ARCHIVIO ISTITUZIONALE
ONIVERSITA DI BOLOGNA DELLA RICERCA

Alma Mater Studiorum Universita di Bologna
Archivio istituzionale della ricerca

Trap-State-Induced Becquerel Type of Photoluminescence Decay in DPA-Activated Silicon Nanocrystals

This is the final peer-reviewed author’s accepted manuscript (postprint) of the following publication:

Published Version:

Trap-State-Induced Becquerel Type of Photoluminescence Decay in DPA-Activated Silicon Nanocrystals /
Kusova K.; Popelar T.; Pelant I.; Morselli G.; Angeloni S.; Ceroni P.. - In: JOURNAL OF PHYSICAL CHEMISTRY.
C. - ISSN 1932-7447. - STAMPA. - 125:3(2021), pp. 2055-2063. [10.1021/acs.jpcc.0c09072]

Availability:
This version is available at: https://hdl.handle.net/11585/818249 since: 2021-04-08

Published:
DOI: http://doi.org/10.1021/acs.jpcc.0c09072

Terms of use:

Some rights reserved. The terms and conditions for the reuse of this version of the manuscript are
specified in the publishing policy. For all terms of use and more information see the publisher's website.

This item was downloaded from IRIS Universita di Bologna (https://cris.unibo.it/).
When citing, please refer to the published version.

(Article begins on next page)

17 April 2024



http://doi.org/10.1021/acs.jpcc.0c09072
https://hdl.handle.net/11585/818249

This is the final peer-reviewed accepted manuscript of:

Kdsova, K., Popeldf, T., Pelant, I., Morselli, G., Angeloni, S., Ceroni, P., 2021. Trap-
State-Induced Becquerel Type of Photoluminescence Decay in DPA-Activated Silicon
Nanocrystals. J. Phys. Chem. C 125, 2055-2063.

The final published version is available online at:
https://doi.org/10.1021/acs.jpcc.0c09072.

Rights / License:

The terms and conditions for the reuse of this version of the manuscript are specified in the
publishing policy. For all terms of use and more information see the publisher's website.

This item was downloaded from IRIS Universita di Bologna (https://cris.unibo.it/)

When citing, please refer to the published version.



https://cris.unibo.it/
https://doi.org/10.1021/acs.jpcc.0c09072

Trap-state-induced Becquerel type of
photoluminescence decay in DPA-activated
silicon nanocrystals

K. Kisova, ™! T. PopeIéF,T |. Pelant,’ G. Morselli,* S. Angeloni,jt and P. Ceronit

T Institute of Physics of the ASCR, v.v.i., Cukrovarnickd 10, 162 00 Prague 6, Czech
Republic
T Chemistry Department “Giacomo Ciamician”, University of Bologna, 40129 Bologna,
Ttaly

E-mail: kusova@fzu.cz



Abstract

A suitable description of the photoluminescence dynamics in a complex system such as an
ensemble of semiconductor nanocrystals can bring invaluable insight into its carrier dynamics.
In this contribution, we study a system of silicon nanocrystals sensitized by light-harvesting
diphenylanthracene molecules enhancing their absorption. The emission-wavelength-resolved
photoluminescence decay of this system can be well-described by the Becquerel (compressed-
hyperbola) function, featuring a characteristic long tail. This shape of the photoluminescence
decay function is linked to a model based on trapping and releasing of excited carriers, which
are the cause of the long tail. Our model allows us to estimate the value of the trap capture

cross-section of oy ~ 1.5 x 10716 cm?.

