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Why do Si quantum dots with stronger fast
emission have lower external photoluminescence
quantum yield?+
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Silicon quantum dots (QDs) are a promising non-toxic alternative to the already well-developed platform of
light-emitting semiconductor QDs based on IlI-V and II-VI materials. Oxidized SiQDs or those surface-
terminated with long alkyl chains typically feature long-lived orange-red photoluminescence originating

in quantum-confined core states. However, sometimes an additional short-lived PL band, whose

mechanism is still highly debated, is reported. Here, we perform a detailed study of the room-

temperature PL of SiQDs using samples covering three main fabrication techniques. We find evidence for

the presence of only one set of radiative processes in addition to the typical long-lived PL. Moreover, we

experimentally determine the ratio between the short- and long-lived PL component, obtaining a wide
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range of values (0.003 — 0.1) depending on the type of sample. In accordance with an already published

report, we observe a tendency of SiQDs with stronger short-lived PL to have lower external quantum
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rsc.li/nanoscale-advances

1 Introduction

Silicon quantum dots (SiQDs) are a class of materials with
a wide range of prospective applications stemming from their
appealing properties, such as material abundance and favor-
able toxicity profile,"” in connection with their ability to rela-
tively efficiently emit light with highly variable properties.® The
most intensely studied photoluminescence (PL) channel in
these nanoparticles is the size tunable red to infrared PL
emission with decay lifetimes in the range of hundreds of
microseconds,” ™ sometimes referred to as the S band.
However, in addition to this long-lived PL channel, also much
faster PL emission spectrally often located in the visible blue
region has been observed. In some studies, tunability gap in the
yellow/green visible spectral range between the typical long-
lived and short-lived PL has been reported,"** but observa-
tions of spectral tunability even through the yellow/green visible
spectral range have also been published.*>°

The origin of the short-lived PL is still under intense
discussion. The traditionally studied SiQDs are surface-
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yield. We explain this trend using a model of the optical performance of an ensemble of QDs with widely
varying optical characteristics through a mechanism we call selective lifetime-based quenching.

terminated either with oxides or with long alkyl groups typi-
cally attached using the hydrosilylation reaction. In addition to
these traditional SiQDs, there is a second class of SiQDs with
short-lived emission. These are often fabricated by various
chemical syntheses and feature a wide range of possible surface
chemistries, sometimes reaching high values of PL quantum
yield.>**'">* Naturally, tailored surface passivation can result in
diverse mechanisms being responsible for light emission in
these SiQDs. As an example, bandgap engineering by tensile
strain and/or electronegativity have been proposed as mecha-
nisms behind short-lived PL with fast radiative rates.>**” This
diversity of mechanisms is further complicated by several
recently published studies suggesting an unintentional forma-
tion of carbon or silica dots in presumably SiQD samples
synthesized in the low-temperature reduction of silanes with
citrates or in the oxidation of magnesium silicide with
bromine.?®**' These unintentionally produced carbon or silica
dots can possibly contribute to or be solely responsible for the
observed PL. A further complication is the controversial role of
nitrogen, which has been suggested as a factor inducing the
switch from the long-lived to the short-lived PL.*> However, later
studies proved it not to be always the case.*** Thus, in chemi-
cally synthesized SiQDs or those terminated with diverse
surface ligands, the mechanisms of PL need to be determined
sample by sample.

Here, we focus on the former, more traditional class of SiQDs
passivated by surface oxide or by long alkyl groups and their
short-lived emission. In some cases, especially in colloidal

© 2024 The Author(s). Published by the Royal Society of Chemistry
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samples, a part of this emission is bound to originate in surface
oxide as this PL emission can grow with storage time® or even
after exposure to laser irradiation with high peak powers.
However, the short-lived emission can accompany the long-
lived one also in samples not exhibiting aging or improper
storage. Oxide-related states,** very small SiQDs*® or the direct
recombination of hot carriers®**” have been proposed as
possible origins of this short-lived PL. In reality, it likely comes
from a combination of these processes.*

Even though many studies of this PL channel have been
published, most of them rely only on the simplest PL charac-
terization, the spectrum of the temporally integrated PL under
continuous excitation. Such PL spectrum provides only a small
number of clues which could possibly help determine the origin
of PL. Therefore, here, we perform a detailed mapping of radi-
ative channels in the PL of SiQDs over a very wide range of
timescales from several nanoseconds to two milliseconds at
room temperature. This mapping reveals the presence of two
distinct sets of radiative channels, which can be identified with
the typical long-lived and short-lived bands in the PL of SiQDs.
This finding confirms the absence, or at least a very low
importance, of additional radiative channels. Both long-lived
and short-lived PL components are found in all the studied
samples, which were chosen to represent the most important
fabrication methods of SiQDs. Our approach also lets us
determine the ratio of the emitted long-lived and short-lived PL,
which varies in a wide range of values from 0.003 to 0.1
depending on the type of sample. We observe, in accordance
with a previous publication by an independent group, that the
ratio of these two radiative channels correlates with external PL
quantum yield and samples exhibiting lower quantum yield
values are characterized by relatively higher short-lived PL. This
observation is explained by selective lifetime-based quenching,
an effect where the introduction of a non-radiative PL channel
selectively renders slowly emitting SiQDs dark without signifi-
cantly influencing the fast PL channel.

