ and F; is given by Eq. (1). This ma-

nipulation can be understood as
P(TdisjztmTenj<T) P( en]<T|szs _t)P(les )7

where the notation P(A|C) reads, the probability that A is
true, given C is known to be true. The conditional probability
P(T, mj< T,,|Tdisj=t) is then equal to the probability that an
on-period is longer than the interval between ¢ and 7, i.e.,
P(T,, ;<T,|Ts;=1)= Fg (t=T),). Note that f7 (1) is defined
on the interval Tp<t<oo "and is thus approprlately normal-
ized according to f°T° fr(ndt=1.
Now, the term F £, decreases rapidly to approach the hori-
zontal asymptote at zero. (Note that for §mm<0 1 ws and
~1.5, thm(t) falls to below 0.1% us™ at 5 us.) If we
consider the minimum resolution of the recording instrument

(=us), it is apparent that the term F £, is effectively equal to
some small constant within the region of interest. It can
therefore be assumed that for t=T7),, F: T, (1) is approximately
proportional to Fr_ (t) Using the fact that the CDF of a sum
of any two random variables X, and X, (which here will be
&, and §0ff) is given by the convolution of their respective
CDFs,” Fy _j(t) can be decomposed according to
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Fr, (0 = F"(0 % FED(0), (A4)
where F"(x) represents the n-fold convolution of the CDF
F(x).

It is now apparent (according to Eq. (A4) and assumption
1) that the cutoff distribution F. Tc(t) is likely to be dominated
by CDFs of sums with a great number of random variable
summands (large j). However, as the variance of Eq. (1) is
infinite for «,,,,;<3, the classical central limit theorem, so
often applied in similar cases, is not valid here. Contrary to
intuition, the distribution of a sum of period durations g"”,f’ff,-
will, therefore, not tend toward a Gaussian limit irrespective
of the number of summands. It is for this reason that the
lesser-known generalized central limit theorem (GCLT) that
must be applied here as required, where random variable
summands are distributed with either infinite first or second
moments.”®”° This is indeed the case for power-law blinking
durations.

The GCLT states that the distribution Fj (x) of a normal-
ized sum of identically distributed variables

| n
Snzb_zxi_an

ni=1

does converge to some SD, G(x; ag, B;), which in general is
not a Gaussian distribution. These SDs are members of a
family of functions providing solutions to the expression
G(x=h)=G(x/c,;)*G(x/c,). Each SD is parameterized by
two variables, namely, the characteristic exponent «; and the
skew factor B5.787°
Application of the GCLT to Eq. (1) yields the parameters
aG= o~ 1 and Bg=1 for «,,,;s=3 on the assumption
that FTC’ ;=0 for 1<<0. The displacement constant a, is then
defined according to the range of the characteristic exponent
ag= aon/off_ 1 s
nET,

a,=\nIn(n)Bg, Conjoff =2
()’ 1< a(m/off <2

2 < Ao <3

Assuming the range 1< a,,,,;<2,2® the displacement con-
stant a,, is equal to zero. The normalization constant b, is
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defined in terms of a function of n and §,;, which is given
for example in Ref. 79. Rewriting Eq. (A4) in terms of SDs,
we obtain

FTL.JA(I) o G[b]—l(td + Tp),aoﬁ— 1, 1],

*G[(bj)(td"'Tp);aon_ 1’1] (AS)

As the convolution of two maximally skewed SDs is also a
maximally skewed SD,” Eq. (A5) can be represented by a
single SD parameterized by some exponent a and normaliza-
tion constant B;. The determination of F: T, j(t) then reduces to
the search for a suitable representation of maximally skewed
SDs with arbitrary characteristic exponents. This, however,
poses a problem as only a single maximally skewed SD can
be represented in terms of fundamental functions (Levy dis-
tribution, a;=0.5). It is preferable, therefore, to search for a
simple and general asymptotic approximation. It can be
shown’” that the long tail of any SD 1-G(x;ag,1) is
asymptotic to x~“G. Assuming this approximation and rewrit-
ing Eq. (A1) in terms of a summation over j of CDFs F Tc»./'(t)’
where Fy(x)=["_fx(u)du, we arrive at the following simple

expression for Fy :
c

_ Tp/2§min t ~(a-1)
Fp o > B, + T,,)-<“—1>oc(1+—"> .
j=1 Ty

(A6)

