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ABSTRACT

We report fluorescence of single semiconductor nanorods (NRs) and few-NR clusters, correlated with transmission electron microscopy for
direct determination of the number of NRs present in a single fluorescent source. For samples drop-cast from dilute solutions, we show that
the majority of the blinking sources (~75%) are individual NRs while the remaining sources are small clusters consisting of up to 15 NRs.
Clusters containing two or three NRs exhibit intermittent fluorescence intensity trajectories, 1), similar to those of individual NRs. The associated
statistical parameters of on- and off-time probability densities for two- and three-NR clusters are indistinguishable from those of individual
NRs. In contrast, statistically distinguishable blinking parameters are observed for clusters of five or more particles. In particular, the “truncation
time” of the on-time probability density, i.e., the time characterizing the transition from a power law to an exponential decay, was found to
increase superlinearly with the number of particles. Our long (2.4 x 10* s) blinking measurements also directly reveal the previously unobserved
truncation of the power law distribution of the off-times for single nanoparticles.

Many molecular and nanoscale systems have been observed
to emit light intermittently, i.e., to “blink”, under continuous
illumination. Examples of blinking systems include single
molecules, fluorescent green protein, light harvesting com-
plexes, organic fluorophores, and semiconductor nanopar-
ticles.! The fluorescence intermittency displayed by many
types of single emitters does not follow a simple two-level
quantum jump model. In semiconductor quantum dots,!?
rods,® and wires,* in particular, the distributions of fluores-
cence on- and off-times of individual particles follow
approximately power law (Levy) statistics.

Previous work! to explain blinking in quantum dots
focused on single emitters and ensembles of independent
emitters. Although a few studies used photon emission
statistics® or spectral measurements® to unambiguously
identify single particles, most blinking studies rely on careful
sample preparation from extremely dilute nanoparticle solu-
tions and assume that well-dispersed nanoparticles result. In
such studies, some blinking sources could in fact be clusters
of a few particles. Recently, fluorescence from clusters of
close-packed spherical nanocrystals (NCs) was observed to
fluctuate more rapidly than isolated NCs blinking indepen-
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dently; the fluorescence from single emitters and clusters
displayed distinguishable autocorrelation functions.” Using
correlated fluorescence and atomic force microscopy, the
authors determined the effective volume of the clusters, but
not the number of or distance between the particles in the
clusters.

We used correlated fluorescence microscopy and transmis-
sion electron microscopy (TEM) to determine the number
and arrangement of CdSe nanorods (NRs) corresponding to
each fluorescent source. This approach® allows for direct
particle counting and high-resolution imaging. We report the
fluorescence intensity versus time, I(f), of NR clusters
containing N = 1—15 NRs, correlated with TEM imaging
to determine the number of particles, N, the distance between
NRs, d, and the angle of NRs, 6, relative to each other and
to the laser polarization direction. We find that samples drop-
cast from dilute solutions with concentration ~10~° mol-L !
are mostly comprised of individual emitters, but ~25% of
blinking sources correspond to clusters of particles. Clusters
consisting of two or three NRs exhibit fluorescence inter-
mittency similar to that of individual NRs, and we show that
probability density analysis does not unambiguously distin-
guish between individual NRs and such small clusters.
Clusters of approximately five or more particles are clearly
distinguishable by their longer truncation times of the on-
time probability densities, 72", and their emission intensities.
The very long fluorescence measurements (~2.4 x 10* s)
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Figure 1. (a) Fluorescence micrograph of a ~10 x 10 um? region,
where a blinking movie was taken. The arrow indicates the location
of the two NRs shown in Figure 4b. (b) Schematic (side view) of
the SizNs membrane device. (c) TEM of the transparent window
region (~50 x 50 um?) patterned with gold markers. The rectangle
indicates the area of the fluorescence image. The dark border is
the membrane region on top of the p-doped Si that is not TEM
transparent.

also allow us to directly observe the truncation to the Levy
distribution of the off-times.

The blinking characteristics of NRs are very similar to
those of spherical nanocrystals: the distribution of off-times
follows a power law while the distribution of on-times
follows a truncated power law

P(ton) 0 ton_f’»oue_fu:/fcm

where 0., is the power-law exponent and 72" is the truncation
time.? The primary difference is that for NRs the truncation
time, 72", is smaller than that for spherical NCs; for NCs,
typically 72" > 10 s while for NRs, 72" is in the range of
~1—10 s, with larger aspect ratio NRs giving smaller 79".3
We attribute the smaller truncation time of the on-time
probability density observed in larger aspect ratio NRs to a
combination of larger absorption cross section, weaker
quantum confinement, and possibly a higher incidence of
internal trap states.> We used NRs rather than NCs for this
study partly because the elongated shapes make it easier to
unambiguously distinguish isolated NRs from the background
features of the substrate. In addition, for NRs and NCs with
the same diameter, the rod shape gives NRs a higher
absorption cross section.

