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ABSTRACT: Silicon quantum dots (SiQDs) represent a
perspective light emitting material. Here, we show that their
typical long-lived photoluminescence can be fully radiative.
However, despite the fully radiative nature, the overall yield of
light emission from SiQDs is still hindered by dark QDs, the
understanding of which is only very limited so far. To address this
problem, first, we experimentally quantify the dependence of
radiative lifetimes on the emission photon energy and show that
this dependence is universal across different types of samples and
different laboratories. Second, we use this dependence to quantify
the internal photoluminescence quantum yield using simply the
emission-photon energy dependence of measured photolumines-
cence (PL) lifetimes as the input. The knowledge of the internal
quantum yield then lets us determine the relative population of dark SiQDs if the external quantum yield is known. The application
of our approach to the decoupling of the influence of nonradiative processes and dark quantum dots can be easily applied by other
researchers, which will shed more light on the mechanism of PL quenching in dark QDs. Besides focusing on dark QDs, we observe
that the PL decays of SiQDs can be non-single-exponential despite being fully radiative and suggest the natural variation of radiative
lifetimes as a possible mechanism responsible for the non-single-exponential character of PL decay. Lastly, we emphasize the
importance of average lifetimes as the quantity characterizing PL decays, especially in the case of non-single-exponential PL decays in
the absence of a generally accepted physical model explaining the PL dynamics.

1. INTRODUCTION
Silicon quantum dots (SiQDs) are a class of materials
attractive due to their relative nontoxicity and material
abundance.1−4 Compared to their bulk counterpart, they
feature promising light-emitting properties, which predeter-
mine them for use in solar energy conversion as QD-based
luminescent solar concentrators,5,6 in electronic devices,
therapeutic biomedicine7 and medical imaging.8 Despite the
general consensus about the important role the quantum
confinement effects play in the light emission process,9−14

some of the aspects of SiQD photoluminescence (PL) are still
being disputed15,16 and various processes influencing or
determining PL properties are still being proposed for
consideration.17−22 SiQDs passivated with oxide or long alkyl
chains exhibit nearly universally size-tunable PL with slow non-
single-exponential decay spectrally located in the red and near-
infrared spectral region,2,23 sometimes accompanied by a blue-
shifted faster component.14,24,25 The question as to why, in
SiQDs, the observed PL decay almost always deviates from the
expected single-exponential character, occurring for example in
direct-bandgap QDs, is still a subject of debate.18,26−29

In terms of potential optical applications of QDs, two
quantities are of paramount importance: the PL decay time τPL
characterizing how fast the absorbed excitation energy is

released and the photoluminescence quantum yield (effi-
ciency), which is related to the efficiency with which the
absorbed energy can be extracted in the form of light. In
general, τPL can be divided into lifetimes corresponding to the
radiative and nonradiative pathways:

1 1 1

PL r nr
= +

(1)

where τr and τnr are the radiative and the nonradiative lifetime,
respectively. Whereas τPL can easily be determined from a
time-resolved PL measurement, the separation of τPL into the
radiative and nonradiative parts is nontrivial. The correct way
to deduce the radiative lifetimes is by “directly” exploiting the
Purcell effect,30−32 which describes the influence of the local
environment around the QD on τPL. A modulation of the
environment (local density of states), for example by
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depositing a metal layer with variable thickness onto the active
SiQD thin film30 or by using a curved mirror,33 leads to the
modulation of the radiative part of τPL while the nonradiative
part remains unaltered. In this way, the radiative and
nonradiative parts can be separated.

On the other hand, the quantum yield is a more nuanced
quantity. Most of the time, the so-called external quantum
yield (eQY), which characterizes an ensemble of QDs, is
measured. Precise measurements of eQY (ηE) are performed
using an integrating sphere setup,34,35 where the number of
emitted photons Nem is compared to the number of the
absorbed photons Nabs:

N
NE

em

abs
=

(2)

QYs of the very first SiQDs were quite low, just a few percent,
but in SiQDs fabricated by more modern techniques, values of
ηE as high as14 68% are being reported. With the exception of
several elaborate experiments,36 eQY is commonly reported as
an emission-wavelength independent value characterizing the
whole emission spectrum.

On the level of an individual QD, the quantity of interest is
its internal quantum yield (iQY):

j
j

jI
PL

r
=

(3)

where the superscript j refers to the photoluminescence and
radiative lifetimes of a particular QD. It is tempting to consider
the external and internal quantum yields of eq 2 and eq 3 the
same, to determine the radiative lifetime using a measured ηE
and τPL as τr = τPL/ηE

37,38 and then to interpret the
macroscopic measured τPL and the calculated τr as the
photoluminescence and radiative lifetimes of a “typical” QD,
respectively. However, this approach is almost always incorrect
because it hinges on the assumption that all the QDs in the
ensemble are exactly, or at least roughly, the same in terms of
their ηI

j. Almost every QD sample contains the so-called dark
QDs, which absorb excitation, but emit basically no PL (ηI

dark =
0).32,39 These dark QDs obviously significantly differ from the
light-emitting ones in terms of their ηI

j, implying that the
simple approach to the separation of the radiative and
nonradiative pathways in the PL decay cannot be used.

The radiative lifetime τr is an important quantity because it
describes the optical performance of an ideal QD system in
which nonradiative pathways are negligible. The nonradiative
recombination pathways and the presence of dark QDs are
then characteristics of a particular sample, which are the
decisive factor determining how much the PL performance of
that sample deviates from the idealized behavior. Therefore,
the separation of the individual factors deteriorating the PL QY
in an SiQD sample is an important step in the optimization of
PL performance. Unfortunately, such separation is an
extremely complex experimental task that cannot be done
routinely on a sample-to-sample basis.

In this article, we focus mostly on the long-lived emission of
SiQDs (τPL

slow ≈ 100 μs), whereas the fast component (τPL
fast ≈ 10

ns), which can sometimes be detected,14,24,25 is mentioned
only briefly. We observe, using detailed PL characterizations of
various SiQD samples as well as literature data, that the
radiative lifetimes in the long-lived emission of SiQDs are a
universal material characteristic shared by SiQDs fabricated by
completely different techniques. To the best of our knowledge,

the idea of radiative lifetimes as a generally valid material
characteristic in SiQDs has not yet been addressed
experimentally, despite the clear utility and importance of
such an observation. We quantify the dependence of the
radiative lifetimes on the emission photon energy or rather on
the corresponding emission wavelength λ (for simplicity, these
two terms are used interchangeably throughout this article).
Our analysis can now serve as a tool for the decoupling of the
nonradiative pathways and the relative population of dark
SiQDs in other samples, using experimentally relatively simple
measurements of QY and spectrally and temporally resolved
PL. The observed universal τr(λ) dependence well follows a
single-exponential curve over a wide range of emission photon
energies, as is expected for an effect resulting from quantum
confinement. It also strongly indicates that the long-lived PL in
many colloidal SiQDs is fully radiative despite the clear non-
single-exponential character of the PL decay. The non-single-
exponential character is confirmed by a simple data-quality
measure that we introduce. This measure helps us quantify the
extent to which noise influences the determination of the PL
decay shape. Moreover, we propose the idea that this
commonly reported non-single-exponential character of PL
decay typical for SiQDs can arise also from a variation of
radiative lifetimes in the ensemble.

