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ABSTRACT Spectrally resolved photoluminescence (PL) decays were measured for samples of colloidal,

Stretched-exponential
PL decay

ligand-passivated silicon nanocrystals. These samples have PL emission energies with peak positions in the

§888

range ~1.4—1.8 eV and quantum yields of ~30—70%. Their ensemble PL decays are characterized by a

stretched-exponential decay with a dispersion factor of ~0.8, which changes to an almost monoexpo-

Mono-exponential

nential character at fixed detection energies. The dispersion factors and decay rates for various detection PL decay
. . . N are IQE=1
energies were extracted from spectrally resolved curves using a mathematical approach that excluded the  ~~=>
effect of homogeneous line width broadening. Since nonradiative recombination would introduce a ~=
Time (us)

random lifetime variation, leading to a stretched-exponential decay for an ensemble, we conclude that the
observed monoexponential decay in size-selected ensembles signifies negligible nonradiative transitions of a similar strength to the radiative one. This
conjecture is further supported as extracted decay rates agree with radiative rates reported in the literature, suggesting 100% internal quantum efficiency
over a broad range of emission wavelengths. The apparent differences in the quantum yields can then be explained by a varying fraction of “dark” or

blinking nanocrystals.
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ilicon nanocrystals (Si NCs), which initi-

ally attracted attention due to their pos-

sible optoelectronics applications,' > are
ideal candidates for biomedical imaging
and diagnostic applications because of their
established nontoxicity, biocompatibility,
and material abundance.* ¢ Despite the
indirect band gap of bulk silicon, strong
visible luminescence is observed when re-
duced to nanometer size scale, originally
discovered in porous silicon over 20 years
ago.”® Throughout the ensuing decades
various optical properties of Si NCs have
been extensively studied,”'® including the
ensemble photoluminescence (PL) absolute
quantum yield (QY).""'? Reported QY values
differ from several percent for Si NCs em-
bedded in Si0,"*'* to about 60% for colloi-
dal NCs.">"® The QY, which is also referred to
as the external quantum efficiency, is de-
fined as the ratio of emitted to absorbed
photons by an ensemble of NCs and there-
fore includes all possible processes inside
the Si NC assembly. To gain a better insight
into the recombination mechanism, the inter-
nal quantum efficiency, IQE = I'/(T', + Ty,
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should also be determined, where I', and T,
are the PL radiative and nonradiative decay
rates, respectively. Unlike QY, this param-
eter describes the efficiency for only “bright”
nanocrystals and represents only the ON-
state efficiency for blinking nanoparticles.
“Dark” nanocrystals, characterized by very
efficient nonradiative recombination (e.g.,
due to the presence of defects), as well as
blinking nanocrystals in their OFF-state,"” still
contribute to absorption and accordingly
lower the QY. Thus, mathematically we can
express QY in terms of the IQE of individual
NCs and the blinking duty cycle 6 (fraction of
time in ON-state) as QY = (SX%0,IQE)/(Ngg +
Npar), Where Nggr and Np,y are the number
of bright and dark NCs, respectively.
Skryshevsky et al.'® reported an IQE ~ 8%
for porous silicon, almost double the total
QY, by measuring current changesina p—n
junction due to porous silicon photoemis-
sion. Recently, we obtained a similar value
of IQE ~ 9% for isolated single Si nanopar-
ticles prepared by lithography and oxida-
tion."® By a different approach, based on the
effect of photonic mode density on the
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radiative recombination rate, Walters et al?° and
Kalkman et al?' extracted I, and estimated ~40—80%
IQE for Si NCs embedded in SiO, prepared by ion
implantation and annealing. The exact wavelength
dependence of I', measured by this technique re-
vealed IQEs approaching even 100% for large nano-
particles emitting in a limited energy range (1.4—1.5 eV).?
From this we conclude that the IQE is very sample-
dependent for Si NC/SiO, systems, suggesting the
presence of a nonradiative process with a similar
strength to the radiative one, where the exact interplay
between these two in a given sample defines the IQE.
A possible source of this nonradiative process is an
interfacial state between Si and Si0,%>?3 or a defect in
the oxide shell.**