The substitution of Eq. (A6) into Eq. (2) for some theoreti-
cally determined intrinsic recombination rate distribution
o(k) provides the complete intensity decay curve for con-
fined ensembles, where all carrier populations are exposed to
blinking phenomena. More importantly, in addition to this,
Eq. (2) can also be used in the construction of fitting forms
for experimentally obtained decay curves, where some small
number of confined and/or bulk recombination mechanisms
are assumed.

*Author to whom should be addressed;
dunn@emt.inrs.ca
frosei @emt.inrs.ca
'L. T. Canham, Appl. Phys. Lett. 57, 1046 (1990).
2A. G. Cullis, L. T. Canham, and P. D. J. Calcott, J. Appl. Phys.
82, 909 (1997).
3P. N. Saeta and A. C. Gallagher, Phys. Rev. B 55, 4563 (1997).
4S. Furukawa and T. Miyasato, Phys. Rev. B 38, 5726 (1988).
5G. Ledoux, O. Guillois, D. Porterat, C. Reynaud, F. Huisken, B.
Kohn, and V. Paillard, Phys. Rev. B 62, 15942 (2000).
C. Delerue, G. Allan, C. Reynaud, O. Guillois, G. Ledoux, and F.
Huisken, Phys. Rev. B 73, 235318 (2006).
7M. Dovrat, Y. Goshen, J. Jedrzejewski, 1. Balberg, and A. Sa’ar,

Phys. Rev. B 69, 155311 (2004).

correspondence

8C. Garcia, B. Garrido, P. Pellegrino, R. Ferre, J. A. Moreno, J. R.
Morante, L. Pavesi, and M. Cazzanelli, Appl. Phys. Lett. 82,
1595 (2003).

90. Guillois, N. Herlin-Boime, C. Reynaud, G. Ledoux, and F.
Huisken, J. Appl. Phys. 95, 3677 (2004).

10y, Kanemitsu, Phys. Rev. B 53, 13515 (1996).

117 Linnros, N. Lalic, A. Galeckas, and V. Grivickas, J. Appl.
Phys. 86, 6128 (1999).

I2E. N. Vandyshev and K. S. Zhuravlev, Phys. Status Solidi C 4,
382 (2007).

BE. Trojanek, K. Zidek, K. Neudert, I. Pelant, and P. Maly, J.
Lumin. 121, 263 (2006).

14G. Mauckner, K. Thonke, T. Baier, T. Walter, and R. Sauer, J.
Appl. Phys. 75, 4167 (1994).

035330-8



MULTIEXPONENTIAL PHOTOLUMINESCENCE DECAY OF...

I5p J. Ventura, M. C. do Carmo, and K. P. O’Donnell, J. Appl.
Phys. 77, 323 (1995).

16, C. Vvial, A. Bsiesy, F. Gaspard, R. Hérino, M. Ligeon, F.
Muller, R. Romestain, and R. M. Macfarlane, Phys. Rev. B 45,
14171 (1992).

7T. Suemoto, K. Tanaka, and A. Nakajima, Phys. Rev. B 49,
11005 (1994).

18 A. F. van Driel, G. Allan, C. Delerue, P. Lodahl, W. L. Vos, and
D. Vanmaekelbergh, Phys. Rev. Lett. 95, 236804 (2005).

191, Pavesi and M. Ceschini, Phys. Rev. B 48, 17625 (1993).

20X Chen, B. Henderson, and K. P. O’Donnell, Appl. Phys. Lett.
60, 2672 (1992).