2. METHODS
2.1. Sample Fabrication. 2.1.1. Nonthermal Plasma

Synthesis (NTP-SiQDs). SiQDs were synthesized in a non-
commercial flow-through glass reactor with low-pressure
nonthermal plasma as detailed elsewhere.40 The output source
power was set to 150 W. The PL wavelength of the sample was
tuned by changing the composition of the synthesis gas ((i) 80
sccm of silane in Ar with 10 sccm of H2, (ii) 80 sccm of silane
in Ar with 50 sccm of H2, and (iii) 40 sccm of silane, 40 sccm
of Ar, and 100 sccm of hydrogen). The estimated residence
time of the forming nanoparticles in the plasma was about 15
ms. The synthesis times ranged from 3 to 5 min. In the
oxidized samples (NTP:SiQDs:O), the sample was collected
on a glass substrate placed 10 cm below the aperture in the
form of dry powder and allowed to naturally oxidize under
ambient conditions. For subsequent hydrosilylation
(NTP:SiQDs:C), a collector was attached to a special adapter
for the in-liquid sample collection. A standard glass vial with an
inner diameter of 1.25 cm filled with 5 mL of dodecene
(Sigma-Aldrich, 95%) was used as the collector device, and the
dodecene dispersion with collected SiQDs was ultrasonicated
for 15 min. The vial was then placed on a hot plate with an
aluminum heating nest. The temperature was set at 200 °C,
and the samples were stirred for 8−11 h while stirring. The
temperature of the samples was monitored with an FLIR
camera. The sample was purified using two centrifugation/
precipitation cycles in an ethanol/hexane solvent/antisolvent
pair, dispersed, and kept in toluene.
2.1.2. Disproportionation of Hydrogen Silsequioxane

(HSQ-SiQDs). SiQDs were synthesized following the protocols
published elsewhere.41 In brief, the synthesis was based on 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 diameter of HSQ-SiQDs:C was about 4
nm.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.3c05423
J. Phys. Chem. C 2023, 127, 20426−20437

20427

pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.3c05423?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


2.1.3. Electrochemical Etching (etch-SiQDs). SiQDs
prepared by electrochemical etching are in detailed described
elsewhere.42 In brief, the preparation is based on the
electrochemical etching of B-doped p-type wafers in HF:EtOH
solution, following the “standard” and “white” conditions.42

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 H2O2
(“white”, etch-SiQDs:b). The resulting SiQD layer was
mechanically scraped-off the substrate, and SiQDs were aged
under ambient atmosphere and then dispersed in EtOH. For
the deagglomeration procedure43 (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 time-resolved spectra
were recorded by a streak camera Hamamatsu C10627 (with
best time resolution of 15 ps) after excitation by a femtosecond
laser PHAROS (150 fs pulses, Light Conversion) or a
nanosecond laser NL 302 (5 ns pulses, Ekspla). The excitation
wavelength was selected in the range 315−630 nm by
nonlinear interactions in a harmonics generator HiRO or an
optical parametric amplifier ORPHEUS, both by Light
Conversion. All of the spectra were corrected for the setup
spectral sensitivity. The QYs were measured by the absolute
method (integrating sphere setup) following the procedure
described by Valenta et al.34 where the LEDs were replaced by
the laser-driven light source (EQ-99X, Energetiq) coupled to

the 15 cm monochromator (Acton SP 2150i, Princeton
Instruments) as the excitation source.

2.3. Data Analysis. The analysis of the data is based on the
procedure outlined elsewhere.44 In short, the PL measure-
ments are made as a function of wavelength and they are
transformed into emission photon energies in eVs including
the 1/λ2 spectral correction factor.45 The emission-photon-
energy dependent series of PL decays I(λ, t) is then fitted using
a convolution of a Gaussian curve and a PL decay 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. Thus, a set
of λ dependent characterizations of the fit (τSE(λ) and β(λ))
and the spectral profile I0(λ) can be obtained from one PL
map. The normalization of the decay function (e.g., the
stretched-exponential) at each λ to unity ensures that the value
of I0(λ) corresponds to the integrated PL intensity at the
particular λ. Thus, I0(λ) represents the spectrum of the
corresponding PL component.

The quality of the fit is assessed using multiple approaches.
In addition to common approaches, we plot the data and the
fitted decay curve in offset logarithmic scale,44 where the
vertical scale is logarithmic, but a small constant (typically
equal the smallest value) is added to the vertical scale before
applying the logarithm so that all the values are positive. This
procedure ensures that all the data are visible in the plot
because simple semilogarithmic plots omit zero and negative

Figure 1. (a) Example of a photoluminescence map I(t, λ) with a selected fitted PL decay as an inset. (b) Two examples of a quality-of-fit
assessment using an autocorrelation function (ACF) of residuals for a lower (top, 1024 photons/scm2) and higher (1025 photons/scm2) excitation
intensity. (c) Average PL lifetimes τPL as a function of photon emission energy for differently prepared samples from Table 1, extracted from
measurements analogous those in panel a. The fit ambiguity parameter p from eq S8 introduced later in the text ensures that only high-quality data
are included. The bottom part of the panel presents the corresponding PL spectra and measured eQYs. (d) Selected data sets (in gray) from panel c
compared to PL decays reported as fully radiative in the literature by Miura et al.,30 Greben et al.,28 and Valenta et al.32 plotted as the average
lifetime τPL. These data were fitted to obtain an ideal τPL

ideal(λ) curve as noted in the panel (the black line with 66% prediction bands in gray).
Theoretical calculations of radiative rates by Delerue et al.48 are also included.

