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T
he tunable emission enabled by quan-
tum confinement imparts semicon-
ductor nanocrystals with a unique

band gap photoluminescence (PL) that
shows considerable promise for fluorescent
tagging and sensing applications.1,2 By far,
the most widely and deeply studied materi-
als in this regard have been the metal chal-
cogenides such as CdSe, which offer ex-
cellent quantum yield, broad color access,
fast lifetime, narrow linewidth, and improved
photoluminescent stability over conven-
tionalfluorophores.3 Although suchmaterials
are commercially available, easily endowed
with specific biochemical functionality, and
are presently being used with a remarkable
degree of effectiveness, an element of un-
certainty regarding the potential toxicity of
the metal chalcogenides4�6 has generated
a significant amount of activity directed at
finding nontoxic earth-abundant alterna-
tives. In this regard, nanocrystalline silicon

has emerged as a material of considerable
current interest.
Silicon nanocrystals (SiNCs) synthesized

through a variety of plasma-assisted7�11 or
solution-based12�17 chemistries exhibit
tunable PL across the visible to the near-
infrared.16�20 Once imparted with colloidal
stability through ligand passivation or other
surface treatment, SiNCs can be separated
by size to yield monodisperse colloidal sus-
pensions.21�24 In terms of PL, the potential
utility of these materials has already been
demonstrated for a range of bioimaging25�27

and responsive polymer nanocomposite28�30

applications. Nonetheless, there are a num-
ber of unresolved questions related to the
role of surface states,31 the interplay of quan-
tum confinement and the indirect band gap
of silicon,32 and the impact of particle inter-
actions on PL.33,34 In terms of the latter, an
intriguing trait recently reported for nano-
crystal “solids” assembled from colloidal
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ABSTRACT Close-packed assemblies of ligand-passivated colloi-

dal nanocrystals can exhibit enhanced photoluminescent stability,

but the origin of this effect is unclear. Here, we use experiment,

simulation, and ab initio computation to examine the influence of

interparticle interactions on the photoluminescent stability of silicon

nanocrystal aggregates. The time-dependent photoluminescence

emitted by structures ranging in size from a single quantum dot to

agglomerates of more than a thousand is compared with Monte Carlo

simulations of noninteracting ensembles using measured single-

particle blinking data as input. In contrast to the behavior typically exhibited by the metal chalcogenides, the measured photoluminescent stability

shows an enhancement with respect to the noninteracting scenario with increasing aggregate size. We model this behavior using time-dependent density

functional theory calculations of energy transfer between neighboring nanocrystals as a function of nanocrystal size, separation, and the presence of

charge and/or surface-passivation defects. Our results suggest that rapid exciton transfer from “bright” nanocrystals to surface trap states in nearest-

neighbors can efficiently fill such traps and enhance the stability of emission by promoting the radiative recombination of slowly diffusing excited electrons.
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SiNCs is an ensemble brightening under continuous
excitation, where the emission and PL lifetime exhibit
a temporal increase instead of the usual photo-
bleaching.21 Similar behavior has also been observed
in the metal chalcogenides, where it has been attrib-
uted to dark-state passivation mediated by mobile
photoexcited electrons.35 In a much broader view,
energy transfer from nanocrystals to polymers, dye
molecules, or other acceptors is a topic of considerable
current interest.36�39

A fundamental understanding of such phenomena
must start with the smallest distinct element: the
emission from an individual nanocrystal. Like all fluor-
ophores, semiconductor nanocrystals exhibit fluores-
cence intermittency or “blinking”, whereby the PL
randomly switches between bright (on) and dark (off)
states.40�46 The off state of a semiconductor nano-
crystal has commonly been associated with charge/
ionization states and subsequent Auger-assisted re-
combination. However, recent insight from controlled
electrochemical studies on CdSe suggests two distinct
blinking mechanisms: a charging/decharging of the
nanocrystal core, where low PL correlates with shorter
lifetime, and a second mechanism in which electron-
accepting surface states intercept “hot” electrons be-
fore they can radiatively relax into the core.42 These are
delineated A-type and B-type blinking, respectively.
Interestingly, both mechanisms can be electrochemi-
cally suppressed by the application of an appropriate
potential.42 An even higher level of complexity is sug-
gested by the recent observation that the emission
time trace of a single nanocrystal is not just binary, but
can be multileveled in a manner that reflects the
potentially complex energy landscape of surface trap
states.47 A significant amount of information related to
nanocrystal blinking and photostability is thus con-
tained in the time-dependent emission.48�55