1 Introduction

Light-emitting nanoparticles, and in particu-
lar nanoparticles based on non-toxic and abun-
dant materials, are potentially interesting for
a wide range of applications, such as opto-
electronics, sensing, imaging, photovoltaics or
theranostics.1'? The understanding of lumines-
cence decay kinetics and thus relaxation pro-
cesses in nanoparticles is of utmost importance
for their characterization and development of
synthetic procedures. Many aspects of lumi-
nescence of nanoparticles can be characterized
even on the single-nanocrystal level,? however,
the more application-relevant study of the lu-
minescence properties of ensembles of nanopar-
ticles adds some additional parameters possi-
bly influencing the decay kinetics of the sam-
ple to the “pure” physical model of a single
emitting nanoparticle. These parameters and
processes include for example the variations of
size, shape or light-emission efficiency in the in-
dividual nanoparticles, the presence of traps or
quenchers, or a possible interaction between the
nanoparticles including various types of excita-
tion transfer processes.

In an ideal-case scenario, the photolumines-
cence (PL) decay should follow a simple single-
exponential law. This situation applies for
example to dilute organic dyes*® and a mono-
exponential character has been observed exper-
imentally in also single semiconductor nanos-
tructures.®” However, other experiments based
on sophisticated time-tagged time-resolved
single-photon counting techniques prove that
the PL dynamics does not necessarily needs
to be single-exponential even in single direct-
bandgap NCs.® These results indicate that

more than a single process can be responsible
for the light emission even in a single nanopar-
ticle, which can, in principle, be explained also
simply by the thermal population of states.®
Thus, not surprisingly, non-single-exponential
PL dynamics are often observed even in sys-
tems of well-defined direct semiconductor NCs,
especially in their densely-packed systems, as
thoroughly described in Ref. (10) and references
therein.

Ensembles of indirect-bandgap NCs are even
more complicated in this context, because their
decay lifetime 7 is inherently dependent on the
size of the nanoparticle, which inevitably causes
a variation of light-emission-related properties
in a sample. The distribution of sizes in such
samples can be relatively broad.!* The non-
single-exponential kinetics!'?13 often appears
even in emission-wavelength-resolved measure-
ments, where the contributions of different
sizes of NC should be limited. The measured
PL decays are often approximated using the
stretched-exponential (SE) law,!* as probed by
countless experiments, starting from porous-
silicon-derived SiNCs in the 1990s'*? through
SiNCs prepared by high-temperature annealing
of Si-rich SiO, layers?®2! to colloidal dodecene-
capped SiNCs in the 2010s.22724 The SE dynam-
ics appeared even at low temperatures? or in
size-separated colloidal ensembles.?*

Even though the observation of SE dynam-
ics does not necessarily imply that a certain
physical process is responsible for the observed
shape of PL dynamics, several quantitative
models leading to an SE decay shape were pro-
posed, including a variation in lifetime from
one NC to another,'? the migration of exci-



tons between individual NCs,?® or the above
mentioned more recent homogeneous linewidth
broadening.?? However, even in an absence of a
concrete model, the SE description can still be
used as a simple measure of a deviation from a
basic mono-exponential model.?¢

In this contribution, we show that the
emission-wavelength-resolved PL dynamics of
SiNCs follows a characteristic SE shape, how-
ever, this shape changes when light-harvesting
diphenylanthracene (DPA) molecules cova-
lently attached to the surface of SiNCs ac-
tively participate in the light emission pro-
cess. The shape of the PL decay of the DPA-
activated SiNCs can be well-described using a
Becquerel decay law, which is characterized by
a slightly longer tail and slower decay than the
SE function. Using older literature, we adopt
a quantitative model explaining the character-
istic long-tail shape of a Becquerel-type decay
in terms of trapping and releasing of excited
carriers. Thus, we propose that this model can
be revived for the description of more complex
systems involving trapping of carriers.

2 Experimental

In order to investigate the PL dynamics of
SiNCs in detail, we choose samples prepared
based on the protocols published elsewhere.?7
In brief, SINCs were synthesized by the ther-
mal disproportionation of hydrogen silsequiox-
ane and HF-etched, yielding free-standing H-
terminated Si nanocrystals. These were then
(i) alkyl-capped by hydrosilylation in the pres-
ence of 1-dodecene and initiated with diazo-
nium salt and (ii) covalently functionalized with
9,10-diphenylanthracene chromophores using a
two-step procedure. The diameter of the inves-
tigated SiNCs is about 4 nm.