2IL. Pavesi, J. Appl. Phys. 80, 216 (1996).

22H. E. Roman and L. Pavesi, J. Phys.: Condens. Matter 8, 5161
(1996).

231. Mihalcescu, J. C. Vial, and R. Romestain, Phys. Rev. Lett. 80,
3392 (1998).

241, Mihalcescu, J. C. Vial, and R. Romestain, J. Appl. Phys. 80,
2404 (1996).

25]. Klafter and M. F. Shlesinger, Proc. Natl. Acad. Sci. U.S.A. 83,
848 (1986).

267 Kakalios, R. A. Street, and W. B. Jackson, Phys. Rev. Lett. 59,
1037 (1987).

27D. C. Johnston, Phys. Rev. B 74, 184430 (2006).

2D, E. Gémez, M. Califano, and P. Mulvaney, Phys. Chem.
Chem. Phys. 8, 4989 (2006).

29C. Delerue, G. Allan, and M. Lannoo, Phys. Rev. B 64, 193402
(2001).

30M. S. Hybertsen, Phys. Rev. Lett. 72, 1514 (1994).

31G. D. Scholes and G. Rumbles, Nature Mater. 5, 920 (2006).

32F. Rosei, J. Phys.: Condens. Matter 16, s1373 (2004).

31. Chung and M. G. Bawendi, Phys. Rev. B 70, 165304 (2004).

3F. D. Stefani, J. P. Hoogenboom, and E. Barkai, Phys. Today
62(2), 34 (2009).

35P. Frantsuzov, M. Kuno, B. Janko, and R. A. Marcus, Nat. Phys.
4, 519 (2008).

36M. Kuno, D. Fromm, A. Gallagher, D. Nesbitt, O. Micic, and A.
Nozik, Nano Lett. 1, 557 (2001).

37F. Cichos, J. Martin, and C. von Borczyskowski, Phys. Rev. B
70, 115314 (2004).

31, Sychugov, R. Juhasz, J. Linnros, and J. Valenta, Phys. Rev. B
71, 115331 (2005).

39]. Schuster, F. Cichos, and C. von Borczyskowski, Opt. Spec-
trosc. 98, 712 (2005).

40J. P. Hoogenboom, J. Hernado, E. M. H. P. van Dijk, N. F. van
Hulst, and M. F. Garcia-Parajo, ChemPhysChem 8, 823 (2007).

417, Tang, J. Chem. Phys. 127, 111105 (2007).

42D. Riabinina, C. Durand, J. Margot, M. Chaker, G. A. Botton,
and F. Rosei, Phys. Rev. B 74, 075334 (2006).

“3The detail of XRD and TEM measurements are not shown here
(unpublished).

4D. Riabinina, C. Durand, F. Rosei, and M. Chaker, Phys. Status
Solidi A 204, 1623 (2007).

45M. Nirmal, B. O. Dabbousi, M. G. Bawendi, J. J. Macklin, J. K.
Trautman, T. D. Harris, and L. E. Brus, Nature (London) 383,
802 (1996).

46F, Koberling, A. Mews, and T. Basché, Phys. Rev. B 60, 1921
(1999).

47K. T. Shimizu, R. G. Neuhauser, C. A. Leatherdale, S. A. Empe-
docles, W. K. Woo, and M. G. Bawendi, Phys. Rev. B 63,

PHYSICAL REVIEW B 80, 035330 (2009)

205316 (2001).

48], Peterson and T. Krauss, Nano Lett. 6, 510 (2006).

49F. Cichos, C. von Borczyskowski, and M. Orrit, Curr. Opin. Col-
loid Interface Sci. 12, 272 (2007).

301, S. Osad’ko, Chem. Phys. 316, 99 (2005).

SIM. Beard, K. Knutsen, P. Yu, J. Luther, Q. Song, W. Metzger, R.
Ellingson, and A. Nozik, Nano Lett. 7, 2506 (2007).