Here, we use experiment, simulation and ab initio

computation to examine the influence of interparticle
interactions on the photoluminescent stability of SiNC
aggregates. To the best of our knowledge, this is the
first in-depth study of the blinking behavior of ligand-
stabilized colloidal SiNCs, either as individuals or as a
collective. The time-dependent PL emitted by struc-
tures ranging in size from an isolated SiNC up to dense
assemblies containing thousands of nanocrystals is
measured at varied excitation power and particle-size
homogeneity. Measurements as a function of aggre-
gate size are compared with Monte Carlo (MC) simula-
tions of noninteracting ensembles that employ mea-
sured single-particle blinking data as input. In contrast
to the behavior typically observed for CdSe, we find
a significant stabilizing effect with respect to the
noninteracting scenario, which we model using den-
sity functional theory (DFT) calculations of energy
transfer between neighboring nanocrystals as a func-
tion of SiNC size, separation, and the presence of

charge and/or surface defects. Our results suggest that
rapid exciton transfer from “bright”nanocrystals to trap
states in nearest-neighbors can efficiently fill such traps
and enhance the PL stability by promoting the radiative
relaxation of slowly diffusing excited electrons.

RESULTS AND DISCUSSION

We consider both a parent material (denoted AP)
and a monodisperse fraction (denoted F) of compar-
able mean size (4 nm) as determined by transmission
electron microscopy (TEM). Both have peak PL emis-
sion near 750 nm and a particle size in the vicinity
of the exciton Bohr radius of silicon.21 Blinking as a
function of timewasmeasured over long intervals with
large ensembles for each sample type (F vs AP) at both
low (LP, 140 W/cm2) and high (HP, 5000 W/cm2) power
under 473 nm CWexcitation. Although a single emitter
can be identified throughphoton antibunching in the PL
intensity autocorrelation function,38 we seek to discrimi-
nate intensity as a function of aggregate size over very
long time scales and thus benefit from a different
approach that relies on real-space verification of the size
of the emitter. Some typical results are shown in Figure 1.
The smallest resolvable feature in atomic force micro-
scopy (AFM) was identified to be a single SiNC by using
successively smaller AFM scans while deconvolving the
contribution of the tip profile from the height signal.
Details are given in the Supporting Information.
Typical blinking sequences are shown in Figure 1d

for a range of emitter size. For an accessible description
of the on/off statistics in light of the complex emission
dynamics anticipated for an aggregate, we first render
these time traces into binary on/off sequences in the
usual way through a threshold intensity set to exclude
backgroundnoise. Examples canbe found in Figure 1d,e.
The equivalent binary waveform then yields on and
off statistics, as shown in Figure 2 for the on times
under a variety of conditions. Additional distributions
are shown in the Supporting Information. The distribu-
tions are mostly power laws, with a small number of
truncated power laws of the form p(t) � t�R exp(�t/τ).
A table of the relevant fitting parameters is given in the
Supporting Information (Tables S1 and S2). The expo-
nentR decreases with increasingN and varies between
1.5 and 3, where the larger end is likely influenced by
uncertainties associated with the cutoff. For single-
nanocrystal emission, the nature of such power laws
has been shown to depend on the precise choice of
threshold and binning.56,57 Although this is not a
critical issue for the brighter aggregates, we none-
theless avoid relying exclusively on these fitting param-
eters to drawmeaningful conclusions. In Figure 2a,b, the
dashed curve for N = 16 is the behavior obtained by
summing 16 single-dot (N = 1) time traces, which is well
below the measured on-time distribution for N = 16.
The variousmoments of these distributions (Figure 3)