Whereas the dodecene capped SiNC are well-
known to exhibit PL characteristic of the
quantum-confined core,?® the mechanism of the
cooperation between the SiNC and the DPA
molecules on its surface is much less clear.
Therefore, the PL of both these samples was
thoroughly characterized using a system based
on a fs laser Pharos with 150 fs pulses coupled

to an optical parametric amplifier to change its
wavelength to the visible range as the excita-
tion source and a Hamamatsu streak camera
coupled to an imaging spectrograph as the de-
tection for time-resolved measurements. All the
samples were colloidal dispersions of SiNCs in
toluene stirred in a cuvette during the measure-
ment and the detection was perpendicular to
the excitation. All measurements were carried
out at room temperature.

A dedicated analysis was applied to the mea-
sured data to maximize the extracted informa-
tion.3® This analysis is based on characteriz-
ing the measured PL decays I(A,t) at multiple
wavelengths throughout the whole measured
spectral range and at the same time taking into
account the onset of PL (fitting a convolution
of the decay function and a known Gaussian
describing the laser pulse). Furthermore, the
PL decays are measured using a relatively long
temporal window (2 ms, i.e. using the 0.5 kHz
repetition rate) to make sure that also the nec-
essary tail of the PL decay is characterized with
sufficient precision.3°

3 Results and Discussion

3.1 Photoluminescence dynam-
ics: stretched-exponential
versus Becquerel decay

The measured data were fitted using four dif-
ferent functions to find out which model de-
scribes the type of wavelength-resolved PL de-
cay the best. Their definitions and properties
are compared in Fig. 1. In addition to the tra-
ditionally used single and stretched-exponential
(SE) functions, we chose to include also a less
well-known Becquerel (Bec, or “compressed-
hyperbola”) function?%3! and a double expo-
nential in the comparison of decay types.
Choosing a best model describing the ob-
served behavior involves the comparison of
goodness-of-fit statistics as shown in Fig. 2.
Even though the single-number goodness-
of-fit measures such as the number-of-free-
parameters adjusted R? are minute, the shape
of the best-fitting model can still be deter-
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Figure 1: Overview of the discussed functions. The figure shows a comparison of the discussed
functions plotted in the offset logarithmic scale.®® The table on the right presents a summary of
selected important properties of these functions. The § parameter is from the interval 0 < g <1
for both the stretched exponential and the Bec functions and both these functions become a single
exponential in the limiting case where § = 1. I'() is the standard gamma function. The integral
is shown for A = 1. The average lifetime 7,, is the (“intensity”) average lifetime 7,, = %,
which, from the physical point of view, corresponds to the average time during which the emitters

remain in the excited state after the end of an excitation pulse.'* See the Supporting Information

for the formulas of the corresponding errors.

mined using more specialized statistical tools.
In this regard, the autocorrelation function of
weighted residuals (ACF) can be viewed as the
most useful tool.3! As the residuals measure
the absolute deviation of the data from the fit,
they should be weighted by the square root
of the fitting function to represent the relative
rather than absolute deviation.?' Moreover,
ACF can be applied to quantities investigated
as functions of a single parameter such as the
fluctuations in the emitted intensity in time
to characterize a signal possessing a degree of
randomness,?? ?* or it can be calculated for
three-dimensional dependencies (“maps” )33
such as the residuals studied here. The ACF of
weighted (normalized) residuals is thus calcu-
lated as

ACF(At, AN) =
— iFFT {FFT <I(M) _ ﬂA’”)

fFxt)

_..FFT* (I(A’t) _ ﬂA’t)) } :
J(A )

where (1)FFT stands for the (inverse) Fourier
transform, * is the complex conjugate, I are
the measured data and f is the fitted function
calculated in the same points (\, t) at which the

(1)

data were measured.