2 Methods

2.1 Sample fabrication

We used the same set of samples as in our previous publica-
tion.*® In brief, we used SiQDs synthesized in a noncommercial
flow-through reactor with low-pressure nonthermal plasma,
denoted as NTP:SiQDs. For subsequent hydrosilylation
(NTP:SiQDs:C), the synthesized powder was collected directly to
a dodecene-filled vial in the synthesis reactor and the vial was
then placed onto a hot plate with an aluminum heating nest.
The sample was purified using two centrifugation/precipitation
cycles in an ethanol/hexane solvent/antisolvent pair and
dispersed and kept in toluene. Next, SiQDs were synthesized by
the thermal disproportionation of hydrogen silsequioxane
(HSQ) and the SiQDs were subsequently HF-etched, yielding
free-standing H-terminated particles. These were then alkyl-
capped by hydrosilylation in the presence of 1-dodecene and
initiated with diazonium salt, leading to the dodecene-capped
QDs (HSQ-SiQDs:C).** The next two samples were prepared by
electrochemical etching of B-doped p-type wafers in HF:EtOH

© 2024 The Author(s). Published by the Royal Society of Chemistry
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solution, following the “standard” and “white” conditions.™
After etching, the on-wafer layer of SiQDs was intensely rinsed
in pure ethanol EtOH and dried in air (“standard”, denoted
etch-SiQDs:a here) or underwent further treatment in H,O,
(“white”, etch-SiQDs:b). The resulting SiQD layer was mechan-
ically scrapedoff the substrate, SiQDs were aged under ambient
atmosphere and then dispersed in EtOH. For the de-
agglomeration procedure,* (etch-SiQDs:b), SiQDs were treated
in a high power ultrasonic ethanoic bath (absorbed energy 100
kJ, 1 s on and 1 s off pulses). The mean diameter of etch-SiQDs
was around 2.5-3 nm.

2.2 Optical characterization

The spectrally and temporally resolved signal was recorded by
streak camera Hamamatsu C10627 (with best time resolution of
15 ps) after excitation by a femtosecond laser PHAROS (150 fs
pulses, Light Conversion). The excitation wavelength was
selected in the range of 315-450 nm by non-linear interactions
in harmonics generator HiRO or optical parametric amplifier
ORPHEUS, both by Light Conversion. The repetition rate was 1
kHz. The SiQD colloids were placed in quartz cuvettes and the
luminescence signal was collected under a 90° angle using a set
of lenses. All data were corrected for the spectral sensitivity of
the whole setup by multiplying the spectral profiles deduced
from the analysis described below with the corresponding
correction curve.** All measurements were carried out at room
temperature.

The PL decay measurements were made as a function of
wavelength and were transformed into emission photon ener-
gies in eVs including the 1/A* spectral correction factor.*> Using
a method described earlier,*®*** we took into account also the
onset of PL in the PL decay curves, which results in much more
accurate fits. The emission-photon-energy dependent series of
PL decays I(A, t) was thus fitted using a convolution of
a Gaussian curve and a fitting function. The Gaussian curve
represents the laser pulse as measured by the detection system,
or the instrumental response function. Its characteristics are
known and fixed in the fit because they had been determined
prior to the measurement of PL. The PL decay function is

Y
. t
assumed to be stretched-exponential®® I = I, exp{ — (—) }

TSE
unless stated otherwise. Thus, a set of A-dependent PL decay
parameters (tsg(A) and B(1)) and the spectral profile Iy(1) were
obtained from one PL map. The normalization of the decay
function (e.g. the stretched-exponential) at each A to unity
ensures that the value of I,(1) corresponds to the integrated PL
intensity at the particular A. Thus, Iy(4) represents the spectrum
of the corresponding PL component. Instead of the stretched-
exponential lifetime tsg, the more physically meaningful
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The longer-timescale PL decays in Fig. 2a and b with a 500

and 100 ps temporal window were fitted using the typical
stretched-exponential function. The characterization of shorter-

average PL lifetimes 7,y = Tsp are reported.®®
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timescale temporal windows of 1 ps and 100 ns was more
problematic because only the initial part of the decay of the slow
component is present, which in general can lead to improperly
determined lifetimes.** Thus, in order to properly characterize
the 1 us temporal window (Fig. 2¢), the PL decay parameters g
and @ of the long-lived component were fixed at values obtained
in the longer temporal windows and only the amplitude (spec-
tral profile) of the long-lived PL component was treated as a free
parameter. The fast component was described by a stretched-
exponential function and iterative steps of fixing some of the
parameters and fitting were performed to obtain a good fit.** An
analogical approach was used for the fitting of the 1 us PL
decays in Fig. 4. The corresponding spectral profiles were then
extrapolated as a Gaussian and pseudo-Voigt profile for the
long-lived and the short-lived component, respectively, and
spectrally integrated to yield the overall PL intensity emitted in
the two components. Once again, the spectral position of the PL
maximum is known from the measurements using other
temporal windows (1 ms or 500 ps for the long-lived, and 20 or
50 ns for the short-lived component, respectively) and, there-
fore, only the amplitude (PL intensity) and possibly the width of
the peak are kept as a free fitting parameter when extrapolating
the spectral profiles. The Gaussian function fits the spectral
profile of the long-lived component perfectly. The pseudo-Voigt
function is not a perfect approximation of the spectral profile of
the short-lived PL component, however, given the order-of-
magnitude differences in the fast-to-slow ratio of the studied
samples, the error resulting from this approximation is negli-
gible for the purposes of this study.

The QYs were measured by the absolute method (integrating
sphere setup) following the procedure in ref. 43 where the LEDs
were replaced by the laser-driven light source (EQ-99X, Ener-
getiq) coupled to the 15 cm monochromator (Acton SP 2150i,
Princeton Instruments) as the excitation source.