are revealing and typically scale in a power-law fashion
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as Nβ, where a table of the exponents can be found in
the Supporting Information (Table S3) along with addi-
tional quantities (Figure S6, Supporting Information).
The general trends are better stability and longer on
time at lower excitation power and lower size disparity.
Focusing on the fraction at low power, we can again
compare the measured behavior with that anticipated
for N independent single emitters (green curves,
Figure 3) which now includes both MC simulations
(dashed green) and the behavior obtained by summing
N measured single SiNC time sequences (solid green).
The MC simulations are indeed consistent with the inte-
grated N = 1 experimental results, but both differ from
the measured behavior, as can be seen by comparing
the green curves (no interactions) with the black curves
(measured) in Figure 3. This difference is most mean-
ingful for the average on time (Figure 3a) since the
maximal values will depend on the particular measured
N = 1 traces chosen for size integration.
With the exception of Figure 3a, the exact values of

the exponents in the power-law trends do not vary

drastically with excitation power or size homogeneity,
but there are large differences in the amplitude of the
effect. The behavior at higher excitation power reflects
the fact that we are operating in a regime of very few
emitters compared to the number of incident photons,
and more emitters are thus being driven into dark
states at higher photon flux through rapid and re-
peated excitation. In terms of interaction effects, the
data in Figures 2 and 3 suggest that aggregates are
more stable than the same number of individuals
regardless of size distribution. On top of this, however,
the data suggest that such interaction effects are
enhanced for narrower size distributions (Figure 3a).
As detailed in Figure 4, the same trends can be seen

in the autocorrelation function of the time-dependent
emission: c(t) = ÆI(t0)I(t0 þ t)æ/ÆI(t0)I(t0)æ, where the brack-
ets denote an averageover t0. This is determineddirectly
from the background-corrected PL intensity and is thus
independent of on/off binning or binarization.58 For
each N in Figure 4, the data represent an average over
many features of identical (for N = 1 and small N) or

Figure 1. (a) TEM image of a single SiNC (1 nm scale). (b) TEM image of a packed assembly of monodisperse 4 nm diameter
SiNCs. (c) AFM scan showing SiNCs clusters of varied size, including a large cluster used as a coordinate reference point.
(d) Typical time-dependent PL traces collected for variedN. (e) Binary fluorescent signals from panel (d) based on an intensity
threshold as depicted in the inset for N ≈ 200.

Figure 2. (a)On time statistics for a collection of as-produced (AP) SiNC aggregates of sizeN = 1, 16, and 750 at low excitation
power and (b) a similar plot obtained for a monodisperse fraction (F). The dashed curves in (a) and (b) are the N = 16
distributions tabulated from 16 independentN = 1 blinking traces. (c)On time statistics for themonodisperse fraction and AP
material at low excitation power and the fraction at high power, where the data include all N. Distributions are normalized to
p = 1 at ton = 0.1 s.
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comparable mean (for much larger N) size. For small N,
c(t) decays to zero with increasing time because there
is no long-t correlation in the intensity. For large N,
the abrupt late-t cutoff reflects the finite size of the
sampling interval, and we thus limit our quantitative
analysis to t < 10�102 s. Figure 4a,b suggests a cor-
relation time that increases with increasing aggregate
size and decreasing power, which we quantify by first
considering projections of c(t) onto the N axis at varied
time. All such projections can be scaled onto a single
master curve by defining a time-dependent critical
size, Nc(t), as shown in Figure 4d,e. All scenarios
show the same power-law dependence; Nc � tγ with
0.9 < γ < 1. What differs is the proportionality constant,
which increases by a factor of 3 from F-LP to AP-LP and
by nearly a factor of 40 from F-LP to F-HP. Physically, Nc

is theminimum size exhibiting emission stability over a

time interval t. For long time intervals, only clusters
much larger than Nc exhibit stable emission. This is
evident in the Fourier transform of c(t) [the spectral
power density, S(ω)], which exhibits a low-frequency
divergence for the largest N (Figure 4f, F-LP). The
linearity of Nc as a function of time is also evident in
logarithmic intensity plots of c(t) in the t-N plane, as
shown in Figure 5a�c.
The results of Figures 4e and 5 are revealing. The

spin-coating process creates assemblies that tend to
be coplanar (Figure 1c), so there is a simple average
relationship between cluster size, N, and cluster length
scale, R, with N � R2. Figure 4e shows that Nc is nearly
linear in time, which implies Rc