Table 1. List of the Studied Samples and Measured Quantum Yieldsa

label preparation treatment eQY (%) APL (s) D

NTP-SiQD:O nonthermal plasma synthesis natural oxidation 3.2 0.037
NTP-SiQD:C nonthermal plasma synthesis hydrosilylation with 1-dodecene 6.0 0.048 15
HSQ-SiQD:C thermal disproportionation of HSQ hydrosilylation with 1-dodecene 26 0.033 3
etch-SiQD:Oa electrochemical etching of Si wafers natural oxidation 6.8 0.0068 2
etch-SiQD:Ob electrochemical etching of Si wafers natural oxidation, deagglomeration 2.3 0.029 40

aThe APL parameter characterizes the weight of the slow non-radiative pathways (eq 7) and the D parameter the relative proportion of dark QDs
(eq 10), as explained in the text. The APL parameter of the first sample is determined only for the lower emission photon energy range (≈ 1.6−1.8
eV), where the slope of the dependence of lifetime on the emission photon energy does not significantly deviate from the ideal value.
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data, skewing the visual information present in the figure. This
procedure is useful for assessing the accuracy of the fit in the
tail of the PL decay data. Moreover, we calculate the
autocorrelation function of residuals46,47 and plot it in a
logarithmic vertical scale (see Figure 1b). If the autocorrelation
function is flat, then there is no underlying trend of a deviation
between the data and the fit, which implies that the model
describes the data very well.

3. RESULTS AND DISCUSSION
3.1. Slow PL Decay in Differently Synthesized SiQDs.

We used a set of SiQD samples fabricated by three different
methods with two different types of surface passivation; for
details, see Section 2.1. The studied SiQDs were (i)
synthesized in nonthermal plasma (NTP-SiQDs), (ii)
synthesized by annealing of an Si-rich SiOx 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).42 The SiQD
samples were then either oxidized under ambient conditions
for at least a month (SiQDs:O) and dispersed in a solvent or
were surface-terminated by hydrosilylation with 1-dodecene
and purified (SiQDs:C). This set of samples listed in Table 1
underwent a series of time-resolved PL measurements using
pulsed laser excitation and a detection with the camera coupled
to a spectrograph to produce spectrally and temporally
resolved PL maps I(t, λ) as shown in Figure 1a. These PL
maps represent a series of emission-wavelength/emission-
photon-energy dependent PL decays Iλ(t) and as such can be
used to deduce the emission-photon-energy dependent PL
lifetime τPL(λ) and the corresponding PL spectrum I0(λ). The
bandgap (HOMO−LUMO energy) of these SiQDs is tuned
by their size through quantum confinement effects.12,49

Therefore, disregarding a possible influence of line-width
broadening,27,28 which is indeed negligible for a wide spectral
range, the τPL(λ) dependence can be viewed as a
representation of the corresponding size dependence of the
QD’s bandgap by substituting τPL(d) for τPL(d(λ)). Since the
correct determination of the size distribution in an ensemble of
SiQDs is a complicated task,21 we will use the bandgap-energy
τPL(λ) representation throughout this article for the sake of
simplicity.

The observed PL decays I(t, λ) are universally stretched-
exponential (see also further discussion in Section 3.5)

I t I t
( , ) ( ) exp

( )0
SE

( )l
m
ooo
n
ooo

i
k
jjjjj

y
{
zzzzz

|
}
ooo
~
ooo=

(4)

where t is time and τSE(λ) and β(λ) are the stretched-
exponential lifetime and dispersion parameter, respectively.
While these two quantities, frequently used to quantitatively
describe experimental observations, are often treated and
discussed separately,26,27,37 we characterize our samples using
the intensity averaged lifetime29 τPL instead (for more details,
see Section S2). The important feature of averaged lifetimes is
their ability to characterize the whole PL decay independently
of the applied mathematical model, be it a stretched-
exponential or a combination of two or more exponentials,
provided that the fit is of high quality.28,50 For the case of the
most common stretched-exponential decay shape from eq 4,
the averaged lifetime τPL can be calculated simply by inserting
the τSE and β parameters directly into29

(2/ )
(1/ )PL SE=

(5)

where Γ() is the gamma function.
The average lifetimes τPL(λ) extracted from the measured

PL maps are presented in Figure 1c. We emphasize here that
we applied a procedure44 which ensures that our analysis is free
of artifacts, as explained in detail in Section S3. The adequacy
of the characterization of the PL tail and the background is also
judged, among other ways, by visualizing the autocorrelation
function of residuals (ACF) in Figure 1b, which should be flat
for a good data-to-fit correspondence. Importantly, we verified
that the lifetimes τPL(λ) obtained in this way are robust as they
are independent of many experimental conditions, including
excitation intensity (1024−1026 ph/cm2s), mode of excitation
(femtosecond or nanosecond laser), and excitation wavelength
(315−400 nm, two-photon or two-step excitation). One subtle
deviation from the τPL(λ) behavior is suggested by a small peak
in the ACF for higher excitation intensity measurements (see
the bottom ACF in Figure 1b) around Δt ≈ 0 μs, hinting at a
possible much faster component most likely connected with
Auger recombination.51

3.2. Purely Radiative Lifetimes. In Figure 1c, four of the
τPL(λ) data sets fall on a very similar curve when plotted as the
average lifetime τPL rather than the more common τSE
parameter from eq 4. In general, the measured lifetime τPL is
determined by the lifetimes corresponding to both the
radiative and nonradiative channels (eq 1). Thus, there are
two ways to attain the same τPL(λ): (i) either the variation of τr
and τnr across the different types of samples coincidentally
cancels itself out or (ii) the nonradiative pathways are
negligible τnr → ∞ and the measured lifetimes are in fact
purely radiative τPL ≈ τr. Thus, a question arises as to what the
radiative lifetimes of these samples are. In slowly emitting
SiQD colloids, a determination of radiative lifetimes directly in
the colloid is especially demanding,28 because measurements
based on Purcell effect would require local modulation of the
effective refractive index of the medium surrounding the QD,
in this case the liquid itself. Such a modulation could in
principle be realized, for example, by means of optical
interference, but the contrast of the optically induced
modulation in a liquid would very likely be too low to allow
for a meaningful analysis of the signal. To the best of our
knowledge, up to now, iQY of colloidal SiQDs had been
quantified only in specially engineered samples with much
shorter radiative lifetimes and thus much higher signal levels
and the measurements were performed after the SiQDs had
been deposited on a substrate, not directly in the colloid.33 In
slowly emitting matrix-embedded SiQDs, in which well-defined
layers are generally easier to form and where the properties of
the surrounding medium can be modulated by physically
shaping the sample, iQY measurements were successfully
reported.30,32,52 Specifically, our literature search revealed three
reports on radiative lifetimes in matrix-embedded
SiQDs,30,32,52 two reports on fully radiative PL decay in
colloidal SiQDs27,28 and one report on radiative lifetimes in
colloidal SiQDs.37 The report on radiative lifetimes of colloidal
SiQDs by Liu et al.37 is automatically excluded, because its
methodology to obtain the radiative lifetimes is the over-
simplified recalculation of photoluminescence lifetimes as
described in the introductory section instead of a rigorous
application of the Purcell effect approach, which renders the
obtained values invalid. Out of the remaining reports, one