RESULTS AND DISCUSSION

In this work, we present PL measurements of fully
radiative, ligand-passivated Si NCs covering a broad
range of emission energies (1.2—2.2 eV). These are
colloidal nanocrystal dispersions derived from a sili-
con/oxygen compound, thus different from nanocryst-
als in an oxide matrix as discussed above. To find the
IQE, spectrally resolved PL decays (spectral resolution
AA =~ 3 nm) of Si NC ensembles were studied. The
intrinsic PL decay times t,; and dispersion factors f3;
of the stretched-exponential transients were extracted
for various detection energies (Eq4et) taking into ac-
count the homogeneous line width broadening effect.
A transition from stretched-exponential to monoexpo-
nential decay curve was confirmed for spectrally se-
lected luminescence. Furthermore, we have found that
the decay time decreases monotonically with increas-
ing energy (smaller NC size), as expected from quantum
confinement theory,® and coincides with radiative rates
reported from other studies,?” which indicates 100% IQE
in the studied Si NC dispersions.

Oxide-embedded Si NCs were synthesized by an-
nealing dried commercial hydrogen silsesquioxane
solution at 1100 °C in a slightly reducing atmosphere
with 5% H,. Hydride-terminated NCs were freed from
the oxide matrix using a well-established HF etching
protocol, functionalized with different ligands, and
purified prior to analysis.?® Compared to the other
techniques that afford spherical and pseudospherical
NCs,?”%8 size and morphology can be controlled more
precisely using the chosen method via rational varia-
tion of the processing time and temperature.?® Four-
teen various samples of Si NCs prepared with different
surface ligands using different passivation procedures
were evaluated optically. The NCs with highest and
lowest luminescence peak energy positions and decay
rates (samples A and F, respectively), as well as four
with intermediate emission energies and decay times
(samples B, C, D, and E), were selected for a detailed
study. These samples were labeled in alphabetic order
for clarity, as summarized in Table 1. Among these
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TABLE 1. Overview of the Samples Prepared via Different
Preparation Parameters, Labeled in Alphabetic Order

sample nominal nominal surface passivation
code label NC size ligands method
A INI-1P 3nm hexyl radical initiated
B 1100-34 3nm dodecyl photochemical
C StySi-14P 3nm dodecyl radical initiated
D 1100-30 3nm dodecyl thermal initiated
E INI-30 5nm methyl undecanoate  radical initiated
F INI-29 5nm methyl undecanoate  radical initiated

samples B, C, and D were dodecyl-passivated, while
samples E and F were passivated by methyl undecano-
ate, and sample A was passivated by hexyl groups.
All samples except B and D were functionalized
using radical-assisted hydrosilylation using azobis-
(isobutyronitrile) (AIBN)*® as a radical initiator, while
sample B was functionalized using photochemically
initiated hydrosilylation,>' and sample D by thermal
initiation.®

Figure 1a shows PL emission spectra and relative
absorption of selected ligand-passivated Si NCs. The
two samples with highest and lowest PL peak posi-
tions (A and F) have correspondingly different ab-
sorption edge onsets as well, with a typical relation
of the band-gap energy with the absorption onset
for Si NC ensembles.® The size distribution and uni-
formity of these NCs were verified by transmission
electron microscopy (TEM) imaging, as shown in
Figure 1b, with associated particle size histograms
in Figure 1c.

The results presented in Figure 1 indicate a shift
toward higher energies with decreased Si NC diameter
consistent with quantum confinement. Absolute quan-
tum yields of 14 samples of Si NCs as a function of their
emission peak position are shown in Figure 2, left. The
randomly distributed QYs of ~30—70% reveal that the
total luminescence efficiency is influenced by many
parameters (e.g., surface/interface defects introduced
by passivation/preparation methods) rather than only
NC size (emission energy). A detailed study on the
effect of surface passivation on QYs of such Si NCs is a
subject of a separate study, and here we focus on the
IQE of such nanoparticles. Figure 2, right, presents PL
decay times and dispersion factors of Si NCs passivated
with different ligands. Consistent with previous reports
for ensembles of Si NCs,*? the PL decays take the form
of a “stretched-exponential”, I = Iy exp(—(t/r)ﬁ) where T
and fJ are the lifetime and dispersion factor, respec-
tively (inset in Figure 2). In contrast to fast decays (ns or
ps) of emission of Si NCs reported in the literature,
which was ascribed to molecular-like structures,
defect sites,* or hot exciton recombination,®® here
ensemble PL decays are in the microsecond range,
corresponding to quantum-confined transitions.>® Re-
cently we demonstrated that a single nanocrystal
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Figure 1. (a) PL emission spectra of various ligand-passivated Si NCs at room temperature (PL line width and peak position are
independent of the excitation wavelength). Relative PL absorption of Si NCs with maximum and minimum luminescence
energy peak positions (samples A and F) is shown in the same plot. (b) Bright-field TEM images of Si NCs drop-cast onto
amorphous SiN membranes (A to the left and F to the right) with (c) histograms showing corresponding average size