2 ≈ 4Dt with a diffusion
coefficient, D, given by the proportionality constant in
Figure 4e. Specifically, we find D ≈ 10 nm2/s (F-LP),
45 nm2/s (AP-LP), and 370 nm2/s (F-HP). The increase in

Figure 3. (a) The mean on time, (b) the maximum on time, and (c) the integrated intensity as a function N. In each panel, the
green curves are the equivalent quantity computed from the appropriate number of individual (N=1) SiNCs for the fraction at
low power (F-LP) based on both measurement (solid) and MC simulation (dashed).

Figure 4. Fluorescence autocorrelation function c(t) as a function of N for (a) the as-produced (AP) material under low
excitation power, (b) the fraction (F) under low excitation power, and (c) the fraction under high excitation power. The color
legend for N is shown below the graphs. (d) Scaling plot of the N-dependence of c(t) for each scenario at the indicated times
(0.1, 1.0, and 10 s) in terms of a single time-dependent scaling parameter Nc. (e) The time dependence of Nc for each scenario
and (f) the N dependence of S(ω) for the F-LP data shown in panel (b).
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D between F-LP and F-HP (∼35�) mirrors the increase
in excitation power, implying that the diffusion coeffi-
cient is proportional to fluence. Because c(t) obtained
from a sum of N single (N = 1) emitters does not
show this enhanced correlation (Figure S7, Supporting
Information), we further infer that Nc(t) is determined
by SiNC interactions. Diffusion-controlled processes
have previously been identified in the blinking of CdSe
nanocrystals,43 but to our knowledge this is the first
time they have been reported for silicon. Here, we note
that the scaling in Figure 4d implies an analogous
scaling in terms of t/τc(N), where τc � N/D � R2/D is a
correlation time. Fits of τc (the time required to decay
to 1/e) as a function of N are shown in Figure 5d. The
physical interpretation of projecting the data in this
manner is that aggregates in an on state at t = 0 are still
likely to be on at t= τc, where τc increases nearly linearly
with size. A final piece of insight comes from the
supporting movies (Movies 1 and 2), which show that
aggregates turn off abruptly (faster than∼100ms). This
implies that the temporal decay of c(t) at fixed N arises
from a statistical superposition of different on times
and not from a gradual on�off transition.
Taken collectively, the experimental data reveal

some important and surprising trends. First and fore-
most, SiNC aggregates exhibit enhanced PL stability,
regardless of the magnitude of the excitation power or
the narrowness of the size distribution. The causal role
of defects,59�61 surface trap states,62�65 and charge66�72

in the PL intermittency of quantum dots is well docu-
mented, and the logical conclusion is that nearest-
neighbor SiNCs “passivate” each other by reducing the
collective number of surface trap states available to the
ensemble. An attractive way to explain this would be
through a transfer scheme in which excitons from a
“bright” nanocrystal occupy the trap states of a “dark”
neighbor. Second, higher excitation power reduces but
does not eliminate this collective trend. The higher the
flux of incident photons, the more frequently a given

nanocrystal will be excited across the band gap and the
more likely the relaxing electron will encounter a trap
state, but nearest neighbors still provide a stabilizing
effect. Third, size disparity reduces this collective en-
hancement through disorder in the band gap energy,
which has been shown to slow down exciton transport
through close-packed lattices.73