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.3c05423
J. Phys. Chem. C 2023, 127, 20426−20437

20429

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c05423/suppl_file/jp3c05423_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c05423/suppl_file/jp3c05423_si_001.pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.3c05423?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


measurement of radiative lifetimes by Kalkman et al.52 and one
report on fully radiative lifetimes in colloidal SiQDs by
Sangghaleh et al.27 were excluded as outliers because the
reported values were detectably lower than in the rest of the
data sets. One set of data by Miura et al.30 needed to be
recalculated into the averaged lifetime values due to reporting
the traditional τSE and two of the reports by Valenta et al.32 and
Greben et al.,28 which already use the averaged lifetimes
notation, applied long-pulsed excitation conditions. The long-
pulse excitation is known to yield longer lifetime values53 and
thus the behavior reported in these two studies was
extrapolated to the commonly applied short-pulse excitation
conditions to simplify the comparison with literature data. For
more details on the compilation of these literature data, see
Section S1.

Now, to test the second possibility of our measured lifetimes
from Figure 1c being radiative, we use (i) these reported
literature data on measured radiative lifetimes30,32 of matrix-
embedded SiQDs, (ii) the reported fully radiative PL lifetimes
of colloidal SiQDs, all of which were gathered independently
on samples nominally similar to ours, and (iii) our matching
τPL(λ) curves. We compare all these data sets in Figure 1d.
Given the typical error involved in the measurements of
radiative lifetimes (at least ±10%),52 the reported radiative
lifetimes of SiQDs are remarkably similar to our measured
ones. This very good match of completely independent data
supports the claim that several types of our SiQDs have τPL’s
indeed very close to the purely radiative values.

Purely radiative lifetimes imply close-to-unity iQY (eq 3).
The occurrence of purely radiative microsecond PL decay in
colloidal SiQDs is not as surprising as it might seem at first
sight due to several factors. First, as a result of SiQDs’ long
radiative lifetimes, the most common competitive nonradiative
channels potentially lowering iQY, linked for example to core-
surface interfacial defects, will be orders of magnitude faster,
and thus, they would, if present, shorten the observed τPL
significantly, basically rendering it fast or completely quenched.
Second, despite the similarities, colloidal SiQDs differ from
SiQDs embedded in a matrix. In a SiQD/matrix system,
excited carriers can be trapped within the matrix around the
SiQD, giving rise to additional slower (τr ≈ τnr) nonradiative
channels,32 which can lower the iQY below 1, but still to a
value high enough to be measurable. In accordance with the
proposed scenario, high, but lower than unity, iQYs were
reported in matrix-embedded SiQDs (0.77,52 0.7−1,30 and
∼0.832). Moreover, in analogy to our results, the reports of
radiative lifetimes of matrix-embedded SiQDs confirm that the
corresponding radiative lifetimes are well-matched among the
individual samples30 and it is only the weight of the
nonradiative channel that varies. Therefore, in colloidal
SiQDs, where the slow relaxation pathway of the excited
carriers is not additionally complicated by the presence of the
matrix, purely radiative PL decay is fully plausible.

3.3. Influence of Quantum Confinement. The
quantification of the matching lifetime dependence for
different SiQD samples is depicted in Figure 1d, where the
dependence is fitted with an exponential48

A E kexp( / )r
ideal

PL g QC= (6)

Here, Eg represents the bandgap (or the corresponding
HOMO−LUMO energy). The 1/kQC slope parameter
describing the relationship between the photon emission

energy and the corresponding radiative lifetime is a proxy
parameter for the strength of quantum confinement, or in
other words, for the influence of the quantum confinement
effects (size d) on the radiative lifetimes (the inverse of
radiative rates). This experimentally determined trend is
quantitatively the same in differently fabricated types of
samples, which confirms the universality of this fundamental
property, implying that SiQDs are influenced by quantum
confinement to the same extent. Notably, the theoretically
predicted kQC

th parameter using a tight-binding technique
including the phonon modes and averaging over a wide
range of QD sizes yields48 a value very similar to ours: kQC

exp =
0.2917 ± 0.0539 eV compared to kQC

th = 0.31 eV.
Typical experimentally acquired PL spectra of SiQDs span a

broad range of emission photon energies (see Figure 1d),
which, in addition to the existence of size dispersion, implies
that the λ dependence of potential nonradiative lifetimes is
often not, in terms of its trend, much stronger than that of the
radiative ones; otherwise, the nonradiative pathways would
overwhelm the radiative ones and very little or no PL would be
observable. This line of reasoning has been confirmed by the
direct decoupling of the emission photon energy dependence
of the radiative and nonradiative lifetimes in matrix-embedded
SiQDs using the Purcell effect published elsewhere by Valenta
et al.32 Thus, within the spectral range of reasonably efficient
light emission, the slope of the measured τPL(λ) for a nonideal
sample involving also slow nonradiative pathways might not be
much different from the ideal 1/kQC

exp. For example, the fitted
quantum-confinement parameter of the etch-SiQD:Oa sample
is very close to the ideal value of kQC

exp (kQC
etch‑SiQD:Oa = 0.288 eV).

However, a potential deviation of measured τPL(λ) from the
ideal 1/kQC

exp slope over only a certain range of photon energies
implies that a certain size range of SiQDs has a worse PL
performance. In our measurements, such underperformance
occurs for oxidized plasma-synthesized SiQDs emitting at
shorter wavelengths, that is those with smaller sizes. However,
if the same samples undergo hydrosilylation instead of
oxidation, the deviation disappears. This observation suggests
that natural oxidation of small plasma-synthesized SiQDs very
likely negatively impacts their PL performance.

In addition to the 1/kQC slope, the τPL dependence also
includes the APL offset parameter. Similarly to 1/kQC

exp, also the
offset parameter quantified in this article based on experiments
is only slightly lower than the theoretically predicted value48

(APL
exp = 0.0400 ± 0.0003 s and APL

th = 0.05 s), as confirmed by
the comparison of the experimental and theoretical curves in
Figure 1d. When quantified in a sample involving nonradiative
microsecond processes such as the etch-SiQD:Oa sample in
Figure 1b, this parameter gives an indication about the relative
importance of the microsecond nonradiative pathways, as
explained in Section S4. In our measurements, the lower APL
parameter is found for the etch-SiQD:Oa sample, which is
understandable, because in standard etched SiQDs, a high
degree of agglomeration of the individual SiQDs occurs.43 The
agglomeration of SiQDs held together by a SiO2 tissue enables
the same nonradiative relaxation mechanisms of trapping in the
material surrounding the SiQD core which occur in matrix-
embedded SiQDs.