In general, ACF can help reveal difficult-to-
find dependencies in noisy data, because noise
does not correlate.  Therefore, in a three-
dimensional case, an ACF of only noise, charac-
terizing a good fit, would be a “map” with a sin-
gle larger value in the center (AX, At) = 0, cor-
responding to the correlation of one point with
itself, whereas the rest of the ACF data should
be featureless, randomly distributed around a
single value (forming a “plane”). However, if
non-random trends are present in the data, cor-
responding to a worse fit in the case of residuals,
a trend would be visible in the off-center part
of the ACF.

The ACF’s of weighted residuals from Eq. (1)
for the fits of PL decays measured in the SiNC
and the activated SINC sample assuming the
four fitting functions from Fig. 1 are presented
in Fig. 2. Clearly, in both cases, a single ex-
ponential is not a good fit because the ACF is
strongly non-planar, while the double exponen-
tial’s residuals are featureless, signifying a per-
fect fit. The differences between the SE and Bec
fits are relatively small, but the projections of
the logarithmically plotted ACF to the (At,A\)
plane shown at the bottom of the ACF plots in
Fig. 2 exhibit smaller deviations from the ideal
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Figure 2: The comparison of fits using different fitting models from Fig. 1 for the two investigated
samples: ordinary SiNC (a) and DPA-activated SiNC (b). Each panel presents the autocorrelation
function of weighted residuals plotted from Eq. (1) in logarithmic scale for the four considered
functions at the top and a plot of fitted amplitudes A at the bottom. The ACF was resampled
(linearly interpolated) to the size of 75 x 75 points? for the purposes of the visual presentation
except for the center point, whose value was kept. The projection of the logarithmic ACF plot to
the (At, AX) plane, which better highlights possible deviations from a planar shape, is shown below
each ACF plot. Additionally, the sum of squares due to error (SSE) and the the R-square adjusted
for the number of free parameters (adj. R?) are also listed. The best-fit functions are highlighted
by the red rectangles.



planar shape based on the SE and Bec fits for
the sample of SiNCs and activated SiNCs, re-
spectively, indicating the two different fitting
functions for the two samples. If the choice now
is between a double exponential and a streched-
exponential (or Bec) type of PL decay for the
SINC (or the activated SiNC) sample, respec-
tively, we need to note that a double exponen-
tial curve has one more free parameter (the to-
tal of four) when compared to the two latter
functions (a total of three). Whereas the fitted
amplitudes shown in Fig. 2 for the exponen-
tial, SE and Bec types of decay simply copy
the measured spectrum, the two amplitudes of
the double-exponential decay curve produce a
noisy spectrum, implying an over-parametrized
function. Therefore, a SE and a Bec type of PL
decay were chosen to best describe the mea-
sured PL intensities of the SINC and activated
SiNC sample, respectively, and are used in the
following text.

These fit comparison results can be summed
in two important points: (i) the SE and Bec
PL decay curves describe the shape of the
wavelength-resolved PL decay in SiNCs very
well and (ii) the SE shape of the PL decay can
change to a different one (in our case from SE to
Bec), implying that the shape of the PL decay
curve still carries some information about the
processes responsible for the emission of light.

The PL decay characteristics were then in-
vestigated for different excitation intensities in
the two samples in question. During the fitting,
no clear dependence for the § parameters was
observed throughout the investigated spectral
region, and therefore the 5(\) values were fixed
at the weighted mean for each excitation inten-
sity. The SE 8 parameters of the SINC sample
show a slight increase with increasing excitation
intensity from 0.81 to 0.85, whereas the Bec (8
parameters characterizing the DPA-SiNC sam-
ple are around 0.73 for in the whole range of
investigated excitation intensities (not shown).
The results of the analysis are summarized in
Fig. 3(b,c), which presents the fitted (intensity)
averaged lifetimes 7,, calculated from the 7(\)
and [ fit parameters using the formulas shown
in the table in Fig. 1. The average lifetimes
are chosen because they provide a better com-