We used TOPO-capped CdSe/ZnSe/ZnS core/double shell
semiconductor NRs, with a 5.8 x 34 nm optically active
CdSe core and an overall size of 8 x 38 nm.® Low stress
~50 nm thick silicon nitride (Si3sN4) membranes'® were used
as substrates because they are electron transparent in TEM
and show low fluorescence background.® Gold markers, to
aid in locating the NRs, were fabricated on the membrane
by electron beam lithography (Figure 1).

NR solutions in toluene (107° mol‘L™") were deposited
onto the substrate by drop-casting (1 uL). Wide-field
fluorescence imaging was performed at room temperature
in air, using an epi-fluorescence microscope (Nikon Eclipse
80i) with a Nikon Apo 100 x 0.95 NA dry objective and a
670 £ 25 nm emission filter (Chroma 670/50M). The sample
was illuminated at 488 nm (100 W-cm™?) with a continuous-
wave solid-state laser (Coherent Sapphire). Fluorescence
movies (10 frames/s, up to ~2.4 x 10* s long) were captured
by a thermoelectrically cooled CCD camera (Princeton
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Figure 2. (a) Fluorescence micrograph and (b) TEM image of an
individual CdSe/ZnSe/ZnS core/double shell NR, oriented ap-
proximately parallel to the laser polarization. (c) Fluorescence
intensity vs time, /(¢), for this NR (dashed line indicates on-/off-
threshold). (d) Fluorescence intensity vs time, /(7), of a nearby dark
region. Dashed blue line indicates the on-/off-threshold defined as
Myark + 704ak (as used in (¢)), where mg, is the mean and Oy, 1S
the standard deviation of the corresponding intensity vs time of
the dark region. The two solid blue lines correspond to mgux +
604ak and mgax + 80auk, respectively (see also Supporting
Information). (e) Probability densities of off-times (left) and on-
times (right). The off-times are fitted to a power law, either on a
linear scale dominated by short off-times (red line) or on a
logip—logio scale dominated by long off-times (blue line). The
corresponding exponents are indicated. The on-times probability
densities are best fitted by a truncated power law with an exponent,
Qon = 1.46, and a truncation time, 7" = 1.35 s.

Instruments Cascade 512F or PhotonMAX). The fluorescence
intensity of each blinking source was determined in each
frame throughout the entire movie (for details see Supporting
Information). Following fluorescence imaging, we located
NRs relative to the nearest gold markers using TEM (JEOL
2010 or JEOL 2010F) (Figure 1). TEM was always per-
formed after the fluorescence measurements to avoid sample
contamination and degradation.

Figure 2 shows one example of an individual NR, oriented
approximately parallel to the laser polarization direction
(Figure 2b). The fluorescence intensity versus time (also
referred to as “intensity trajectory”), I(f), recorded over 2.4
x 10* s, shows intermittency with relatively short on-times
(<4 s) and long off-times up to ~1700 s (Figure 2c). We
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identify the threshold above which the NR is considered “on”
using the mean, mgax, and standard deviation, Ogak, Of the
intensity versus time of a nearby dark region, shown in Figure
2d.

To examine the effect of the choice of threshold on the
on- and off-time probability densities, we analyzed the
trajectories using a range of threshold values. All results
reported in this paper were determined using a threshold of
Maark + 704ark (dashed blue lines in parts ¢ and d of Figure
2), chosen to lie above the signal from the dark regions.
Setting the threshold higher or lower by g4« (blue solid lines
in Figure 2d) does not change the on-/off-time probability
densities significantly (Table S1 in Supporting Information).

Below we analyze the on- and off-time probability densi-
ties. For on-times, we observe a truncated power-law
dependence,

P(ton) 0 ton*(lnne*fo/fco"

where o, ~ 1.5 and " ~1.4 s (Figure 2e, right).''> We
find that 72" is the parameter most sensitive to the threshold
level; it changes by ~10% over the threshold range
investigated (Figure 2d), while the other parameters change
by less than 1% (more details in Table S1 in Supporting
Information).