3.4. Determination of Nonradiative Lifetimes of the
Slow Component. In reality, the determination of the APL
parameter from the experimental data might not be entirely
straightforward. The value of the quantum-confinement
parameter kQC

exp as determined in Figure 1d is robust and is
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not influenced by small changes in the input data because the
data cover a very broad spectral range and because results
obtained by using different experimental setups are included.
However, when characterizing a single sample using the
experimental setup at hand, the uncertainty of the determined
kQC

exp values is much higher because of varying noise levels44 and
because the characterization of a single sample is unlikely to
cover such a broad spectral range as in Figure 1d. As a result of
the exponential dependence involved in the fit, the value of the
APL parameter can significantly change (e.g., 2×) with small
changes in the fitted kQC. Therefore, for the characterization of
a single sample, it is in practice useful to fix kQC at the “ideal”
value kQC

exp = 0.2917 and estimate APL using

A
E

yexp
(eV)

0.2917
g

PL PL 0

i
k
jjjjj

y
{
zzzzz= +

(7)

Here, the inclusion of a free y0 parameter can compensate for
small deviations from an ideal 1/kQC

exp slope, which makes the
fitted value of APL more robust. The typical values of y0 are on
the order of 1 × 10−4 of APL, confirming that the inclusion of
this parameter does not distort the fitted values. This approach
is applicable, provided that the divergence from the
exponential τPL(λ) trend is not significant. Thus, for example,
in our NTP-SiQD:O sample this simple estimation cannot be
used. The APL parameters of the samples under study here
determined in this way are listed in Table 1.

Thus, the knowledge of the universal radiative lifetime
dependence in SiQDs, τPL

ideal, from Figure 1d and the approach
introduced above allows one to make a quantitative estimation
of the importance of slow nonradiative pathways in the sample
and to estimate the iQY of this slow emission using
experimentally simple tools.

3.5. Stretched-Exponential Dispersion Parameter β.
In some reports,26−28,37 small changes in the β parameter are
discussed with regard to the optical performance and
properties of a particular sample. However, the determination
of the dispersion parameter β is not as straightforward as it
might seem, and in our experience, its exact value is highly
sensitive to the determination of background and the onset

time. The fitted β tends to vary even in one sample measured
under the same conditions several times, while the calculated
averaged lifetimes τPL remain the same. As an example of such
behavior, we present two fitted β’s of sample HSQ-SiQD:C
under low and high excitation intensity; see Figure 2a. Both
these measurements are associated with the same average
lifetime dependence τPL(λ) from Figure 1d, albeit with a
different margins of error, and thus, both these experiments
characterize the same physical mechanisms. However, each
data set suggests different β(λ) trends and different β values.

Therefore, an important question is how much error in the
determination of the β parameter is connected to the analysis
itself in the presence of experimental noise. To address this
issue, we introduce a simple procedure, where we synthetically
generate a number of PL decays with known characteristics,
artificially add defined levels of noise, and then apply a fitting
procedure, as described in detail in the Supporting Information
(Section S5). In this way, we can compare the correct
parameters characterizing the data βreal with the fitted ones βfit.
Indeed, as presented in Figure S1, our procedure confirms that
the fitted βfit parameter of a single selected data set can
substantially differ from the correct value βreal and the
probability of such deviation naturally increases with the
increased noise level. In order to quantify such possible
deviations, we introduce data-quality parameters of noise-to-
signal ratio N/S and data sparsity Nsignal, as defined in Section
S5 in eqs S4 and S5. Both these parameters can be determined
using the underlying PL decay curve and the corresponding fit.
Using these two parameters, we can then estimate the
probability p of a random data set being fitted “incorrectly”,
or in other words the probability of the fitted βfit falling outside
of the ⟨βreal − 0.05; βreal + 0.05⟩ interval (or outside of ⟨0.9; 1⟩
applying a common constraint β < 1) using eq S8 and
parameters from Table S1.

Coming back to Figure 2a, the fit ambiguity parameter p can
help us interpret the observed difference as being solely a result
of the presence of different levels of noise in the measurement.
The lower-excitation-intensity measurement in black has a
much higher uncertainty connected with the determination of
β (p ≈ 0.1−0.15) with a clear tendency of the higher-

Figure 2. (a) Fitted β parameter for the PL decays of the HSQ-SiQD:C sample under lower (1024 photons/cm2, black and gray) and higher (1027

photons/cm2, red and pale red) excitation intensity. The two τPL(λ)’s corresponding to these two measurements both follow the dependence from
Figure 1d. The gray and pale red segmented lines represent the fit ambiguity coefficients p from eq S8 for the two data sets, respectively. Please note
how a higher p correlates with a higher fitted β. The thick yellow curve serves as a guide-for-the-eye of how the presented dependence could be
perceived for the data set in black. (b) Comparison of the ideal lifetime dependence τPL

ideal with literature data. Oxidized SiQD samples are shown as
solid squares, and hydrosilylated, as open circles. Literature data include reports by Dunn et al.,54 Linnros et al.,26 Kalkman et al.,52 Hannah et al.,12

Liu et al.,37 Sangghaleh et al.,27 and Brown et al.18 In the report by Linnros et al.,26 samples prepared by implantation (impl) and electrochemical
etching (etch) are shown in different colors. Please note that the average lifetimes (eq 4) are plotted here. Theoretical calculation of radiative rates
by Delerue et al.48 and Yassievich et al.55 and the estimation of radiative lifetimes by Greben et al.28 are also shown for comparison.
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uncertainty data points being fitted with a higher β. Without
the information on the uncertainty of the fit, the β(λ)
dependence of this data set could even be interpreted as
parabolic (the yellow curve). This hypothesis about a potential
parabolic β(λ) dependence is disproved using higher-quality
data (the red curve), which reveal a mostly flat β(λ) ≈ 0.77
value (with p ≈ 0.005).