View Article Online
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3 Results and discussion

3.1 Identification of PL components

In Fig. 1a and b we present the bandstructure of bulk silicon
and the corresponding “fuzzy” bandstructure of SiQDs,** which
serves as a basic model of the electronic properties of SiQDs in
general. Here, we summarize the most important recombina-
tion channels in this material. The most notable source of
radiative recombination are clearly (i) the direct I'ys — I"ps
transitions in the I" point which are likely to be fast as a result of
their direct nature, and (ii) the indirect lowest-excited state I';5-
X, transitions. Since the oscillator strength of the transition
decreases as the I?—space overlap of the electron-hole wave-
function decreases, the latter transitions are relatively slow
(=100 ps) and are responsible for the classical red emission in
SiQDs,”*>*¢ which we investigated in more detail in our previous
article.®® In an ideal hypothetical case, the PL measured in an
SiQD sample should reflect these two radiative pathways, as
sketched in the schematic image in Fig. 1c. Even though, in the
case of the fast I';s — I'5s channel, the observation of light
emission from effectively hot states might seem counter-
intuitive as competitive phonon-emitting thermalization
processes are typically much faster, in SiQDs, a broad interval of
phonon thermalization rates are known to exist*” as a result of
the quantization of electronic levels. Thus, in a non-negligible
fraction of QDs in the ensemble,*” the effective phonon or
multi-phonon thermalization rates will be relatively slow, even
reaching the nanosecond scale. The connection between the
direct transition and the blue PL had already been made in the
past in several reports.>*3%3748

In order to test if our assumption about solely slow and fast
radiative pathways in SiQDs holds, we chose a set of samples
fabricated by several methods with both oxide and long-alkyl
surface passivation. The samples are listed in Table 1, their
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Fig.1 Carrier relaxation in SiQDs. (a) Bandstructure of bulk silicon. (b) A 90 degree rotated cross-section of the conduction band of bulk silicon
(the red rectangle in panel (a)). The electron and hole wavefunctions of the lowest excited state of an SiQD are shown by the green areas, the gray
wavefunction represents the energetically lowest position possibly resulting in a direct transition and the black arrows denote relaxation after the
excitation event. Larger E-space overlap between the electron and hole wavefunctions correlates with faster radiative rates. Extremely slow
purely indirect bulk Si radiative transitions are shown with the dotted line for comparison. The top panel plots a PL spectrum corresponding to the
two expected types of radiative transitions. (c) A scheme of temporally and spectrally resolved PL from SiQDs based on the mechanism from the
previous panel (please note the logarithmic scales). The highlighted areas correspond to PL measurements in Fig. 2.
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Table 1 List of the studied samples and their optical properties®
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Label Fabrication Surface QY (%) Tav (D) I AShort (ev) long (eV)
NTP-SiQD:C* Non-thermal plasma synthesis Alkyl 6 15 0.5-0.6 2.70 1.78
HSQ-SiQD:C* Thermal disproportionation of HSQ Alkyl 26 =3.5 0.65 3.12 1.73
etch-SiQD:Oa Electrochemical etching of Si wafers Oxide 6.8 20 0.63 2.95 1.76
etch-SiQD:Ob* Electrochemical etching of Si wafers Oxide** 2.3 4-5 0.55 2.54 1.96

% Samples marked with an asterisk (*) were shown to be fully radiative in the long-lived PL channel (70w = 1) in our previous work,* double asterisk
(**) shows that the sample underwent a deagglomeration treatment. Photoluminescence quantum yield (QY), the characterization of the short-lived
component (average lifetimes 7,, and dispersion parameters ) as well as the spectral position of the PL maximum for the short- and long-lived

short/lon;
(Amax

basic properties are presented in ESI.T The studied SiQDs were
(i) synthesized in non-thermal plasma (NTP-SiQDs), (ii)
synthesized by annealing of an Si-rich SiO, precursor and
subsequently extracted from the matrix (HSQ-SiQDs), or (iii)
fabricated by a top-down approach by electrochemical etching
of a monocrystalline Si wafer (etch-SiQDs)." The SiQD samples
were then either oxidized under ambient conditions for at least
a month (SiQDs:0) and dispersed in a solvent, or were surface-
terminated by hydrosilylation with 1-dodecene and purified
(SiQDs:C).

Using this set of samples, we performed a series of tempo-
rally and spectrally resolved PL measurements covering a wide
range of timescales and photon emission energies as proposed
in Fig. 1c, yielding PL “maps”. These PL maps were then
analyzed as a series of PL decays at different emission wave-
lengths, or emission photon energies A. The result of the anal-
ysis of one PL map is thus a A-dependent profile of the
corresponding lifetimes and emission intensities. The life-
times, in the form of the intensity averaged lifetimes 7,,,*® can
be either A-dependent or constant. The A profile of the PL
intensities then constitutes the spectral profile of the corre-
sponding PL component. Thus, our analysis allowed us to
separate the individual components in the PL signal and
determine both their lifetimes and spectral profiles. The cor-
responding procedure is detailed in Section 2.2.

The process of characterizing a wide range of photon emis-
sion energies (380-1000 nm, or 1.24-3.26 eV) and timescales (1
ns-2 ms) with sufficient resolution at the same time would be
an ideal tool to map all the PL processes present in the mate-
rials. Such PL “mapping” would result in an idealized schematic
PL map shown in Fig. 1c. However, the PL mapping of the whole
PL emission process as sketched in Fig. 1c is technically not
simple due to various complications, such as the possibility of
a second-order signal of the spectrograph grating in a wide
spectral window or the limited dynamic temporal range of the
detector which makes it impossible to simultaneously charac-
terize nanosecond and microsecond processes with sufficient
temporal resolution. Therefore, we used several measurements
with different settings (emission photon energy, the timescale)
to cover the idealized PL map from Fig. 1c. Examples of these
different measurements presented in Fig. 2 are highlighted as
the translucent rectangles overlaying the PL map in Fig. 1c.