parison between the individual measurements
(especially when the fitting functions are differ-
ent) than simply using the fitted 7.3 The av-
erage lifetimes are, within the experimental er-
ror, the same for all the investigated excitation
intensities and they very well follow a single-
exponential trend with emission wavelengths.
The single-exponential trend of the average life-
times as a function of emission wavelength (i.e.
NC sizes) is a consequence of the quantum-
confined origin of the emitted PL and the in-
direct nature of the bandgap of these SiNCs. !
Interestingly, a similar, also single-exponential
curve was predicted theoretically using tight-
binding calculations of SiNCs of various sizes
in an SiO; matrix including both no-phonon
and phonon-assisted processes.!? Compared to
those calculations, the measured 7,,(\) depen-
dence in our study has about 4x larger pre-
factor (75 s7! vs. 20 s71) and basically the same
decay constant (0.35 eV vs. 0.31 eV). The dif-
ference in the pre-factor, causing shorter decay
lifetimes (faster rates) in our samples, can be
caused by the influence of the SiOy matrix in
the calculations, or by the short-pulse excita-
tion, which yields shorter measured lifetimes. '3
Remarkably, the decay constants of the depen-
dence are the same as in the calculations, im-
plying that the effect of quantum confinement
is the same as predicted.

Despite the attachment of the DPA molecules
to the DPA-SiNC sample, the evolution of the
average lifetimes with emission wavelength is
remarkably similar and it keeps the single-
exponential dependence, except for being some-
what shifted towards shorter lifetime values.
This similarity strongly suggests that the ob-
served PL is of the same origin in the two
samples and that the attachment of the DPA
molecules only slightly modifies the underlying
processes.

The fitted amplitudes of the A(\) of the PL
decay measurements then constitute the PL
spectra and are shown in Fig. 3(d). Clearly, the
changes with excitation intensity are only mi-
nor in both the sample and the most important
difference is a small blueshift by about 20 nm
between the SINC (PLyay at 740 nm) and the
DPA-SiNC (PL,,ax at 720 nm) sample.
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Figure 3: The measured excitation-intensity dependence of the PL characteristics of the samples
using a 400-nm excitation wavelength. (a) An example of the measured PL intensity dependence.
(b) Average lifetimes calculated based on table in Fig. 1 (the gray area highlights the 95 % confidence
bands) from a series of measurements carried out at different excitation intensities on the SiNC
sample. The fit assumes an exponential dependence on the emission wavelengths A. (c) The fit
of average lifetimes for the SINC sample redrawn from panel (b) to be compared to the same
dependence for the DPA-SiNC sample. The fitted formulas are included in the figure. The fit
for the SINC sample in the photon energy units reads: /r.(us) = 76.2 exp {Eon(eV)/0.354}. No clear
dependence was observed in the § parameters from the table in Fig. 1. (d) The corresponding
normalized fitted amplitudes (PL spectra). The excitation-intensity legend for the SINC sample is

the same as in panel (b).

In addition to the excitation-intensity de-
pendence, also the effect of excitation wave-
length was investigated in the DPA-activated
SiNC sample in the excitation spectral range of
315 — 480 nm. As shown in Fig. 4(a), the DPA
molecules have the strongest absorption around
400 nm, which is a spectral range where the at-
tachment of the DPA molecules to the surface
of SiNCs should have the highest impact on the
properties of the NC. The absorption spectrum
of the DPA-activated SiNCs (the green curve in
Fig. 4(a)) is clearly a superposition of the ab-
sorption spectra of the dodecene-capped SiNCs
and the DPA molecules, confirming that the at-
tachment of the DPA molecules boosts the ab-
sorption of the SiNCs.