distributions of ~3 and 5.5 nm, respectively.
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Figure 2. (Left) Absolute PL quantum yields of 14 samples of Si NCs with different ligands and passivation procedure versus
their emission energies. Error bars represent the uncertainty due to the system response calibration and low absorption in the
samples. (Right) PL decay times (solid symbols) and dispersion factors 3 (empty symbols), as a function of emission energy,
extracted from a stretched-exponential fit to the PL decay data. Examples of stretched-exponential decays for samples A and

F are shown in the inset.

exhibits a monoexponential decay in the micro-
second range;*’ from this we conclude the stretched-
exponent of the ensemble can be interpreted as a
linear combination of individual decay curves. In this
context, the dispersion factor 8 (0 < 5 < 1) represents
the measure of individual rate variation in the sample
(the smaller the B, the larger the dispersion).3® Here the
ensemble PL decay times were in the range 45 to 90 us,
and the dispersion factor is ~0.8 for all the samples as
seen from Figure 2, right. Note that these PL decay
times are longer than those we previously reported
(5—45 us) for single Si dots with a thick oxide shell*’
where the IQE is ~9% due to the low oxidation
temperature used (900 °C)."°

The results of the standard optical and structural
characterization of ligand-passivated Si NCs discussed
above are typical for this material system.>® We now
turn the discussion to the determination of IQE in
the present samples using spectrally resolved PL decay
measurements. Figure 3 shows PL decay curves of
sample F, normalized to the corresponding measured
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lifetime 7, obtained for the whole ensemble (black)
and detected at Ege; = 1.82 eV and Egec = 1.51 €V (blue
and green, respectively). From Figure 3 it is clear that
the measured dispersion factor f3, is larger (between
~0.85 and 1) in the case of spectrally selected detec-
tion, and the actual 5, value depends on energy (solid
black triangles in Figure 3, inset), deviating more from
unity at larger detection energies (Eq4et). The same trend
and absolute values were observed for sample A
(Figure S1) as well as for Si NCs embedded in SiO,,*
while the absolute values are lower (open triangles in
the inset of Figure 3). Considering that the homoge-
neous line width of the PL from ligand-passivated Si
NCs is quite broad at room temperature (~200 meV),>
the NCs with the emission energies close to the detec-
tion energy contribute to the measured signal as well
and influence the measured decay parameters 7y, and
Bm for a given Ege.. From Figure 2b one can note that
NCs with larger emission energies have shorter life-
times. Thus, the deviation of j,,, from unity at larger
emission energies can be intuitively understood
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Figure 3. PL decays (open symbols) and related stretched-
exponential fit (solid lines) of sample F, normalized to
corresponding lifetime values (7o), for the full ensemble
of Si NCs (black), and at detection energies of 1.82 and
1.51 eV (blue and green, respectively). A monoexponential
function is also plotted for reference (gray line). The disper-
sion factor S, is clearly larger for the spectrally selected
decays. The inset shows [3,,, extracted for different detection
energies (filled black triangles) and S;,,, simulated (without
any fitting parameters) considering the effect of homo-
geneous broadening (red solid line). 3, values of Si NCs
implanted in Si0,*° are also shown (open triangles) for
comparison.

considering that for shorter lifetimes the relative varia-
tion in contributed lifetime 7y;(¢) values from neighbor-
ing color nanocrystals is larger, resulting in a stronger
dispersion (i.e., lower f5). On the other end of the
detection energy range, relative variations in 7g;(e)
values are small and S maintains its close to unity
intrinsic value, being only little affected by contribu-
tions from spectrally adjacent nanocrystals. The exact
effect of this contribution has been evaluated numeri-
cally using a known ensemble emission spectrum,
lifetime energy dependence, and homogeneous line
width values as described below.