We now focus on the off-times, for which the Levy
distribution without truncation

Pty Oty ™"

has been routinely observed in previous studies. The off-
time probability density for an individual NR (Figure 2e,
left) indeed approximately follows a power law

P(tyge) Oty ™"

with alit. ~ 1.2, obtained by fitting a power law to the data
on a linear scale (red line). If a line is fit to log P (tof) versus
logiotorr, we find a larger power-law exponent, ol% ~ 1.6
(blue line). Such a fitting accounts more accurately for the
longer off-events, while both fitting approaches have been
used in the blinking literature.!?

We find that the Levy process does not hold indefinitely
and is also truncated, but on a much longer time scale than
the on-times. To determine the truncation time, we measured
22 other 2.4 x 10 s long intensity trajectories of single NRs.
The unprecedented length of our measurements reveals the
previously unobserved truncation of the Levy distribution
of the off-times for single NRs. Figure 3 shows a truncated
power-law fit

— Ol 7t0,e/.[coff
Pltyp) Oty e ™

to the off-time probability density for the aggregated data
from all the individual NRs measured. The data and the
truncated power-law fit (red) clearly fall below the power-
law fit (blue dashed) by roughly a decade in the tail of the
distribution. The truncated power-law fits give values of Qs
= 1.56 and 7 ~ 1100 s for the single NR (shown in Figure
2), and Qo = 1.78 and 7% = 2500 s for the aggregated
data. A truncated Levy off-time distribution with such a long
cutoff is consistent with the results of ensemble measure-
ments on spherical nanocrystals,'* and truncated Levy off-
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Figure 3. Off-time probability density of the aggregated data from
all 23 individual NRs measured for 2.4 x 10* s. The data are best

fitted by a truncated power law (red), P(z,,) [ tonfa"“eft‘“mon with
Oofr ~ 1.78 and 72 ~ 2500 s. The power-law fit (blue dashed line)
is indicated for comparison.

time distributions with much shorter truncation times have
recently been observed in nanowires.!®

Of all the fluorescent sources examined with TEM, ~25%
correspond to small clusters of two or more NRs, sufficiently
close together that the particles cannot be resolved by optical
microscopy. Figure 4 shows three examples of the fluores-
cence intensity versus time, /(f), and corresponding TEM
images of another individual NR and two small NR clusters:
(a) one individual NR oriented at an angle ~35° relative to
the laser polarization direction, (b) two NRs aligned parallel
to each other, spaced by ~10 nm, oriented ~15° relative to
the laser polarization direction, and (c) three NRs, spaced
by ~50—100 nm, oriented at 0°, 45°, and 40° relative to the
polarization direction, respectively. Note that these intensity
trajectories are shorter, 1500 s long, and thus show more
detail. The examples in Figure 4 illustrate that an individual
NR (Figure 4a) and small clusters (Figure 4b,c) can exhibit
visually similar intensity trajectories.'> Furthermore, the
observed broad intensity distribution of these trajectories does
not necessarily indicate multiple particles but rather dem-
onstrates a continuous distribution of emission states even
for a single NR, rather than a single “on” state, as discussed
by Zhang et al.”

Figure 4d shows the off- and on-time probability densities,
P(tor) and P(to,), and the corresponding fits for clusters of
two NRs (cf. Figure 4b) and three NRs (cf. Figure 4c),
respectively. The threshold above which the NRs are
considered “on” is defined as in the case of single NRs, and
the consistency of fitting parameters is verified for a range
of threshold values as detailed in the Supporting Information.
Similar to individual NRs, we find a power-law dependence
of the off-times, where olifs, ~ olif.; ~ 1.3, and a truncated
power-law dependence of the on-times for the two and three
NRs with a truncation time in the range of 7" ~ 1—2s. A
linear fit to the off-time probability densities on a log;p—logjo
scale yields larger values of the power-law exponents, a5,

Nano Lett,, Vol. 8, No. 11, 2008
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Figure 4. /(¢) and corresponding TEM images of (a) an individual
NR, (b) two parallel NRs, ~10 nm apart, and (c) three randomly
oriented NRs, spaced between ~50 and ~100 nm. The relative
orientation with respect to the laser polarization is indicated in each
case. Fluorescence intensity vs time, /(f), of nearby dark regions
are also shown in each case (black curves). (d) Off-time and on-
time probability densities for the two clusters, comprised of two
(blue) and three (red) NRs, respectively. The fitting parameters for
the truncated power law (on-times) and power law (off-times) are
indicated (see also Table 1).