A change in the character of the PL decay was
observed within the investigated excitation-
wavelength range, see Fig. 4(a). Whereas
close to the “resonant” excitation wavelength of
400 nm, the observed PL decay follows the Bec
function, outside of this range the decay is more
SE in nature, even though the SE description
does not fit the data perfectly in this case. The
quality of the description of the PL decays using
the two function can again be judged using the

ACF formalism as shown in Fig. 4(b,c). Firstly,
both ACF’s show a deviation from a noise sig-
nal around At = 0 ps throughout the whole
emission wavelength range. This deviation sug-
gests a discrepancy between the data and the
function used for their description around the
beginning of the PL decay, pointing towards the
presence of a shorter component in the decay
(or possibly jitter of the excitation laser). Sec-
ondly, unlike in the case of SiNCs in Fig. 2, the
SE fit of the DPA-SiNC sample outside the “res-
onant” excitation-wavelength range in Fig. 4(b)
shows some deviation also in the tail of the PL
decay. This deviation implies that even though
the PL decay is more SiNC-like, the mechanism
causing the Bec type of PL decay is still present.
Thus, in order to describe this cooperation of
two types of mechanisms better, a more elab-
orate model than the one we are currently ap-
plying would be necessary. However, since the
deviation is very small, the description of the
measured data using the SE function is still a
very good approximation of the real behavior.
Interestingly, the change of the character of PL
decay is accompanied by changes in PL spectra,
where the spectrum slightly blueshifts in the
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Bec regime and redshifts in the SE regime (not
shown), implying changes analogical to those in
Fig. 3(d).

As regards the average lifetimes, they again
rise single-exponentially with increasing emis-
sion wavelength and are very close to those
in SiNCs, see Fig. 4(d). In agreement with
Fig. 3(c), the average lifetimes are only slightly
shorter than those in SiNCs inside the DPA-
boosted excitation-wavelength range. Outside
of this range, they further fall to values about
2x shorter than those in SiNCs. Since this
drop is more or less the same throughout the
whole emission-wavelength range, it is likely
that the drop in the average lifetimes is caused
by the overall increase of the importance of
fast-decaying non-radiative channels (the mea-
sured lifetime 7 is influenced by both the ra-
diative Tpaq and non-radiative T,on_raq lifetimes
Ur = > 470 4 57170, where ¢ indexes

the recombination channels).

3.2 Microscopic model

The above findings imply that the character of
the emission-wavelength-resolved PL decay of
SiNC changes from SE to Bec-like when DPA
molecules covalently attached to the surface
of SiNCs actively take part in the excitation-

recombination process. The possible mecha-
nisms responsible for the SE character have
been already proposed,'??2:2> however, the Bec
function is much less well-known.

The Bec decay law in the form presented in
the table in Fig. 1 is generally speaking a solu-
tion to a kinetic equation of the type2©

dN

— = —kN?*F
dt ’

0<p<1 (2)
where N is the concentration of luminescence
centers and the emitted PL intensity I(t) =
IgN(t). It was used in the past to describe
the PL decay of crystalline phospors.?” More
recently, it has been shown to result also from
a gamma-distributed fluctuations of lifetimes
and experimentally confirmed in the fluores-
cence of complex molecules.?® For a limiting
case of § — 1 the Bec model reduces to a simple
single-exponential?® and for 3 — 0 the decay
law has the form of a hyperbola (a power law).

As long time ago as in the middle of the last
century, Adirovitch3” and Fok3® developed a
model describing a crystalline phospor where
the excited carriers were trapped from conduc-
tion band and consequently released back and
in which the PL decay follows the Bec law. This
model is derived for a special case of § = 1/2,
however, the author generalizes the model by
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saying that the experimentally observed values
of the 3 coefficient can be in a broader interval.
Thus, it can be applied also to our situation at
least to make an order-of-magnitude estimate,
since the difference in the 5 parameters is small
(8 = 0.73 in our measurements).

Thus, this model should be of interest also
now and can be revived for the description of
the PL of more complex systems involving trap-
ping of carriers. The model is based on a sys-
tem of kinetic equations describing the process
sketched in Fig. 5(a), where the re-trapping and
releasing of excited carriers to the conduction
band causes the long tail of the Bec type of PL
decay. In particular, the authors®”3? show that
observed PL can be written in the form