Therefore, the importance of β should not be overestimated.
In our PL decay measurements with high spectral resolution
(Δλ ≈ 5 nm) and good quality fits (including the onset time
and the whole tail of the decay curve, p ≈ 0.02), the dispersion
parameter β is usually in the 0.75−0.85 range when averaged
over a wider spectral range and it lacks a clear β(λ) trend, as in
Figure 2a. Values of β close to 0.8 also often appear in the
literature in samples with higher quantum yield values (eQY ≈
20%). On the other hand, the PL decay of “lower-quality”
samples (compare, e.g., the two sets of samples reported on by
Linnros et al.26 in Figure 2b) with non-negligible nonradiative
pathways tends to be characterized by a lower β around 0.626

or even by more complicated decay shapes.56 Thus, the
discussion of the β parameter has its merits, but the limits in its
determination due to experimental conditions need to be
always considered, and small changes under about 0.1 are more
likely a result of experimental noise than an indication of a
change in the underlying physics. An example of the
application of a data-quality assessment is shown in Section
S6, where we show that the PL decays measured in single
SiQDs57 most likely are single exponentials despite the
inherent high levels of noise; however, the measured lifetimes
are significantly influenced by nonradiative trapping in
surrounding SiO2, in agreement with a follow-up study by
the same group.58

3.6. External Quantum Yield and Dark Quantum
Dots. The slow emission discussed so far is the most common
one reported in SiQDs. However, QDs emitting this long-lived
PL are not the only subpopulation in an ensemble of SiQDs.
Sometimes, another faster blue-shifted PL emission is
observed.14,24,25,59 For the sake of simplicity, we will attribute
this emission to a “fast” subpopulation of SiQDs (τPL

fast ≈ 10 ns).
In addition to light-emitting QDs, a population of “dark” QDs,
which absorb the excitation light, but whose emission is zero,
are yet another subpopulation of SiQDs with different optical
performance.28,39 Thus, an ensemble of SiQDs can be broken
down to (at least) three different QD subpopulations, namely,

a “slow”, “fast”, and “dark” one, with each one being
represented as the corresponding relative populations

n n n 1slow fast dark+ + = (8)

In the samples under study here, the fast blue emission was
observed under certain conditions. However, based on our
measurements, we concluded that the overall impact of the fast
subpopulation on the PL performance of the samples under
study here is negligible (not shown). Thus, a more detailed
discussion of this fast emission channel is beyond the scope of
the current article and will be a topic of a separate report.

The differentiation among these three subpopulation solves
the problem of linking the macroscopic QY and the microsopic
iQY from eq 3. Within each subpopulation, the QDs are
similar enough in their optical performance, and thus we can
select a “typical” QD with its own iQY ηslow/fast in each
subpopulation. These iQYs will contribute to the overall eQY
as follows:
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em,
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slow
slow

fast
fast

slow fast dark= = =
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+ + (9)

where σexc is the excitation cross-section. Since the excitation
occurs to a higher-energy states in SiQDs, we can safely use
σexc,fast ≈ σexc,slow ≈ σexc,dark and, moreover, the ndark

subpopulation does not contribute to emission by definition
(ndarkηdark = 0). Thus, the eQY formula from eq 2 reduces to
the simple weighted sum of the iQYs of the radiatively active
subpopulations with the inclusion of dark QDs in the
denominator. Due to the overall small contribution of the

fast subpopulation to the observed light emission ( 1
n

n

fast
fast

slow
slow

), eq 9 can be written down simply as

D F D1 1E
slow slow

+ + + (10)

where D = ndark/nslow and F = nfast/nslow are the ratios of the
subpopulations of dark to slow and fast to slow QDs,
respectively.

This simple model visualized in Figure 3 gives us an estimate
of how the individual subpopulations influence eQY. In the
simplest case if ηslow = 1 and ηfast is not too high, it is necessary
that both D < 0.1 and F < 0.1 to obtain a hypothetical ideal
sample with ηE ≈ 1. Higher proportions of either the dark D or

Figure 3. Visualization of eq 10 for ηslow = 1. (a) Influence of the proportion of the dark-to-slow D and the fast-to-slow F subpopulations to the
external quantum yield. (b) The colored areas highlight possible combinations of F and D leading to selected quantum yield ranges.
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the fast F subpopulation of 3:1 or 12:1 then lower the eQY to
the range of 20−30% and 5−10%, respectively, even if the slow
channel is purely radiative (ηslow = 1).

This piece of information is key to understanding the
radiative performance. Sometimes, mostly in studies determin-
ing the iQY using the Purcell effect, only the slow
subpopulation is characterized.27,32 Indeed, when the iQY of
an SiQD ensemble is determined through the Purcell effect or
by using the methodology outlined in this article, the
determination always relies on microsecond PL decay
measurements. Therefore, the ndark (or the fast) subpopulation
is omitted and a potential “fully radiative” iQY ≈ 1 result then
only signifies the absence of any slow nonradiative channel,
without addressing the influence of the dark (or the fast)
subpopulation. Despite being a considerable step toward the
optimization of SiQD radiative performance, the potential
elimination of the slow nonradiative channel might not be the
factor determining the overall performance.

Looking at our own results, we can make an estimate, albeit
with a considerable margin of error of at least 30%, of the dark-
to-slow subpopulation ratio D by combining the approach we
use in Section 3.1 and the characterization of eQY and eq 10.
The results are listed in Table 1 with the values of D between 2
and 40, which are consistent with the proportion of dark
SiQDs in a sample reported elsewhere.32 The above analysis
does not take into account ensemble effects such as energy
transfers between the QDs. However, we expect the influence
of such effects to be minimal in our measurements, since we
use well-dispersed and diluted samples. In matrix-embedded
SiQDs, the situation can be different as their eQY depends,
among other things, on the thickness of SiO2 separation
layer.60

3.7. Factors Influencing Optical Performance. Using
all of the information gathered here on the optical performance
of the samples under study, we can now assess the influence of
various factors on their overall optical performance. We
showed that three of the samples, fabricated by synthesis in
nonthermal plasma, electrochemical etching and by the
disproportionation of HSQ (NTP-SiQD:C, etch-SiQD:Ob,
and HSQ-SiQD:C), are fully radiative in the long-lived slow
component (ηslow ≈ 1; see Figure 1c,d). Two of these samples
are dodecyl-passivated (HSQ-SiQD:C and NTP-SiQD:C) and
it is obviously the dark subpopulation that lowers their eQY to
26% and 6%, respectively. Thus, in this case, the dark
subpopulation is the determining factor. In the sample
fabricated by electrochemical etching and subsequently
oxidized without the deagglomeration procedure (etch-
SiQD:Oa) with lower iQY (ηslow

etch‑SiQD:Oa ≈ 0.2), the proportion
of dark QDs is roughly the same as in the best-performing
dodecyl passivated sample HSQ-SiQD:C. In this oxidized
sample, the overall eQY is decreased by the slow nonradiative
recombination in addition to the dark QDs by a factor of about
4×, implying that this time both the nonradiative pathways and
the dark QDs play a significant role. In the electrochemically
etched sample which underwent a deagglomeration treatment
(etch-SiQD:Ob), the treatment clearly helped curb the slow
nonradiative channels, which resulted in fully radiative PL in
the slow long-lived component (ηslow

etch‑SiQD:Ob ≈ 1), but at the
same time, the treatment exposed new unpassivated bonds.
These new bonds were repassivated, under the conditions of
the deagglomeration treatment, in a nonbeneficial way for the
overall QY, lowering the eQY through the introduction of dark
QDs to the lowest value of all the studied samples.