~ oy ~ 2 for the two and three NRs, respectively. In
comparison, the probability density analysis of the individual
NR intensity in Figure 4a yields very similar parameters,
olif. ~ 1.4 and al% ~ 2.3, and the truncation time for on-
events, " ~ 3 s (Figure S5 in Supporting Information). It
can be noted that the downward bending of the off-times
probability densities is less pronounced than that in Figure
3, since the total measurement interval, 1500 s, is shorter
than the truncation time determined above. The exact values
of these blinking parameters are listed in Table 1 together
with the mean parameter values obtained from the analysis
of several clusters containing one, two, or three NRs,
respectively. The maximum off-time, £, for N = 1 is

Nano Lett, Vol. 8, No. 11, 2008

Table 1. Blinking Parameters of Individual NRs (N = 1)
and Small NR Clusters Up to N = 15

Ne=1 N=20 N=3 N=5 N=7 N=10 N=15

Olon 1.46 1.29 1.03 1.36 148 1.29 1.40
(1.46) (1.46) (1.19)
/s 1.35 1.80 1.22 359 400 26.8 487.7

ain 122 133 126 138 139 135 146

alog 1.57 2.05 1.95 1.86  2.02 1.91 2.15

@ N is the number of NRs in one cluster. ?The indicated values
correspond to the clusters shown in Figures 2, 4b and 4c, whereas the italic
numbers in parentheses are the averages determined from all observed events
with the same N (i.e., 24 for N = 1, 4 for N = 2, and 2 for N = 3).
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Figure 5. Fluorescence intensities vs time, I(f), in order of
increasing particle number, N = 1 to 15, with their corresponding
background signals (gray curves) and threshold levels (dashed lines),
recorded over ~2.4 x 10%s.

smaller than those of N =2 and N = 3 (20 s vs 38 and
25 s), while the maximum on-time, 5%, for N = 1 is smaller
than that of N = 2 (20 s vs 25 s) but larger than that of N =
3 (20 s vs 16 s). On the basis of these parameters, the
trajectories cannot be a priori attributed to a particular N.
Among the ~2.4 x 10* s long fluorescence measurements,
using TEM we have identified 23 individual blinking NRs
and 8 additional blinking sources that correspond to NR
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olit. and (d) ol for 24 individual NRs and 10 additional blinking

sources that correspond to NR clusters consisting of up to 15 NRs, including also the spots measured only for 1500 s (shown in Figure 4).
The values of O (i.e., olif and ol9%) for N > 2 fall above the mean values of the corresponding distributions of single NRs, while the
values of o, for N > 2 fall within those obtained for individual NR. Inset of (b): 79 vs N on a logjo—logjo scale. 79 increases to ~30 s
for N = 5—10 and up to ~500 s for N = 15 (solid line shows the best fit to the data, 79 ~ N'9).

clusters consisting of up to N = 15 NRs. The sizes of these
clusters range from ~40 nm (N = 2) to ~300 nm (N = 15)
in diameter. Figure 5 displays seven fluorescence intensities
versus time, /(¢), in order of increasing number of particles,
N =1,2, 3,5, 7,10, and 15, with their corresponding
background signals and threshold levels. While the intensity
trajectories for small N are visually similar, larger N clusters
exhibit visibly larger intensities for larger N; in addition, the
maximum off-time in Figure 5 decreases (from 73 ~ 2200 s
(N=1)to ~70 s (N = 15)), while the maximum on-time
increases (from 72 ~7 s (N = 1) up to ~3000 s (N = 15)).
In addition, for clusters with larger N, the trajectory is visibly
elevated above the baseline.

Figure 6 shows the histograms of blinking parameters Oy,
79, and Qo (ie., ol and a!%) determined for all the
fluorescence data, both individual NRs and clusters. From
the histograms for the individual NRs (black bars in Figure
6), we obtained the means and standard deviations of the
blinking parameters to be ol = 1.26 & 0.06, al% = 1.7 &+
02,00 =15+02,and 7" = 1.4 £ 0.6 5.3

We have also sampled the on- and off-time probability
distributions of single NRs throughout a ~6 h long measure-
ment by dividing it into three 2 h long segments and sampling
the corresponding probability distributions. This analysis
showed that probability distributions of single NRs do not
change significantly over time and that no systematic trends
of the blinking parameters are evident. In turn, this also
implies that the average fluorescence intensity decrease that

4024

is apparent for some cluster trajectories in Figure 5 could
be due to statistical aging of ensembles.'*