[(t):m, K = \/#a (3)

where ¢(1/em3s) is the rate of the photoexci-
tation of carriers, w(s™!) is the probability of
the electron escaping the trap, B(cm%/s) is the
radiative recombination coefficient and §(s™1)
is the electron trapping rate (see Fig. 5(a)).
This rate is given by the trap capture cross-
section oy, the thermal velocity of an electron
v and the overall concentration of traps n; as
0 = owyng. This theoretically predicted de-
cay law can be combined with the measured
PL decay K = 1/2r, which allows for the deter-
mination of the capture cross-section from the

measured decay 7

B 4r2guwB

Vgh T

Ot (4)

This trapping model can be applied to the PL
of the DPA-SINC sample since the attachment
of the DPA molecules can be expected to lead
to the formation of DPA-related trap states in
the NC, see Fig. 5(b). This trap state could be
connected with the lowest excited DPA level,
which is a triplet state and is energetically close
to the observed emission (1.77 eV— 700 nm).*°
First of all, the known molar extinction coeffi-
cient ¢ = 1.5 x 10° M~tem™! (at 430 nm?7) can
be recalculated to the absorption cross-section
ong = 1000s/n, = 2.5 x 10716 ¢cm?. Moreover,
using the attenuation coefficient & = 2 cm™!
determined from the transmission of the SiNC
sample T" along an optical path [

a = —1)/i = oxcene, (5)

we can easily calculate the concentration of NCs
in the sample as exc = %/one = 8 x 101° NC/em3,
Next, the radiative recombination coefficient
can be obtained from the radiative lifetime of
SiNCs (assuming a 25 % PL quantum yield QY)
rSINC = 2%¢/qy = 450 ps and the known con-
centration of NCs cxc as B = 1/(+5Y%c). The
thermal velocity of an electron at room tem-
perature is vy, = 107 cm/s. In order to deter-

mine the concentration of traps we can make



an estimate of about Ny, = 100 traps per one
NC (as estimated based on absorption spectra
in Ref. (27)), thus n; ~ Nyene. The prob-
ability of an electron escaping from the trap
w is difficult to estimate, but it clearly needs
to be of the order of the reciprocal radiative
lifetimes, because otherwise the PL would be
quickly quenched: w = 1/78ix¢. The generation
term g can be expressed as g = a®, where @ is
the impinging photon flux. Using these values,
Eq. (4) reduces to

_Gj 2
4 (TDPA SINC)
SiNC\2
(Trad )
_ _qQ; 2
4 % 10 7 <TDPA SlNC) O-I%ICCI)

SiNC
Ntr Trad

ad
2
NtrUthCNc

O ~

(6)

Y

«

where the material constant of the absorption
cross-section from Eq. (5) is used rather than
the calculated (and relatively difficult to deter-
mine) NC concentration exc. Now, we can sim-
ply insert the known values into Eq. (4). In
the above text, we showed that o = 2 cm™!
and ® = 10?6 photons/cm2s.  PL, measurements
from Fig. 3(c) give us the values of 7PPA=SING —
50 ps. Thus, o, ~ 1.5 x 10716 cm?.
Adirovitch’s model then allows one to deter-
mine also the value of the luminescence cen-
ter capture cross-section o, for an electron re-
leased from the trap, through the experimen-

tally observed [ coefficient o, = V‘(’é). Follow-

ing the argumentation provided in Ref. (37),
we can make a rough (order-of-magnitude) esti-
mate of the () coefficient of /10, which yields
0. ~ 100, = 10715 cm?.

4 Conclusions

In conclusion, we show that the attachment of
DPA molecules to the surface of Si nanocrystals
changes the shape of their emission-wavelength-
resolved photoluminescence decay curve from
stretched-exponential to the Becquerel type in
the excitation-wavelength region in which the
DPA molecules influence the excitation process
the most. A microscopic model based on the
trapping and release of excited carriers is used
to estimate the trap and center capture cross-
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sections (03 &~ 1.5x 1071 cm?, 0. ~ 1071 cm?),

which is the process causing the characteris-
tic long tail of the photoluminescence decay.
The Becquerel-function shape of photolumines-
cence decay can be applied to other materials,
in which relaxation processes involve the trap-
ping of carriers.
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