The PL signal measured in the commonly studied range of
hundreds of microseconds or more (Fig. 2a) follow the typical

© 2024 The Author(s). Published by the Royal Society of Chemistry

%) component, respectively, are listed. The short-lived PL component was characterized under UV excitation.

shape of the long-lived, slow component we investigated
earlier.*® Despite the higher noise levels in the shorter temporal
windows, the PL decays still keep their typical shapes, as evi-
denced by the selected PL decay shown as an overlay of the PL
map in Fig. 2b. At the 1 ps (Fig. 2c) temporal window, the long-
lived component starts to appear very flat as only a very small
initial part of the PL decay is detected.

In principle, PL decays acquired using the shorter timescales
such as those in Fig. 2b and c could be simply fitted to evaluate
the corresponding lifetimes and spectral profiles. However,
fitting of truncated PL decays, artificially and incorrectly
distorts the deduced lifetimes.** Therefore, to compare the PL
decays measured at different timescales, we plotted the PL
decays measured at different temporal windows in a single
graph, see Fig. 2e. The shape of these PL decays is clearly very
similar, independent of the timescale. Therefore, we used the
lifetime deduced from the long-timescale measurement®® as
a fixed parameter characterizing the long-lived PL in the
shorter-timescale measurements (100 ps-100 ns), which
allowed us to extract the spectral profiles corresponding to the
long-lived PL component when measured using a shorter-
timescale temporal window. In this way, we found out that
the long-lived component can be well characterized using the
same A lifetime dependence and the same spectral profile,
regardless of the timescale of the measurement. These findings
corroborate the existence of a single type of process on the
microsecond timescale described by the same average lifetimes.
Notably, the long-lived component exhibits a spectral profile
very well described by a Gaussian curve.

Upon closer inspection, a relatively fast («1 ps) spectrally
blueshifted component appears in the 1 ps and 100 ns temporal
windows in Fig. 2¢, d and f. To characterize it properly, an even
shorter temporal window of 10 or 20 ns needs to be chosen to be
able to obtain enough details of the PL decay to produce
a correct characterization. Such detailed characterization of the
short-lived PL in the HSQ-SiQD:C sample is presented in Fig. 3,
where we also varied the excitation wavelength. Clearly, the
decay shape is highly non-single-exponential and can be very
reasonably described using a stretched-exponential function
with relatively low dispersion parameter (typically around 0.5-
0.6). The lifetimes seem to be rising towards lower emission
photon energies A (the red part of the emission spectrum), but
this effect is most likely connected with the increasing impor-
tance of the long-lived component in this spectral region, see

Nanoscale Adv., 2024, 6, 2644-2655 | 2647
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Fig. 2 Detailed characterization of PL emission in SiQDs with spectral and temporal resolution. Measurements from different samples were
selected to best illustrate the main trends, the top label at each panel includes the type of sample. (a—d) Examples of measured PL maps in
gradually shorter acquisition windows. In two panels, a selected cross-section is included as an overlay. White and black datapoints, respectively,
are the measured data, the red curves represent the fits. (e) Direct comparison of PL decays of the long-lived component at the 1.9 eV emission
photon energy from panels (a—c). (f) Spectral profiles of the long- and short-lived components obtained from the measurement in panel (c). (g)
Selected PL decays from panel (d) (the black and gray datapoints) and the corresponding fits (the yellow, orange and red curves) assuming
a combination of a long- and a short-lived component. Please note the clearly rising importance of the short-lived component with higher
emission photon energy (or bluer emission). (h) Spectral profiles of the long- and short-lived components obtained from the measurement in

panel (d).
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Fig. 3 The dependence of the short-lived component on the exci-
tation wavelength under pulsed excitation obtained in a temporal
window of 10 ns for sample HSQ-SiQD:C: (a) the average lifetimes, (b)
the spectral profiles of the short-lived component. The black dataset
of the spectral profile in panel (b) was fitted with a pseudo-Voigt profile
(the gray curve).

Fig. 2f and h. The rising importance of the long-lived compo-
nent is supported by the seemingly longer lifetimes character-
izing the decays under the 420 nm excitation wavelength (the
blue data in Fig. 3a and b) with the sharply rising tail towards
lower emission photon energies. In this case, the long-lived
component clearly starts to play a more and more important

2648 | Nanoscale Adv., 2024, 6, 2644-2655

role in the emission process at lower photon emission energies,
it is no longer possible to mathematically separate the fast and
slow processes. The average lifetimes are thus mostly A- and
excitation wavelength independent and of the order of several
(3.5-20) nanoseconds, see Fig. 3a. The spectral profiles of the
short-lived component have highly asymmetrical shapes with
tails towards lower A, their PL maximum redshifts with
increasing excitation wavelength. The emitted short-lived PL is
much stronger under UV than under blue excitation, see Fig. 3b.
All these effects agree with previous reports on PL under
continuous excitation.*>*” The characterization of the short-
lived PL of all the studied samples is summarized in Table 1.
The PL characteristics of the short-lived component well
agree with the proposed hot-PL origin: the redshift is consistent
with the size dependency of the direct I'ys — I',s transition®
and the highly non-single-exponential character of the PL decay
together with the strongly asymmetric spectral profile very likely
result from the radiative relaxation of unrelaxed hot carriers at
the I' point and close to it, where a competition of over-the-
bandgap recombination and intraband relaxation occurs. This
characteristic is in contrast to the long-lived PL originating in
the first excited state, whose spectral profile is highly Gaussian,
reflecting only the size-induced changes of the PL spectrum
emitted by individual QDs. An additional observation