On the whole, dodecyl-passivated SiQDs have lower
amounts of dark QDs, which is in line with the generally
higher external quantum efficiencies reported in SiQDs
terminated with surface alkyl groups when compared to
oxidized SiQDs. Comparing the two dodecyl-capped SiQDs
samples in this study, it is even probable that the “type”
(activation procedure) of the hydrosilylation can influence D.

4. DISCUSSION
4.1. Importance of Averaged Lifetimes. Based on

experimental results, we put forward an emission-photon-
energy dependence of radiative lifetimes in the slow channel
from Figure 1d as the curve signaling “ideal” long-lived PL
lifetimes. The fact that these radiative lifetimes are
quantitatively the same regardless of the fabrication method
is nontrivial and highlights the generally shared PL properties.
The nonstandardized and sometimes even incorrect methods
of PL analysis, a problem which we aim to rectify in this article,
are one of the reasons why this universality of radiative
lifetimes had not been experimentally reported earlier.

In many samples, the measured τPL(λ) dependence closely
matches this ideal radiative curve, implying that the long-lived
recombination is fully radiative. The observed τPL

ideal(λ) behavior
is universal and is shared by different types of samples (matrix-
embedded or oxidized or capped with long alkyls), at least
within the margin of experimental error typical for the
determination of radiative lifetimes. We want to highlight
this striking resemblance, which proves that quantum confine-
ment affects different types of SiQDs in a very similar way.
Therefore, the observed universal τPL

ideal(λ) dependence can
serve as a benchmark to which the PL dynamics of a newly
prepared sample can be compared using relatively standard
equipment combined with the proper analysis. We do not a
priori rule out potential systematic deviations of different types
of samples from the observed behavior. However, such
potential deviations are the topic for further research, and we
propose that they are discussed in relation to this universal
framework, which will enable a much more meaningful
comparison of the optical performance across different types
of SiQDs and in sets of sample where one fabrication
parameter is being varied. Moreover, the presented results
also do not necessarily imply that the size dependence of the
radiative lifetimes τr(d) in all the sample types is the same,
because a different type of surface (oxide vs alkyls) or
embedding in a matrix61 can induce shifts in the size
dependence of the energy gap.

However, a crucial step in comparing the measured PL
decays of different samples is the use of the average lifetime τPL
from eq 5 rather than the typically reported stretched-
exponential decay lifetime τSE. In Section 3.5, we argue that
the calculated value of β can be distorted by the noise in the
data. In a fitting procedure, both β and τSE are determined at
the same time using a given decay curve, implying that noise
levels and data quality influence both of these parameters. In
other words, the calculated value of τSE can also fluctuate solely
as a result of noise in the data if the data are of insufficient
quality. On the other hand, the average PL lifetime τPL from eq
5 combining β and τSE is a much more robust quantity. If the
average PL lifetime is plotted, then the resulting trends are no
longer sensitive to small changes in noise levels and to the
overall quality of the data. This criterion alone confirms that
τPL is indeed a much more appropriate quantity to characterize
the PL decay than the combination of (τSE, β). Last but not
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least, the τPL value is independent of the applied decay model,
and therefore the results are directly comparable even if the
data are fitted as a combination of two or three single
exponentials with different lifetimes. Thus, τPL is especially
useful if there is some uncertainty about the PL dynamics and
lifetime dispersion in the sample. The usefulness of the τPL
approach is illustrated in Figure 2b, which directly compares
the lifetimes reported by independent laboratories on many
different types of samples investigated when presented by using
the τPL notation.

Thus, we deem it a good practice to report (i) the average
τPL of an PL decay rather than simply the τSE parameter, (ii) to
discuss the quality of the fit using the fit ambiguity parameter p
when addressing any underlying trends, and (iii) to consider
only larger changes in the dispersion parameter β using high-
quality data (p < 0.02). Following this recommended analysis
would allow for a much more meaningful comparison of results
reported by different laboratories and it would eliminate
potential discussions of false trends resulting solely from data
treatment.

The methodology we present here is clearly valid generally
for any material; however, the materials which would benefit
from this approach the most are those which exhibit significant
dependence of photoluminescence lifetimes on the emission
photon energy, which are typically indirect-bandgap materials.
We emphasize that in order for the methodology quantifying
the population of dark QDs D to work, the radiative lifetimes
of the material need to be determined by accurate methods
such as the measurement of the Purcell effect, as we discuss in
Section 3.2 for silicon. More generally, the application of
average lifetimes from Section S2 and fit quality assessment
from Section 3.5 and Section S5 are purely mathematical
concepts, and therefore, they are valid regardless of the
material under study.

4.2. Fully Radiative PL Decays and Their Stretched-
Exponential Character. The PL decay of a single QD is
assumed to be single-exponential48,57 and the non-single-
exponential character of ensemble PL is then caused by a
dispersion of a property in the ensemble.18,26,27,62,63 In the
long-lived PL of SiQDs, the non-single-exponential character
of PL decay is a common occurrence and was observed
throughout electrochemically etched SiQDs,64−68 SiQDs
prepared by high-temperature annealing of Si-rich SiO2
layers,26,54 and colloidal dodecyl capped SiQDs,27,28,37,69

even at low temperatures63 or in size-separated colloidal
ensembles.56 Despite a few exceptions,28,62 all the SiQDs in the
ensemble are often assumed to share exactly the same radiative
lifetime value at a given λ and only nonradiative lifetimes are
expected to vary on a dot-to-dot basis.27 Here, we want to
highlight the possibility of a different physical model, namely,
the variation of the radiative lifetime value in an ensemble of
SiQDs on a dot-to-dot basis as an alternative explanation of β
< 1 in fully radiative, and other, samples. Such a distribution of
radiative lifetimes, even if it contained only a few values, could
naturally explain β < 1 even if ηslow = 1, which is a situation
observed here and elsewhere.27