32]. Tang and R. A. Marcus, J. Chem. Phys. 123, 054704 (2005).

53p. H. Sher, J. M. Smith, P. A. Dalgarno, R. J. Warburton, X.
Chen, P. J. Dobson, S. M. Daniels, N. L. Pickett, and P. O’Brien,
Appl. Phys. Lett. 92, 101111 (2008).

54R. Verberk, A. M. van Oijen, and M. Orrit, Phys. Rev. B 66,
233202 (2002).

3M. E. J. Newman, Contemp. Phys. 46, 323 (2005).

5P F. Trwoga, A. J. Kenyon, and C. W. Pitt, J. Appl. Phys. 83,
3789 (1998).

STWithin a sequence of randomly distributed durations
{ontofsys " Eomofr, " ”fo,,/offj}, the PDF of any random variable
fon/,,ffn does not depend on the realizations of any of the preced-
ing durations {gon/ojff] [ 'Applgonloffnil}'

58 A. E van Driel, I. S. Nikolaev, P. Vergeer, P. Lodahl, D. Van-
maekelbergh, and W. L. Vos, Phys. Rev. B 75, 035329 (2007).

9P, D. J. Calcott, K. J. Nash, L. T. Canham, M. J. Kane, and D.
Brumhead, J. Phys.: Condens. Matter 5, L91 (1993).

%The time variable here is referred to as 7, in both the Appendix
and in Sec. III B.

61R. V. Chamberlin, G. Mozurkewich, and R. Orbach, Phys. Rev.
Lett. 52, 867 (1984).

62C. P. Lindsey and G. D. Patterson, J. Chem. Phys. 73, 3348
(1980).

63 G. Williams and D. C. Watts, Trans. Faraday Soc. 66, 80 (1970).

64B. Sturman, E. Podivilov, and M. Gorkunov, Phys. Rev. Lett.
91, 176602 (2003).

65G. Dicker, M. P. de Haas, D. M. de Leeuw, and L. D. A. Sieb-
beles, Chem. Phys. Lett. 402, 370 (2005).

%R. Chen, J. Lumin. 102-103, 510 (2003).

7G. Schlegel, J. Bohnenberger, I. Potapova, and A. Mews, Phys.
Rev. Lett. 88, 137401 (2002).

%8 B. Fisher, H.-J. Eisler, N. Stott, and M. Bawendi, J. Phys. Chem.
B 108, 143 (2004).

® A. L. Efros and M. Rosen, Phys. Rev. Lett. 78, 1110 (1997).

TOF, Cichos, J. Martin, and C. von Borczyskowski, J. Lumin. 107,
160 (2004).

"I'Where P(A|C)=P(ANC)/P(C).

72S. Finkbeiner, J. Weber, M. Rosenbauer, and M. Stutzmann, J.
Lumin. 57, 231 (1993).

3X. Chen, D. Uttamchandani, C. Trager-Cowan, and K. P.
O’Donnell, Semicond. Sci. Technol. 8, 92 (1993).

7D. Pacifici, L. Lanzand, G. Franzd, F. Priolo, and F. Iacona,
Phys. Rev. B 72, 045349 (2005).

738. Parus, Z.-Y. Shi, and R. Kopelman, J. Lumin. 45, 43 (1990).

7C. Tsang and R. A. Street, Phys. Rev. B 19, 3027 (1979).

7TE, Dekking, C. Kraaikamp, H. Lopuhai, and L. Meester, A Mod-
ern Introduction to Probability and Statistics (Springer, London,
2005).

78B. Gnedenko and A. N. Kolmogrov, Limit Distributions for
Sums of Independent Random Variables (Addison-Wesley, Read-
ing, MA, 1968).

79V. V. Uchaikin and V. M. Zolotarev, Chance and Stability, Stable
Distributions and their Applications (VSP, Utrecht, 1999).

035330-9