The measured ensemble emission spectrum can
be very well fitted by a Gaussian function (e.g., with
adjusted R-square = 0.987 for sample F, Figure 1a) and
represents the distribution of nanocrystals with differ-
ent emission energy &:

_ 2
lens(€) =~ exp ( -2 (EEO)> (1

wgns

where wens is the width of the ensemble distribution
(wens ~ 270 meV, cf. Figure 1a) and E, is its peak
position. Then the intensity of nanocrystals with differ-
ent emission energy ¢ that contribute to the detected
signal at energy Ege: is given by

2
lget(€) = lens(e) exp < -2 M) 2)

2
Dhom

where wphom is @ homogeneous peak width (whem =~
200 meV).*® Finally, the measured decay curve as a
function of time for a given detection energy lye(t) ~
exp(—(t/TOm)ﬁ’") is a combination of individual decays,
~exp(—t/tgi(¢)), of all contributing nanocrystals with
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emission energy ¢ and intrinsic lifetime 7y;(¢):

Jaer(t) = / Jiet(£) €xp ( - IL(S)> de 3)
0i

where integration, in general, should be taken over
the whole emission spectrum. Collecting eqs 1-3 we
get the following expression:

e —E))?  (Eqer — &)?
laex(t) =~ / exp| —2 ( _ o) +( det2 )
w whom

ens

t
X exp ( - Toz(€)> de (4)

Thus, it is possible to numerically construct a decay
curve for a given detection energy using experimen-
tally obtained luminescence parameters £y, wens, and
Whom and known 7g;(e).

In practice when a decay time (tq,,) is measured, the
homogeneous line width effect is already included in
the data. Thus, in order to extract intrinsic lifetime ()
values, it is necessary to solve an inverse problem. We
carried out this procedure by assuming an intrinsic
lifetime 7yi(¢) close to the measured one 7om(c) and
then comparing the simulated decay lifetimes to the
measured ones. This procedure was repeated in sev-
eral iterations until the assumed intrinsic 74(e) led to
the measured decay lifetimes 7on(€) as an effect of
homogeneous broadening. Then we have simulated
the exact shape of decay curves at different Ege:
according to eq 4 and obtained dispersion factors
Bsim(Eger). The simulated dispersion factors gy, are
shown as a function of the detection energy as a red
line in the inset of Figure 3. As seen from Figure 3, the
Bsim Values exhibit the same energy dependence with
nearly identical absolute values as the experimentally
obtained f,. Note that there were no fitting param-
eters used in the simulation procedure. Thus, the
only reason for the observed deviation of ,,, from unity
is the homogeneous broadening, and we have suc-
cessfully reproduced our data using a strict emission
energy—size correlation with intrinsic Si(Eger) = 1. In
this way by excluding the homogeneous line width
broadening contribution into the measured decay
signal a size selection method has been applied here
mathematically without physical size separation of
nanocrystals. In fact, through the introduced numerical
method, the spectrally resolved decays of Si NCs were
mathematically converted to size-selected decays.
Therefore, the expression of “size-selected Si NCs” used
in the article is referred to the mathematical exclusion
of the homogeneous line width broadening in spec-
trally resolved measurements.

The lack of lifetime dispersion in size-selected en-
sembles of ligand-passivated Si NCs is an important
result, indicating that there is no room for a random
lifetime variation for a given energy, as would be the
case for an appreciable nonradiative recombination
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Figure 4. Schematic of the impact of various PL recombina-
tion channels on the shape of the PL decay curve of a (a)
single and (b) size-selected ensemble of Si NCs with IQE < 1
and with (c) IQE = 1. The star-like symbols illustrate adjacent
to NCs defect sites, considered as the likely origin of a
microsecond nonradiative process. Dark NCs are shown as
black circles. Goy(, Iy, and I',,, are excitation, radiative, and
nonradiative decay rates, respectively. Corresponding lu-
minescence intensity decay formulas are also shown for
each case.

effect (as indeed observed by single-dot measure-
ments of oxide-passivated Si nanocrystals).>” For clarity
we have illustrated the impact of the PL lifetime
variation on the decay curve shape for a single and
for a size-selected ensemble of Si NCs in Figure 4. In
general, in Si NC systems the nonradiative channels
can be classified into three categories: (i) fast non-
radiative transitions (e.g., Auger process with a decay
time of ~10 ns)* due to dangling bonds, defects,
etc,”'* which make nanocrystals dark; (i) nonradia-
tive channels with the decay rate similar to the radia-
tive one,®” which consequently affects IQE; and (iii)
slow nonradiative transitions (e.g., blinking with char-
acteristic times of seconds or even minutes).'”” Dark
circles and star-like symbols in Figure 4 are illustrations
of type (i)/(iii) and type (ii) nonradiative channels,
respectively. Figure 4a depicts the monoexponential
characteristic of a single Si NC, which may contain
various nonradiative transitions degrading the IQE. The
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decay here is monoexponential®” for any IQE since the