Although the above ideas are intuitive, they require
a computational foundation. Toward this end, we used
time-dependent DFT (TD-DFT) to compute inter-SiNC
energy-transfer rates for scenarios relevant to the
experiments. A DFT-based approach was recently used
to study the role of dangling-bond defects in the
blinking behavior of individual oxidized SiNCs.74 These
studies confirm the presence of hot-electron traps in
oxidized SiNCs, which are important for B-type blink-
ing. While this approach74 treats an excitation as an
unbound electron�hole pair, recent calculations75

show that excitonic effects are much stronger in SiNCs
than in bulk Si, and they cannot be neglected for
energy-transfer calculations. In addition, it has been
shown76 that multipolar terms dominate the Coulomb
coupling when the distance between nanocrystals is
smaller than 2 nm. Our approach to energy transfer
thus includes both excitonic effects and multipole
terms in the Coulomb integral for the coupling be-
tween neighboring SiNCs.
The SiNCs were modeled as Si clusters with a bulk-

diamond structure. We consider 29 Si atoms (1.2 nm
diameter), 35 Si (1.35 nm diameter), and 66 Si (1.6 nm
diameter). Methane ligands were covalently bonded
to the surface Si atoms to passivate dangling bonds.
The fully passivated structures are denoted F, but we
also simulated defective SiNCs by removing a ligand
from each of the two nearest 3-coordinated Si atoms
(denoted L) and charged structures with (2 charge
introduced onboth fully passivated (F2() and defective
(L2() SiNCs. Förster resonant energy transfer (FRET)
rates kET were then calculated between different SiNC
donor/acceptor pairs at varied separation based on the
DFT transition density matrix. As shown in the top
panel of Figure 6a, the band gap under full passivation
exhibits quantum confinement. The presence of sur-
face defects and surface charge leads to trap states
within the gap (bottom panel, Figure 6a), resulting in
the appearance of red-shifted dark and semi-dark
optical transitions in the absorption spectra, as shown
in the middle panel of Figure 6a. Additional calcula-
tions can be found in the Supporting Information.
Figure 6b shows the varied structure of the Si35 nano-
crystal for both the fully passivated scenario (left) and
for a charged defect (right, two missing ligands with
two surface electrons). The top panel is the structure,
and the middle panel shows the natural transi-
tion orbital (NTO) for an excited electron and a hole
contributing to the lowest-energy optical transi-
tion, illustrating an increase in the localization of the

Figure 5. Log intensity plots of c(t) in the plane of size and
time for (a) AP-LP, (b) F-LP, and (c) F-HP. The lines indicate
linear time dependence, where deviations from this trend
are due to a distribution of sizes that is not perfectly
logarithmic. (d) Correlation time vs size with power-law fits
that are close to linear (exponents from0.9 to 0.98). Data for
τc<100ms are interpolated from splinefits down to c(0) = 1.
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electron�hole density around the defect, which de-
creases the oscillator strength of such transitions.
A schematic of the transfer scenario and the computed
kET for a variety of scenarios are shown in Figure 6c. In the
middle panel, the excitation is implemented over the
optically weak lower energy band, marked by blue in
Figure 6a, and present only in charged and defective
SiNCs,while in the lower panel the excitation involves the
most optically active band, marked by red in Figure 6a.
The energy-transfer rate between neighboring SiNCs

decays strongly with distance, while multipole contribu-
tions are crucial for separations near 1 nm, particularly
when photoexcitation involves optically weak lower en-
ergy transitions, with more than an order of magnitude
difference in kET between dipole�dipole and multipole
approaches (Supporting Information, Figure S10). At the
fixed separation of 1 nm in Figure 6, it depends on two
factors: the transition dipole moment of the donor/
acceptor and the DOS of the acceptor at the excitation
energy of the donor; kET is maximized when both are
optimal. Indeed, these conditions are satisfied when the
donor and acceptor have identical structure, as observed
in most of the scenarios in Figure 6c (a few exceptions to
this rule are discussed in theSupporting Information). This
is consistent with the experimental observation of en-
hanced PL stability in the size-purified fraction and sup-
ports the hypothesis of band alignment through band
gap homogeneity. The calculated kET are 2 orders-of-
magnitude faster than the radiative recombination rates

that we compute from TD-DFT (Supporting Information).
Within theDFT framework, energy transfer is thus efficient
on the scale of 10 ns, even for states with low oscillator
strength (semidark trap states), which provides an addi-
tional channel for occupying the lowest-lying dark or
semi-dark states. For phonon-induced relaxation, en-
ergy transfer thus facilitates the occupation of non-
radiative trap states, which would increase the stability
of PL from optically bright states associated with the
nanocrystal core. This, in turn, would lead to an in-
crease in the average on time for densely packed SiNC
ensembles, consistent with the experiments.
Previous work on the blinking of isolated nanocryst-

als suggests significant differences between silicon and
CdSe.48,77�79 In particular, a B-type blinking mechan-
ism in SiNCs has been associated with the activation/
deactivation of a nonradiative recombination center
associated with dangling surface bonds.74 Type B blink-
ing arises when “hot” electrons get caught in surface
trap states and are unable to recombinewith a hole.42,74