© 2024 The Author(s). Published by the Royal Society of Chemistry
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confirming the hot-electron origin of the fast channel is its
decreasing intensity with shifting the excitation wavelength
from UV to the blue region, as less carriers are excited over the
direct bandgap. In reality, the fast channel is very likely
a mixture of hot direct silicon transitions and transitions
involving various surface or interface defects, with the ratio
between these two being possibly sample-dependent based on
the type of surface passivation and its quality. This interpreta-
tion is also supported by our previous work,** where we iden-
tified SiO,-defect related and Si-core-related radiative channels
in the short-lived PL using PL component analysis.

Thus, by detailed scanning of the PL characteristics from 10
ns to 2 ms, we verified that there are two dominant sets of PL
processes in SiQDs as put forward in Fig. 1b and ¢, even though
the dispersion in the corresponding values of lifetimes is rela-
tively broad. One could argue that the asymmetry of the spectral
profile of the short-lived component in Fig. 3b implies the
existence of a third “intermediary” component,* however, we
see this interpretation as improbable because of the continuous
evolution of the A dependence of average lifetimes, best docu-
mented by the average lifetimes of the short-lived component
under 420 nm excitation wavelength (the blue data in Fig. 3). In
addition to the well-established view of slow and fast band in
SiQDs’ PL,"**° our analysis (i) proves that only very little PL
signal is present outside of these two bands, (ii) proves that the
characteristic lifetimes of these two components change with
the photon emission energy gradually and in a physically
understandable manner.

3.2 Fast-to-slow ratio

An important question connected with the fast, short-lived
component is its intensity relatively to the slow, long-lived
one. Under continuous excitation, the fast and slow processes
will proceed with considerably different rates. The dynamics of
PL and thus the fast-to-slow ratio is governed by a set of
differential equations. However, in contrast the already pub-
lished description,®"* the short-lived component also need to
be included. Such inclusion would then require explicit and
accurate knowledge of the underlying radiative and non-
radiative processes and their rate constants. This is a rather
laborious task and it is not the goal of this work.

Thus, instead of applying continuous excitation or rigorously
solving a set of differential equations with many parameters of
uncertain values, we approach this problem experimentally and
use low-intensity short-pulsed excitation because under low
pulsed excitation most QDs are excited only once before the next
excitation event occurs. If all the excited carriers are let to reach
the ground state before the next excitation event, the collected
signal will represent the correct ratio of the long- and short-lived
components in the sample, which could be connected directly
to the ratio of QDs emitting each type of PL through the
respective quantum yields.

One additional complication here is that both the long-
lived, “red” PL intensity and the short-lived, “blue” PL
intensity should be characterized in a single measurement to
avoid potential inaccuracies connected with the comparison

© 2024 The Author(s). Published by the Royal Society of Chemistry
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of data measured under different experimental settings.
Fortunately, such a direct comparison of the PL intensity of
the two PL components is possible if an acquisition window
with a suitable temporal and spectral range is selected. An
ideal temporal window suitable for both the fast and slow
bands is that with the range of 1 us, as is illustrated in Fig. 2c
and f for the case of the etch-SiQD:Oa sample. Actually,
further measurements demonstrate that the 1 us acquisition
window allow the detection of both components in all the
studied samples. Therefore, each of the studied samples were
measured using the 1 ps temporal window and spectral
profiles of the two PL components were deduced. Examples of
one PL decay for each of the samples is shown in Fig. 4a-d. As
a result of the spectral width of the acquisition window and
differences in the spectral maxima of the long-lived compo-
nent in each of the studied samples, the collected data cannot
cover the whole spectral range of PL emission (see Fig. 1c) and
need to be spectrally extrapolated in order to obtain all the PL
signal emitted within both the components. Fortunately, the
spectral shape of each of the components is known from
a separate characterization of the long- and the short-lived
component: the spectral profile of the long-lived component
is highly Gaussian if plotted in emission photon energies,
whereas the spectral profile of the short-lived component is
highly asymmetric. A reasonable, albeit not perfect approxi-
mation of the spectral shape of the short-lived component is
a pseudo-Voigt function, as is shown in Fig. 3b by the gray
curve. Thus, using the knowledge of the spectral shape and
the spectral position of the maximum of each of the PL bands,
it is possible to make a spectral extrapolation over the
necessary spectral range, as is shown in Fig. 4e for sample
HSQ-SiQD:C. Using this extrapolation, it is now easy to
correctly calculate the PL intensity I, and Ip,s emitted by
each of the components under sparse pulsed excitation. In
this way, we can easily calculate the fast-to-slow ratio of PL
intensity within each of the components

FTS = Ifast )

I slow

The characterization of the four studied samples shows that the
FTS ratio varies over a wide range between 0.003 and 0.1
depending on the sample. This significant difference in relative
intensity might explain why the short-lived PL band is some-
times not reported on even though it was found in all the
samples we study here. In some cases, the short-lived PL band
might not have been found simply as a result of experimental
conditions, using insufficiently sensitive detection or using
excitation in the blue visible spectral range, which clearly leads
to a lower intensity of the short-lived PL, see Fig. 3b.