exciton has simultaneous access to all possible recom-
bination pathways, and the total decay rate is the sum
of various individual rates as shown in the formula
below Figure 4a. For any subset of nanocrystals, how-
ever, the presence of two competing recombination
channels (Figure 4b) will inevitably introduce disper-
sion in the total decay rate due to small structural
variations in nanoparticles and hence varying access to
these channels for e—h pairs in different nanocrystals
(.9, T'ni # Lz or I3 = 0 as shown in Figure 4b). In
that case the dispersion factor 8 would not reach unity
for spectrally resolved ensemble decay curves since
here the summation goes over individual decays with
different total rates as expressed in the formula below
Figure 4b. This situation corresponds to the case of Si
NCs embedded in an oxide matrix, where the highest
reported value for the measured dispersion factor in
size-selected ensembles was only 5, = 0.75 (open
triangles in the inset of Figure 3).3¢ The absence of
any competitive nonradiative channels in size-selected
ensembles of Si NCs (Figure 4c) results in a near unity
f as the outcome of the mathematical summation of
individual monoexponential decays with the same PL
lifetimes, which is the case observed in the current
study (cf. Figure 3). Thus, the lack of dispersion in decay
rates is conjectured here as a strong indication of 100%
IQE considering the microscopic physical structure of
defects (cf. Figure 4b and c). However, strictly speaking
this is not a mathematically correct conjecture since for
a hypothetical case of the same nonradiative channel
for all nanoparticles with a given energy the decay
curve would be monoexponential as well. To eliminate
this possibility and to verify our conjecture indepen-
dently, we compared the total intrinsic PL decay rates
at various detection energies measured here (for sam-
ples A and F) with radiative decay rates measured for Si
NCs from the literature.

Values of the total recombination rate I'y(g) = 1/74;(¢)
of samples A and F, obtained by correction for the
homogeneous broadening effect as described above,
are shown in Figure 5. The clear energy dependence
of T’y is evident, where these two samples spectrally
complement each other over a wide energy range with
a partial overlap. This shows that the decay rates are
sample independent and are influenced only by NC
size (i.e., the quantum confinement effect),?® assuming
that the NCs are spherical, and thus no shape effects
are taken into consideration. In the same figure the
radiative and total recombination rates for Si NCs
extracted from variable optical mode density measure-
ments are plotted.?? The total recombination rates of Si
NCs obtained here coincide with the reported radiative
rate values from ref 22, suggesting near-unity IQE for
the present ligand-passivated particles. Thereby we
confirm the conjecture that the IQE in these ligand-
passivated samples must be close to 100% in the full
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Figure 5. PL decay rates of samples A and F (triangles)
obtained from spectrally resolved PL decay measurements
at indicated energies. Corresponding PL decay times 7g;(¢)
were extracted by taking into account the homogeneous
broadening effect. Previously reported radiative (rectangles)
and total recombination rates (circles) of Si NCs embedded in
SiO, are plotted with open symbols,?? for comparison. The
radiative rates of Si NCs in SiO, coincide with the measured
total rates for both of the ligand-passivated Si NC samples.

range of emission energies. The fact that the radiative
rate is the same for ligand- and SiO,-passivated nano-
crystals is not surprising, considering that the lumines-
cence measured in both cases originates from the
recombination inside the Si nanocrystal core, as evi-
dent from the typical microsecond lifetime (Figure 2,
right) and the effect of core size on the peak position
(Figure 1).