Correlated TEM imaging also allows for the direct
measurement of NR angles relative to the laser polarization
by aligning the polarization direction with the gold markers
on the substrate. Analyses of the single-NR blinking param-
eters Olon, 72", it and % as a function of the NR angle
relative to the laser polarization, 60 (Figure S6 in the
Supporting Information), suggest no apparent correlation
between these quantities. However, any potential angle
dependence of the blinking parameters that may exist might
not be observable because of the variation of blinking
parameters across the single NRs measured (black bars in
Figure 6). We also measured a series of 600 s long
fluorescence movies of ~80 single NRs in which successive
movies alternated between two orthogonal linear polariza-
tions of the laser excitation. These measurements did not
reveal any clear dependence of the blinking parameters on
polarization direction. Moreover, these measurements suggest
that any potential dependence of blinking parameters on
polarization direction may be small and that its observation
may require long measurements for each polarization direc-
tion to obtain more accurate values of the blinking param-
eters. In addition, our preliminary measurements comparing
NR blinking with circular and linear polarization showed
similar distributions of truncation times. All of these results
suggest that the effect of polarization is simply to affect the
effective excitation intensity and are consistent with the weak

Nano Lett,, Vol. 8, No. 11, 2008
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intensity dependence of the blinking parameters we reported
previously.? Further measurements are underway to conclu-
sively address this issue.

The broad distribution of single-NR blinking parameters
means that the on- and off-exponents for clusters fall within
the range of the values observed for single NRs. In addition,
the observed values of 72" for N = 2 or 3 lie within the
observed range of single NR blinking parameters, indicating
that probability density analysis cannot be used as a reliable
way to distinguish between single NRs and small clusters;
only direct particle counting allows us to unambiguously
distinguish single particles from small clusters (N = 2, 3).
Similarly, we find that the integrated intensity'® from N = 2
clusters is indistinguishable from the range of integrated
intensities observed from single NRs. Other methods of
analysis such as the autocorrelation function also did not
reveal differences between single NRs and clusters (Figure
S10 in Supporting Information). In contrast, ref 7 finds that
autocorrelation function analysis can be used to distinguish
between individual quantum dots and quantum dot clusters.
They attribute the difference to interparticle interactions
possibly arising from the close packing of quantum dots and
a different sample preparation method. However, that work
did not address differences that may exist in the blinking
parameters, thus not allowing a comparison with our finding
of the particle number dependence of the truncation times
of the on-time probability density.

We do, however, observe increasing 7" with increasing
particle number for N > 3. The inset of Figure 6b shows
the mean 72" for a given N plotted versus N on a logjp—logjo
scale. While the mean 72" is ~1.4 s for individual NRs, it
increases to ~30 s for N = 5—10 and up to 72" ~ 500 s for
N = 15; an empirical fit to the data indicates that 72" grows
faster than N (the line shown corresponds to 0" ~ N'9).
Additionally, the values of o (Figure 6¢,d) for N > 2 all
fall above the mean values of the corresponding distributions
obtained from single NRs. These trends, which are observed
regardless of the choice of threshold (see Supporting
Information), are consistent with larger N increasing the
probability of long on-events (i.e., larger ") and the
maximum on-time, and decreasing the probability of long
off-events (i.e., larger ot and a!%§) and the maximum off-
time.

The distance between NRs within the clusters studied was
highly variable, varying from ~1—10 nm to ~50—100 nm.
Based only on these distances, it is impossible to completely
exclude interparticle interactions. While direct charge tun-
neling between NRs is very unlikely, due to the relatively
large interparticle separations, it is difficult to a priori exclude
a role for longer-range dipole—dipole interactions and energy
transfer between NRs,? given that blinking occurs on very
long time scales and thus relatively weak interactions could
still have an effect. Studies on clusters with well-controlled
NR orientations and spacing, as well as clusters of NRs
capped with various ligands, are currently in progress to
further examine the effect of nanoparticle interactions on
blinking dynamics. While the increase in on-times in a cluster
can be attributed to combining uncorrelated on-events from
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different nanocrystals, detailed analysis of the on-time
distribution may shed light on the possibility of some sort
of correlations in blinking statistics due to interactions
between nanocrystals within a cluster. Such a study is beyond
the scope of this work.

In summary, we compared blinking statistics of individual
nanoparticles and that of nanoparticle clusters with the
number of NRs in the cluster determined by TEM imaging.
We find that off- and on-time probability density analysis
and autocorrelation function analysis do not unambiguously
distinguish between single and multiple particle clusters of
two and three particles. Direct determination of the particle
number, N, is therefore important to distinguish single
particles from those of small clusters. However, clusters of
five or more NRs can be distinguished from single NRs by
their significantly larger 72". Finally, facilitated by very long
fluorescence measurements, we have estimated the truncation
time of the Levy distribution of off-times for single NRs to
be of order 2000 s.
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