3.3 Ensemble-averaged quantum yield in SiQDs

In the field of device design, external PL quantum efficiency
typically encompasses the influence of external factors such as
outcoupling of the light emitted by an LED. However, as dis-
cussed in detail by Popelar et al.,*® in QDs, external PL quantum
efficiency relates to the measured characteristics of an
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Fig.4 (a—d) Examples of PL decays in a 1 us window for the individual studied samples. Sample labels are noted at each panel. The black curves
represent the measured data, the red curves are the fits. Please note the logarithmic vertical scale in panel (c), in which the logarithmic scale was
necessary to visualize both components. To ensure that the results are comparable from one sample to another, all measurements were carried
out using UV excitation (315-343 nm). (e) Spectral profiles of the long- and short-lived components deduced from the measurements shown in
panel a, the spectral position of which is highlighted by the gray vertical line. The black and red datapoints show the A dependence of the PL
intensity of each of the components, the gray and orange curves are extrapolations used to estimate the overall PL intensity emitted in each of
the bands. The shape of the spectra and the spectral position of each peak is known from other measurements, therefore, only the amplitude and
possibly the width of the peak need to be fitted. In this sample, the PL peaks are the most far apart and, therefore, in this example, the data are
extrapolated the most. The green area marks the spectral range investigated by Brown et al.*° (f) The ratio of the PL intensity emitted in the long-
and short-lived components for the samples under study, deduced using methodology from panel (e). The fast-to-slow ratio is plotted as
a function of PL quantum yield. Samples with high internal quantum yield (n5ow = 1) as shown in our previous work®® are marked with an asterisk.
(9) The PL peak positions of each of the components for the samples under study. Please note how the two peaks systematically shift in opposite

directions. The gray areas in panels (f) and (g) serve as guides for the eye.

ensemble, whereas internal PL quantum efficiency refers to the
radiative and non-radiative processes in a “typical” QD. Clearly,
finding a relation between measured quantum yield and the
lifetimes of radiative and non-radiative processes becomes
difficult when the ensembles of QDs are made up by sub-
ensembles with significantly different optical characteristics.
In that case, the relative populations of the individual sub-
ensembles need to be known if any meaningful comparison is
to be made. Even though this important distinction is some-
times overlooked,* it is especially important in slowly emitting
SiQDs, where the influence of non-emitting dark SiQDs on the
measured PL quantum yield is large.**

To simplify the problem of describing a large ensemble of
QDs with significantly varied optical performance and a large
number of recombination pathways, we will apply a description
analogous to the experimental results presented in the previous
section. Namely, we will classify the QDs into two classes of
light-emitting QDs, fast and slow, and add the dark ones. As the
lifetimes of the slow and fast QDs differ by several orders of
magnitude, a typical lifetime can be used to describe the slow

2650 | Nanoscale Adv,, 2024, 6, 2644-2655

and fast sub-ensembles of QDs, respectively, especially when
their overall impact on optical performance is assessed.
However, despite this typical lifetime, the existence of a distri-
bution of lifetimes and a distribution of emission photon
energies within each of the sub-ensembles is still acknowl-
edged. In the slow recombination channel, we showed previ-
ously that the radiative lifetimes are emission-photon-energy
dependent, but very similar for SiQDs fabricated by different
techniques in different laboratories.*® The characterization of
the fast channel is more complex, however, the highly non-
single-exponential dynamics, the differences between the life-
times in the individual samples and the asymmetric spectral
profile reported here are a phenomenological description of
a competition between fast radiative, fast non-radiative and
electron cooling processes. This description is summarized in
Fig. 5.

In general, the internal PL quantum yield n?° of a selected
QD characterized by its radiative and non-radiative lifetimes
TRR can be calculated as

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Typical optical properties of the three sub-ensembles. The typical red-orange radiative channel is long-lived (slow). It can be fully radiative, in
which case the emission photon energy dependence of the decay lifetimes follows an exponential curve quantified by Popelaf et al.*® In some

samples, slow non-radiative processes are present. The measurements
Sometimes, a blueshifted short-lived (fast) radiative channel is reported
variable ratio with respect to the long-lived channel, ranging from 0.003
lower external quantum yield, as shown in Fig. 4f and by Pringle et al.®
absorbing the excitation light.

1
QD QD
nQD _ TR _ TNR (1)
1ol PR
QD QD
TR NR

Moreover, the corresponding PL lifetime which would be
measured if that particular QD was optically probed T3 is the
reciprocal sum of the lifetimes of the individual processes

L_1 1 @)
TP

Based on our experiments and the observed lifetimes, the
radiative and non-radiative processes can be divided into
“slow” (=(1-100) us) and “fast” (=(1-100) ns). However, only
certain combinations of fast/slow processes are physically
relevant, as detailed in Table 2. In particular, slow non-
radiative processes can be neglected in QDs with fast radia-
tive lifetimes because their influence is minimal. Next, the
combination of fast non-radiative and slow radiative processes
results in extremely low internal quantum yield, rendering

© 2024 The Author(s). Published by the Royal Society of Chemistry

of both internal and external PL quantum yield focus on this channel.
on. In our samples, this channel was always detected, albeit in a very
to 0.1. This fast channel has been observed to increase in samples with
Non-emitting dark QDs influence the optical measurements only by

such QDs dark. Therefore, looking at the ensemble macro-
scopically, the QDs can be categorized into three sub-
ensembles, namely:

(i) slowly emitting QDs, characterized by slow radiative and
non-radiative processes r%‘}\vﬁz,

(ii) QDs with fast emission, characterized by fast radiative
and non-radiative processes tfi‘ﬁ;}R, and

(iii) dark QDs, with slow radiative lifetime and fast or
extremely fast non-radiative recombination, which cannot be
experimentally detected in PL.