Here, the linear scalingof τcwithN canbeexplainedbya
simple tentative argument that bridges the experiments
to the DFT. To identify a characteristic time scale, we
model the quantum yield of an aggregate as

Φ � kR þ ζkET
kR þ kNR þ kET

(1)

where kR is the radiative rate constant, kNR is the non-
radiative rate constant, kET is the rate constant associated

Figure 6. (a) (top) Computed DOS for varied SiNC size; (middle) absorbance for defect-free Si29 (black), with two ligands
removed (red), and with two missing ligands and �2 charge (blue); (bottom) computed DOS for the scenarios in the middle
panel, where energy is the horizontal axis in all three plots. (b) Simulated structures for (left) defect-free Si35 and (right) the L

2�

configuration (two missing ligands þ two electrons) (top) and the excited orbital (NTO) for an electron (middle) and hole
(bottom). The defect is located in the top right corner. (c) (top) Band diagram for energy transfer from a “bright” SiNC to a
“dark” (defective) SiNC and (bottom) area-based bubble charts of kET for a variety of donor/acceptor pairs at 1 nm separation.
The blue data (middle) consider the effect of a missing ligand and charge, while the red data (bottom) consider the effect of
only amissing ligand, where the common bubble scale is indicated for the highest rate. Blue/red data are excited at the blue/
red region in (a).
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with energy transfer (assumed to be the fastest chan-
nel present), and the parameter ζ sets the balance
between radiative and nonradiative effects associated
with energy transfer. Assuming the slow process of
interest resides in the nonradiative channel, the rate of
change is Φ

· ≈ ζ _kNR/kET.
We further hypothesize that kNR is proportional to

the concentration of hot electrons, j, which is propor-
tional to the excitation power, p. The lower number of
nearest-neighbor SiNCs at the aggregate boundary
means that energy transfer will be less efficient there,
implying that there will be more unoccupied trap
states at the edge. Diffusion then implies _kNR � ∂j/∂t �
D0j/R

2, where D0 is a bare diffusion coefficient of hot
electrons, which gives Φ

· � kET
�1D0j/R

2 � kET
�1D0j/N �

τc
�1, or τc�N/Deffwith an effective diffusion coefficient
Deff � jD0/kET � pD0/kET. This increases linearly with
power (in agreement with the experiments) and is
inversely proportional to kET. At equal excitation power,
the experiments give DAP/DF ≈ 3, which would imply
(kET)F/(kET)AP ≈ 3. This can be compared with the ratio
of the average kET for identical and different sizes in
Figure 6c (∼2.2 excluding the 35L-29L2�outlier), where
the difference might reflect other variables such as
excess ligand in the parent. The magnitude of D (10�13

to 10�11 cm2/s) is comparable to the diffusion coeffi-
cient of electrons in polyethylene,80 suggestive of
diffusion in the ligand shell, although more work is
needed to fully understand this intriguing slow pro-
cess. The physical picture that emerges is thus the
diffusion-controlled accumulation of hot electrons in
traps at the boundary, which eventually causes the
agglomerate to abruptly turn offwhen exciton transfer
can no longer compensate for the increasing number
of trapped electrons.
Previous in-depth studies of the PL intermittency

from SiNCs have focused on single emitters in non-
colloidal structures,77�79 but the influence of nano-
crystal interactions on the blinking of SiNC aggregates
has not been previously considered for any type of
SiNC. Interaction effects have been investigated for
colloidal CdSe quantum dots and nanorods,81�85 while
a handful of other papers have examined energy trans-
fer from a nanocrystal to a dissimilar object, such as a
dye molecule,36,86 graphene,37 a conjugated polymer,38