It was shown that the IQE for oxide-passivated silicon
nanocrystals deviates from unity, suggesting the pre-
sence of a type (ii) nonradiative channel (comparable in
strength with the radiative one) in that system 223743
In contrast, here we report IQE = 100% for Si NCs
passivated with different ligand molecules in a full
emission energy range, in which the nonradiative
recombination channels of this type seem to be totally
suppressed. A partial coverage of nanocrystal surface
by oxygen molecules was confirmed here by FTIR

EXPERIMENTAL DETAILS

PL emission and absorption spectra as well as absolute
QY were measured in a home-built apparatus based on
the integrating sphere method.** It consists of a laser-driven
xenon plasma white-light source (Energetic) with a wavelength-
selecting monochromator for the excitation, 6 in. diameter
integrating sphere (Labsphere), and thermoelectrically cooled
CCD camera (Princeton Instruments) connected to a spectrom-
eter for the detection. The excitation and detection signals
were coupled to and from the integrating sphere by optical
fibers. Before measurements the system response curve was
evaluated using the same monochromatic light source cali-
brated with an optical power meter. It was done for the same
spectrometer grating central wavelength positions as for actual
measurements. Spectra for the sample and the reference solu-
tions (toluene) were corrected for system response and sub-
tracted from each other. Absolute QY is defined as the ratio
between the number of absorbed and emitted photons, eval-
uated by integrating the resulting excitation and luminescence
peak, respectively. The apparatus was tested by measuring
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measurements (Figure S2); hence a thick oxide shell
is probably required to facilitate such a transition. Thus,
the defect responsible for the nonradiative transition in
the Si/SiO, system is most likely located inside the
oxide shell. This can explain the relatively low rate of
this transition since a carrier tunneling from the core
would first be required for such a nonradiative recombi-
nation to occur, as illustrated in Figure 4b. So the simila-
rities in the behavior of ligand- and oxide-passivated
nanocrystals (Figure 5) originate from the recombination
mechanism taking place in the silicon core; the differences
in their optical performance (Figure 3) come from the
passivating layer, more specifically from the associated
defect sites, resulting in inferior IQE in the case of
oxide-embedded nanocrystals.

CONCLUSIONS

In conclusion, spectrally resolved PL decay measure-
ments were performed on various ligand-passivated Si
NCs, and the PL decay parameters were extracted for
different detection energies. A numerical method was
suggested to apply mathematical size-selection and
extract corresponding intrinsic size-dependent recom-
bination rates and dispersion factors. It was found that
the total decay rates, measured for specific emission
energies, originate purely from the radiative recombi-
nation process. This is inferred from the extracted near-
unity dispersion factors for size-selected ensembles
supplying strong evidence of 100% internal lumines-
cence efficiency of such Si NCs. The wavelength-
independent near-unity IQE in ligand-passivated silicon
nanocrystals makes this system superior to the oxide-
embedded particles, where oxide-related defect states
are known to substantially reduce the IQE in smaller
nanocrystallites. We find this a remarkable observation,
and thus further activities could be focused on increas-
ing the fraction of bright nanocrystals, which would be
beneficial for applications.

Rhodamine 6G with a nominal QY value of ~95%,* yielding
QY =90—100% when excited within the Rhodamine 6G absorp-
tion band. For additional system validation, sample E was also
tested in the University of Amsterdam, yielding QY = 47—55%,
similar to the values reported here (cf. Figure 2, left). Another
sample of ligand-passivated Si NCs with a measured here QY
of 35—40% was independently tested in the commercial
Hamamatsu Quantaurus-QY C9920-03 apparatus, resulting in
a similar value of ~34%. Quantum yields were found to be
independent of the excitation wavelength in accordance with
the Kasha—Vavilov rule (cf. Figure $3)%1n absorption measure-
ments no wavelength selection was applied after the broad-
band excitation source. Transmitted white-light spectra through
the integrating sphere with and without mounted sample solu-
tion were subtracted and normalized to the latter to get the
relative absorption curve of the sample.

For PL decay measurements (spectral resolution AA ~ 3 nm),
Si NC solutions in Suprasil quartz cuvettes were excited by
a 405 nm laser beam, with the excitation power density of
2 W cm™2. The excitation pulse width and frequency were

VOL.9 = NO.7 = 7097-7104 = 2015 K@LNMLJ\)\

WWwWW.acsnano.org

7102



altered between 100—500 us and 0.5—10 kHz, respectively,
depending on the selected detection energy. An avalanche
photodiode (Becker & Hickl, DPC-230) was used after a spectro-
meter (Andor Shamrock 500) in order to detect the emitted
PL photons collected by a 10x objective lens (NA ~ 0.25).
Post binning was applied to the measured PL decay data to
improve signal-to-noise ratio. For transmission electron micro-
scope characterization sample solutions were drop-casted on
~15 nm thick amorphous SiN membranes and imaged in a
bright-field mode in a JEOL 2100 microscope using a 200 kV
electron beam.
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