The slowly emitting QDs can possibly also be ideal (without
detectable non-radiative recombination), in that case the cor-
responding non-radiative recombination would be extremely
slow. The internal quantum yield of a typical slow and fast QD
Nslow/fast €an then be calculated by inserting the corresponding
typical lifetimes tijmua > into eqn (1).

The measured, ensemble-averaged quantum yield ng can be
thought of as the sum of the contributions of the individual
QDs. Using the description of three sub-ensembles charac-
terized by a typical internal quantum yield 7gjow/fast W€ can
write:*®

Nanoscale Adv., 2024, 6, 2644-2655 | 2651
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Table 2 Alist of possible combinations of slow and fast radiative and non-radiative lifetimes t8ng With two typical values of 100 us and 10 ns. The

QD

values of internal PL quantum yield n°° and PL lifetime 5" are calculated based on eqn (1) and (2). The QD can then be classified as slow, fast or
dark, depending on the combination of the two values. The properties of these categories of QDs are further described in Fig. 5

TRR >> 100 s (none) 78R = 100 ps (slow) 78R = 10 ns (fast)

3P n° Classification 3P P Classification 3P P Classification

7R° = 100 ps (slow) 100 us 1 Slow (ideal) 50 us 0.5 Slow (non-ideal) 10 ns 107* Dark

18P = 10 ns (fast) 10 ns 1 Fast 10 ns 1 Fast 5 ns 0.5 Fast
Sy 7" and the internal quantum yield of the short-lived compo-

- J 1 fast . .
e = 2 T o + T g (3) Dent Mease The last quantity ngs would be extremely difficult to

£ =

‘ S, T ppslow  pfast | ppdark

J
where n*'o"/fBstdark qenotes the relative fraction of each of the
sub-ensembles of SiQDs (n'°™ + n™st + pdark — 1),

Based on the measurements presented in Section 3.1, we can
assign the slow and fast emission to the indirect (cold electron
state) and direct (hot-electron state) PL channels from Fig. 1b,
respectively. In a general case, the contribution of a cold- and
hot-electron state to the PL QY can be complicated, because the
cold-electron state can be fed into by the depletion of the hot-
electron state and the hot-electron state can be filled through
Auger recombination at higher excitation intensities. These
processes would necessarily affect the ratio of slow and fast PL
channels. However, in our experiments presented here and in
the measurements of PL QY, low excitation intensity is used to
ensure the accurate determination of the corresponding phys-
ical quantities. Thus, most of the QDs are single excited and,
therefore, (i) Auger recombination can be neglected and (ii) at
each recombination event, each QD can be categorized as either
“slow”, “fast”, or “dark”. We do not a priori exclude the possi-
bility that one QD can switch between fast and slow emission,
but we deem the fraction of such QDs miniscule since they
would need to have both slower thermalisation (to allow for the
fast emission) and no fast non-radiative channels (to enable the
slow radiative channel). Thus, our experimental conditions and
the chosen categorization of QDs validate the simplified
approach proposed in eqn (3). Potential studies of the switching
of QDs between the individual types of emission would require
more detailed models and dedicated experiments.

3.4 Short-lived component and quantum yield

The determination of the fast-to-slow ratio presented in Section

fast
n Nfast
nslow

3.2 lets us rewrite eqn (3), because FTS = . The
Nslow

rewritten formula reads

1+ FTS
ne = .
1 dark 1
— (1 + "1—> +FTS—
Nslow neov Mrast

The typical internal quantum yield of the long-lived component
Nslow €an often be determined and can even be equal to one.?*
FTS, on the other hand, varies in the range of 0.003-0.1 as
shown in Fig. 4f. The unknowns in the above formula are the
ratio of the dark QDs to those emitting the long-lived PL n92™/

2652 | Nanoscale Adv., 2024, 6, 2644-2655

determine experimentally and, moreover, very likely also
depends on the experimental conditions of the study, see Fig. 3.
However, fast lifetimes connected with this emission (z™ =
3.5-20 ns) suggest that 7, could be in the range of at least
several percent. Thus, the impact of the short-lived component
on the overall quantum yield is small (FTS < 1), in contrast to

the decisive impact of dark QDs, because
dark
g = N/ (1 + n510w>'38 Moreover, quantum yields are typi-

cally measured using blue excitation (excitation wavelength
400-500 nm). As the short-lived component gets weaker under
blue excitation, as shown in Fig. 3b and by Valenta et al.,*® the
direct influence of the short-lived component on the overall
quantum should also be low.

Even though the influence of the short-lived component on
the measured quantum yield should in theory be negligible, we
observed that the short-lived component is systematically
stronger relatively to the long-lived one in samples with lower
quantum yields, see Fig. 4f. An analogical (anti)correlation was
also suggested previously by an independent group,® where
SiQDs with an extremely narrow size distribution were studied,
confirming that this (anti)correlation is systematically present
in SiQDs and that it does not arise purely from a broad distri-
bution of sizes in the sample.