The reason why we expect a natural variation of radiative
lifetimes in an ensemble of SiQDs stems from the fact that in
reality, a QD is an extremely small crystal in which a large
number of structural arrangements of atoms are possible70 and
it is highly likely that more than one type of structural
arrangement, which we will refer to as the variations in “shape”,
will occur in an ensemble. Such structural variations were

considered even in theoretical calculations by Delerue et al.,48

who showed that this variation in shape results in a dispersion
in radiative lifetimes. The inclusion of shape variations by
Delerue et al.48 is in contrast to many theoretical reports that
only study a predesigned set of QDs differing in size without
considering the potential influence of the QD’s shape, such as
the one by Yassievich et al.55 Both these calculated trends are
compared to “our” ideal τPL

ideal(λ) curve in Figure 2b. Despite
the very satisfactory agreement of the PL lifetime values
obtained with both these calculations48,55 and our exper-
imental τPL

ideal(λ) curve, the lifetimes put forward by Yassievich
et al.55 disregarding the possible variation of shapes clearly
exhibit a different trend. Thus, including potential shape
variations leads to a description that is in better agreement
with experimental data, making it much more relevant for
experiments. Thus, analogically to the calculation by Delerue et
al.,48 we propose the physical interpretation of the universal
τPL

ideal(λ) curve reported on here as a quantification of the
optical behavior typical for a large number of QDs when
averaged over the whole ensemble even though natural dot-to-
dot variations in QD shape and consequently also τr are
present.

Yet another theoretical assessment of radiative lifetimes in
SiQDs supporting the possibility of dot-to-dot variation in τr is
the phenomenological estimation suggested by Greben et al.,28

also included in Figure 2b. Here, the radiative lifetimes were
calculated using the envelope function approximation, yielding
a very good agreement with our proposed τPL

ideal(λ) curve, and
the variation in τr is explicitly proposed as the most natural
explanation of the observed results.

4.3. Other Factors Influencing the Determination of
Radiative Lifetimes. There is a small (≈20%) difference in
the APL parameter of the theoretical calculations of radiative
rates by Delerue et al.48 and our proposed τPL

ideal(λ) curve. This
difference can be caused by the short-pulsed pulsed excitation
typically used to characterize PL decays, which selectively
excites only the faster-decaying SiQDs in an ensemble,53

leading to shorter lifetimes being obtained by the short pulsed
excitation than those characterizing the whole ensemble are.
(We opt for reporting the lifetimes resulting from the short-
pulse excitation rather than a long-pulse one because the short-
pulse excitation is the standard method to measure PL decays.)
In addition to this size-dispersion factor, the effect of the
surrounding medium on the measured lifetimes also needs to
be accounted for through the local field factor.48,53 We do not
take this factor into consideration in our analysis, however, the
effect of the surrounding medium is already included in all the
three theoretical approaches discussed here.28,48,55

4.4. Quenching Mechanisms of Dark Quantum Dots.
One question that naturally arises at this point is what
mechanism quenches the QD’s PL and renders it dark. Are the
dark QDs a result of the low degree of internal order in the
QD’s core, or is it the surface passivation where improperly
passivated sites act as PL quenching defects? Clearly, we are
unable to answer this question at this stage of research;
however, we can offer a speculation based on our results. The
lowest amount of dark QDs is present in the sample fabricated
by electrochemical etching from a highly crystalline Si wafer
(etch-SiQD:Oa), immediately suggesting that the quality of
the core is a very important factor. However, after a
deagglomeration treatment (etch-SiQD:Ob), which influences
the surface passivation, this ratio rises considerably, implying
that the quality of surface passivation can increase the number
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of dark QD. The question if the “background” level of D in the
QDs prepared from a highly crystalline Si wafer is due to
possible imperfections in surface passivation or simply a result
of varied shapes of QDs produced by etching cannot be
addressed at this point. Both the samples which were
fabricated through NTP synthesis, at least in our implementa-
tion, and are thus in general more likely to contain structural
imperfections, have their D higher than the electrochemically
etched one, albeit only to a small degree. This observation
would be in line with potential structural factors influencing
the dark-to-slow ratio. Thus, most likely both the structural
imperfections and suboptimal surface passivation can influence
the number of dark QDs and subsequently deteriorate the
overall PL performance. In order to shed more light on this
problem, a much larger database of fabrication protocols and
the corresponding optical performance including D and APL
would be necessary.

5. CONCLUSIONS
Based on a thorough comparison of the PL decays of several
types of samples and literature data, we put forward an
experimental observation that the typical slow PL decay is
often fully radiative in colloidal SiQDs. We propose an ideal
dependence of photoluminescence lifetimes on emission
photon energy, τPL

ideal(λ), which can be easily applied to other
samples in order to quantify potential deviations from this fully
radiative behavior. This ideal dependence is universal and is
shared by SiQD samples fabricated by different approaches,
but it only becomes evident when the average PL lifetimes are
compared. Despite the fully radiative PL decay, SiQDs do not
exhibit single-exponential PL decay, which we attribute also to
a degree of natural variations in radiative lifetimes within the
ensemble of QDs. Moreover, we discuss the limitations of the
interpretation of the dispersion PL decay parameter β and the
stretched-exponential lifetime and a possible overemphasis that
is sometimes placed on the β parameter by introducing a
measure helping to identify statistically significant trends in
collected data.

Even if fully radiative long-lived PL recombination is
achieved in SiQDs, the “slow” subpopulation still constitutes
only one out of (at least) three subpopulations of QDs in the
ensemble. In order to properly characterize and optimize the
PL performance of SiQDs, the effect of the other
subpopulations also needs to be assessed. Whereas the
influence of the fast subpopulation is often negligible, the
dark subpopulation can considerably affect the overall PL QY
of SiQDs. Using the knowledge of the universal radiative
lifetimes and external quantum efficiency, the relative
proportion of dark QDs (D = 2−40) in the SiQD samples
can be estimated, and its influence of the overall PL
performance is discussed. This simple approach provides a
methodology for a more in-depth discussion of the influence of
the synthesis and surface-passivation methods on the relative
population of dark SiQDs in an ensemble and thus the
mechanisms responsible for rendering SiQDs dark.

Even if we introduce this methodology for Si QDs, other
QDs, notably those with indirect bandgap and emission-
photon-energy dependent lifetimes, can benefit from this
approach provided that radiative lifetimes are determined using
a reliable method. Other purely mathematical concepts, such as
the average lifetimes in general or the fit-quality assessment,
are obviously applicable regardless of the studied material.
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