or a nearby surface.39 In general, such work suggests
that interaction effects and/or energy transfer give rise
to faster blinking rates or suppressed nanocrystal
on times, which is the opposite of what we observe
here. One exception is the work of Wang et al. on core/
double-shell CdSe nanorods,82 who found enhanced
on times without any discernible interaction effects in
the off times. On one level, this suggests that there
must be something unique about the double-shell
CdSe nanorod structures with respect to other CdSe
nanocrystals. More relevant to the point of this study, it
suggests that nanocrystal interactions have a clear

beneficial effect on the PL stability of colloidal SiNC
assemblies.
Finally, we explain the different magnitude of the

effect apparent in the mean on time (Figure 3a) com-
pared to the integrated intensity (Figure 3c). In simple
terms, themean on time is the total on time (Figure S6a,
Supporting Information) divided by the total number
of blinking events in an observation interval. The sub-
linear N-dependence of the mean on time in Figure 3a
implies that the number of such blinking events in-
creases with N, but not as fast as the total on time. This
is intuitive, since the number of such events should
increase with the number of emitters. The difference in
total on time between N and the sum of N individuals
is rather modest (Figure S6a, Supporting Information),
which implies that the temporal density of blinking
events must increase more strongly with N in the non-
interacting scenario; N individuals blink more often than
an aggregate, or the latter exhibit better PL stability.
The integrated intensity, in contrast, is just the

summed intensity of each time frame. This can be
trivially coarse-grained to ∑jIj, where the index j corre-
sponds to a single blinking event and Ij is the total
intensity of the event. The integrated intensity is thus
proportional to the total number of blinking events
multiplied by the average intensity per event, with the
data in Figure 3c suggesting that the integrated in-
tensity is proportionally to N for both the interacting
and noninteracting scenarios. From the mean on time
discussed above, however, we know that the number
of blinking events increases more strongly with N for
the integratedN= 1 results, which implies that the total
intensity per blinking event increases more slowly. In
terms of the N-dependence with and without interac-
tions, the intensity-related quantity that is analogous to
mean on time is thus the mean total intensity per blink,
which is enhanced due to the enhanced stability asso-
ciated with interactions. We note that the data also
suggest that the constant of proportionality in Figure 3c
is slightly smaller for the integrated N = 1 results, since
the difference in amplitude is outside of the uncertainty
(a roughly 20% combined uncertainty compared to a
40% difference based on purely linear fits through the
origin). This is a much smaller effect, however, that is
closer to the resolution limit of the experiments.

CONCLUSIONS

In conclusion, we have used experiment, simula-
tion, and ab initio computation to examine the role
of interparticle interactions on the PL stability of
colloidal SiNC aggregates. In contrast to the behavior
typically reported for CdSe, the measured stability as a
function of increasing collective size shows an enhance-
ment with respect to the noninteracting scenario. We
have modeled this behavior using time-dependent
DFT calculations of energy transfer between neigh-
boring nanocrystals in the presence of charge and/or
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surface-passivation defects. Our results suggest that
rapid energy transfer;or more precisely, exciton
transfer75,87;from “bright” nanocrystals to “dark” trap
states in nearest-neighbors can efficiently fill such trap
states and improve the stability of aggregate emission.
Although a rigorous theoretical accounting extended to
larger SiNC sizes is still needed, this mechanism gives us
one possible foundation for a more quantitative expla-
nation of how nanocrystal interactions improve the PL
stability of aggregates.
Focusing on the autocorrelation data, our results can

be interpreted in terms of a fluence-dependent slow
diffusion of hot electrons that is tempered by particle
interaction effects. Just as an individual SiNC abruptly
transitions to the off state when an electron gets caught
in a surface trap state, an aggregate abruptly turns off
when a sufficient number of “hot” electrons have found
unoccupied trap states. In our model, these trap states
have a higher density at the boundary where the
energy-transfer scheme is less efficient. It would thus
take longer for this to happen for larger N, since it
requires the slowdiffusion of electrons to the boundary.
Modeling these interaction effects using TD-DFT yields
predictions that are qualitatively supported by the data.
The results make sense intuitively, given the critical

role of surface passivation in the PL of SiNCs. At these

excitation powers, we typically observe that a single
SiNC is more likely to exhibit short on times. Only in
the presence of other nanocrystals do these on times
begin to become appreciable. We suspect that this
has something to do with the dried state of the
colloidal SiNCs, as we measured the quantum yield
of the nanocrystal solutions just prior to these mea-
surements and found the anticipated results.8�11,21