Even if this effect might seem counter-intuitive at first sight, it
is a very simple consequence of the properties of the individual
sub-ensembles of QDs. SiQDs in which fast non-radiative
recombination is relatively more important can be thought of
as those where an additional non-radiative channel was intro-
duced. In reality, the relative importance of fast non-radiative
recombination can increase for example as a result of
“improper” surface passivation. Importantly, the introduction of
a fast short-lived non-radiative channel to a QD with slow long-
lived radiative recombination will render this QD dark, but its
influence on the fast radiative channel will be only mild, as was
shown in Table 2. Clearly, this selective lifetime-based quenching
will manifest as lowered overall external PL quantum yield
because the slow QDs are rendered dark, but it will at the same
time lead to a higher FTS ratio by lowering the fraction of slowly
emitting QDs. Thus, selective lifetime-based quenching, a simple
direct consequence of the presence of QDs with significantly
different lifetimes in a macroscopic ensemble, can very easily
explain the seemingly counter-intuitive correlation of external
quantum yield with fast blue PL signal.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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4 Discussion

The extremely wide range of timescales from a few nanoseconds
to a millisecond on which SiQDs emit PL signal is not a typical
feature in other, more commonly investigated types of semi-
conductor QDs. This attribute in principle enables the possibility
of tuning of lifetimes of SiQDs in a wide range, which comes with
interesting application prospects. However, it also means that
some of the works focused on the short-lived component may
report seemingly conflicting results. One important thing to realize
here is the order-of-magnitude difference between the PL rates
(re = 1/14,) of the two components. For example, at the emission
photon energy of 2.0 eV, 752" (2.0 eV) = 0.03 photons per (us - QD)
and 757° (2.0 eV) = 0.1 photons per (ns - QD), respectively, based on
the measured lifetimes. This corresponds to 5 and 10> photons
emitted on average in a 50 ns interval by a typical QD with short-
lived and long-lived component, respectively. This stark
contrast implies that the fast and slow channels are selectively
detected by focusing either on the microsecond or the nano-
second PL decay, as summarized in Fig. 5b. This is particularly
important for the determination of radiative lifetimes using the
Purcell effect, which relies solely on the microsecond red-
orange PL decays in SiQDs* and thus addresses only the
properties of the long-lived PL channel.

The ratio of slow and fast PL components was already
studied by Brown et al.** Importantly, they characterize only
a small fraction of the fast PL band we study here, as shown in
Fig. 4e by the green rectangle and, therefore, theirs and our
interpretations are not directly comparable. Unlike in that
report, our data is spectrally resolved and allows us to extract
and compare the full spectral profiles of the two PL channels.
Thus, our more in-depth characterization allows us to differ-
entiate between the two radiative recombination channels put
forward in Fig. 1b, namely the fast (<20 ns) direct recombina-
tion at or around the I';s — I 5 transition in silicon and the
slow (>100 ns) quasi-direct or possibly phonon-assisted radia-
tive recombination from the cold electron states. In addition to
providing the full picture, our spectrally resolved approach is
also less prone to potential inaccuracies in data treatment.

An interesting direction of further research here is the ques-
tion which of the processes from Fig. 5 and Table 2 limit the
spectral tunability of the long-lived PL component. In our
previous work,*® we showed that the long-lived PL channel can be
tuned in a wide range of emission photon energies. Other reports
clearly suggest***° that one important factor which limits the
spectral tunability of the long-lived component is the exposure to
oxygen. In principle, there are three possible mechanisms which
can limit spectral tunability from the orange to the yellow/green
spectral region. These three mechanisms are: (i) SiQDs become
too small to behave as crystalline QDs, establishing a high-
photon-energy limit for emitted PL, (ii) the ratio of fast non-
radiative processes sharply rises in smaller QDs, which could
possibly emit yellow/green PL, but this PL is effectively quenched,
or (iii) smaller QDs, which possibly could emit yellow/green PL,
have a high fraction of dark QDs. Mechanisms (ii) and (iii) are
likely connected with faults in the crystalline core of the QD or in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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its surface passivation. Although we cannot currently determine
which of these processes are the determining factor, we believe it
to be an important question for further study.

5 Conclusion

The radiative processes in SiQDs were studied in detail over
a wide range of emission photon energies (1.7-3.3 eV) and
timescales (10 ns-2 ms). We confirmed the presence of only two
sets of radiative processes with significantly different lifetimes
in SiQDs with either oxide or long-alkyl surface passivation. The
short-lived PL is characterized by emission-wavelength-
independent average PL lifetimes of 3.5-20 ns varying from
sample to sample and highly non-single-exponential PL decay
shape with dispersion factor § = 0.5-0.6 if described using the
stretched-exponential function. Both these components were
detected in all the studied samples covering the three main
fabrication techniques of SiQDs. Using sparse pulsed excitation,
we found out that the fast-to-slow ratio varies between 3 x 107°
and 0.1 depending on the sample. We introduced a model
describing the impact of three sub-ensembles of SiQDs, namely
slow, fast and dark, on the optical performance. The fast-to-slow
ratio was observed to anti-correlate with the external, ensemble-
averaged photoluminescence quantum yield, with samples with
stronger short-lived PL exhibiting lower quantum yield. We
attribute this observation to selective lifetime-based PL
quenching, or in other words, the introduction of fast non-
radiative processes, which preferentially render the slowly
emitting QDs dark. Thus, we showed that the observed anti-
correlation is an intrinsic property of a system made by the
three markedly different sub-ensembles of QDs. Even though
our study focuses solely on SiQDs, the approaches we introduce
here, namely the experimental determination of the fast-to-slow
PL ratio, the model describing the influence of different sub-
ensembles of QDs on the optical performance of the
ensemble, or the selective lifetime-based PL quenching can be
readily generalized to other inhomogeneous systems, such as
a sample of QDs or molecules containing impurities.
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