One possibility is that a lack of solvent in the li-
gand coating;perhaps coupled to residual surface
stress associated with spin coating;causes indivi-
dual SiNCs to be “darker” under these particular
circumstances. In the presence of other nanocrystals,
however, it does not appear to be an issue, due
presumably to the fast filling of these trap states via
energy transfer and subsequent relaxation mechan-
isms. Our results suggest that this effect could make a
substantial contribution to the PL stability of close-
packed nanocrystal solids, which will have important
implications for any application that seeks to exploit
the PL from dense SiNC arrays. The trends reported
here also likely represent a foundation for a more
precise explanation of the ensemble brightening
reported for much larger “bulk” SiNC structures,21

and quantitatively bridging these two effects will be
the objective of future work.

MATERIALS AND METHODS
Plasma-synthesized SiNCs of nominal mean diameter 4 nm

were passivated with 1-dodecene as capping ligand to impart
solubility in organic solvents8�11 and separated by size using
density-gradient ultracentrifugation in chloroform/m-xylene
mixtures, as detailed in the Supporting Information.21�23

Optical measurements were taken under a purified nitrogen
atmosphere on a customized inverted microscope using a
473 nmCW laser for excitation and a 60� 1.35 NA oil-immersion
objective for imaging. Dilute SiNC solutions were spin-coated
on ultraclean quartz slides, and the PL intermittency and back-
ground were measured immediately. After initiating excitation,
fast transients (comparable to the integration time) were al-
lowed to relax prior to data collection. A schematic of the
experiment (Figure S1) and additional details can be found in
the Supporting Information, along with typical movies (Movies
1 and 2) of blinking ensembles.
Bright-field images were collected in order to identify large

reference aggregates, and a digital grid was constructed based
on these landmarks. Using this grid, specific PL signals were
then mapped onto SiNC clusters of varied size N via high-
resolution AFM immediately after optical interrogation. The size
of a reference cluster was corrected for spatial resolution and
packing effects to get cluster size N. Once the blinking behavior
for a large number of references had been directly correlated
with the independently determined agglomerate size for each
sample and excitation power, a linear proportionality rela-
tion was established between N and the average PL intensity
(Figure S2, Supporting Information), and these linear relation-
ships were then used to deduce N from the purely optical
signals of many thousands of assemblies for each scenario.
Details can be found in the Supporting Information.
For DFT, we modeled the SiNCs as clusters of Si atoms in a

bulk diamond structure, where computational constraints re-
quire that the nanocrystals are smaller than those in the
experiments. For surface passivation, 2 or 1 methane groups

were covalently bonded to each 2- or 3-coordinated Si, respec-
tively, to mimic experimental SiNC passivation by short alkyl
chains. All structures were optimized at the DFT level using the
PBE1 hybrid functional and 6-31g* basis set. Linear-response
TD-DFT calculations, with the same functional and basis set,
were performed for all of the optimized structures to simulate
the absorption spectra, where the first 100 excited states were
calculated and a Gaussian line width of 0.08 eV was used to
reproduce inhomogeneous broadening of absorption spectra.
FRET rates were then calculated between different SiNC donor/
acceptor pairs based on the transition density matrix, which
goes beyond dipole�dipole coupling to include all multipole
contributions. Details can be found in the Supporting Informa-
tion. MC simulations for aggregates of noninteracting SiNCs
were obtained by first generating on�off trajectories for in-
dividual SiNCs through an approach outlined in the Supporting
Information. The simulation was specifically designed to mimic
the measurements. Blinking traces for assemblies composed
of N noninteracting SiNCs were then generated by adding
N independent single SiNC spectra and rebinning to 0 and 1.
Details are given in the Supporting Information.
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