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S
emiconductor nanocrystals and nano-
rods represent a promising class of in-
organic materials with size- and

shape-tunable properties. In particular, the
facile laboratory synthesis1 of CdSe nano-
particles with ever-increasing monodisper-
sity has stimulated expectations for devices
with optical properties that are continu-
ously tunable across the visible spectrum,
including quantum dot lasers,2 hybrid pho-
tovoltaics,3 and biological labels.4 Recently,
synthetic protocols have been extended to
enable formation of 1-D nanorods.5 The
elongated dimension of the nanorod is sug-
gested to provide better charge mobility
than 0-D nanocrystals and, hence, en-
hanced performance in photovoltaic de-
vices.6 Unfortunately, nanoparticle “trap”
states often result in losses that may be det-
rimental to performance of nanoparticle-
based devices. These trap-state losses are
reflected in decreased photoluminescence
quantum yields, and at the single-particle
level, nanocrystals and nanorods display
fluorescence intermittency or “blinking”, ex-
hibiting power-law statistics over many de-
cades in time.7�15 These random interrup-
tions of nanoparticle fluorescence emission,
likely due to charge carrier trapping, can di-
minish the efficiency of devices based on
single nanocrystals. Understanding the
blinking mechanism is a necessary step for
the ultimate implementation of
nanocrystal- and nanorod-based devices.

Although fluorescence intermittency in
semiconductor nanoparticles has been an
area of intense research, a unifying physi-
cal picture that accounts for the large dy-
namic range in both time and probability
associated with fluorescence blinking has
not fully emerged. Power-law-distributed
blinking statistics extending over more than

eight decades of probability and six de-
cades in time have been reported,8�15 and
such statistics are now accepted as a hall-
mark of nanoparticle blinking. Two models
have been developed to account for these
power-law distributions: diffusion of trap-
state energies involved in the cycling be-
tween emissive and nonemissive
configurations16�19 (called diffusion-
controlled charge transfer) and a charge
carrier trapping model based on Auger-
assisted ionization.10,20 Diffusion-controlled
charge transfer models account for power-
law statistics in CdSe nanocrystals by invok-
ing slow diffusion of the energies of bright
and dark states. In this model, a nanoparti-
cle blinks from “on” to “off” when the en-
ergy of a nonemissive state becomes reso-
nant with the emissive one, traps the charge
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ABSTRACT The influence of excitation wavelength and embedding media on fluorescence blinking statistics

of 4 nm � 20 nm cadmium selenide (CdSe) nanorods is investigated. Photon antibunching (PAB) experiments

confirm nonclassical emission from single CdSe nanorods that exhibit a radiative lifetime of 26 � 13 ns. The

blinking data show behaviors that can be categorized into two classes: excitation near the energy of the band

gap and at energies exceeding 240 meV above the band gap. Excitation at the band gap energy (� > 560 nm)

results in more pronounced “on” time probabilities in the distribution of “on” and “off” events, while those

resulting from excitation exceeding the band gap by 240 meV or more (� < 560 nm) are 200 times less likely to

display continuous “on” fluorescence persisting beyond 4 s. The “off” time statistics are also sensitive to the

excitation wavelength, showing a similar, but inversely correlated, effect. To understand better the excitation-

wavelength dependence, fluorescence measurements are obtained for single nanorods deposited both on a bare

microscope coverslip and embedded in 1-ethyl-3-methylimidizolium bis(trifluoromethylsulfonyl)imide room-

temperature ionic liquid (RTIL). The embedding RTIL medium has a significant influence on the resultant

fluorescence statistics only when the excitation energy exceeds the 240 meV threshold. The results are explained

by a threshold to access nonemissive trap states, attributed to self-trapping of hot charge carriers at the higher

photon excitation energies.

KEYWORDS: fluorescence intermittency · CdSe nanorod · photon
antibunching · trap-state quenching · single molecule · ionic liquids
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carrier, and diffuses in energy. The particle will remain

in the “off” state until the energy of the dark state dif-

fuses to match that of the bright state, satisfying the

resonance condition for back charge transfer. Diffusion

of the trap-state energies is believed to be photodriven,

and the effect is related to the observed spectral diffu-

sion of nanocrystal fluorescence.21,22 The Auger-

assisted ionization (trapping) model, which includes a

trapping-recovery tunneling mechanism, emerged

from the original report of Nirmal et al.7 that attributed

CdSe quantum dot blinking to an Auger-assisted ioniza-

tion process, based on the premise that a quantum

dot with a net charge is nonemissive. Evidence for

charge formation upon “photodarkening” was subse-

quently reported.23 However, this model predicts a

single-exponential recovery rate for the emission,

whereas power-law statistics are observed. This discrep-

ancy can be reconciled by considering a distribution of

trap states with different recovery rates. While these

models have been developed to account for existing

data on 0-D quantum dots, much less is known about

the nature of blinking in elongated 1-D nanorods.

Power-law statistics have also been reported for

nanorods.13,14,24,25 However, it is not known whether

excitation by one photon will result in uniform fluores-

cence over the length of the rod or if domains will form,

resulting in multiple absorption and emission sites on

a single nanorod.

Here we report on the excitation wavelength-

dependent blinking statistics of 4 nm � 20 nm CdSe

nanorods that are passivated with tetradecylphospho-

nic acid (TDPA). The uniform emission behavior from

single nanorods is corroborated by photon antibunch-

ing experiments. For blinking studies, the particles are

excited at several wavelengths at and above the band

gap (Figure 1a), up to approximately 1.3 eV above the

peak of the photoluminescence emission. This extends

our previous work15 on 4 nm CdSe/ZnS core/shell quan-

tum dots by including several more excitation wave-

lengths across the visible region and also by investigat-

ing the importance of particle shape on fluorescence

intermittency. This is the first investigation on the influ-

ence of excitation wavelength on nanorod blinking.

The wavelength-dependent results reported here ex-

hibit two types of blinking behavior: one that occurs

when the sample is excited at or near the optical band

gap and the other occurring when the excitation is well

in excess of the band gap. The transition between these

two types of behaviors is step-like with excitation en-

ergy, suggestive of an energetic threshold. The creation

of the electron�hole pair with an energy 240 meV in

excess of the optical band gap results in less pro-

nounced long-duration continuous “on” emission

events and results in longer “off” periods. The influ-

ence of an external dielectric fluid on the blinking is

also shown to depend on the excitation wavelength.

Blinking statistics obtained from nanorods embedded

in 1-ethyl-3-methylimidizolium bis(trifluoromethylsulfo-

nyl)imide room-temperature ionic liquid (RTIL) show

frequent quenching events when the sample is excited

above an energetic threshold of approximately 240

meV. However, the RTILs have no influence on the

blinking statistics when the excitation energy is below

the threshold. This provides evidence for an excitation

wavelength-dependent self-trapping mechanism that

contributes to nanoparticle blinking. These results es-

tablish fluorescence intermittency statistics as a viable

tool to better understand charge transfer processes oc-

curring at nanoparticle interfaces.

RESULTS AND DISCUSSION
The bulk room-temperature linear absorption and

global photoluminescence (PL) spectra of the CdSe/

TDPA nanorods are shown in Figure 1a. The PL spec-

Figure 1. (a) Bulk linear absorption and photoluminescence (PL) spectra of 4 nm � 20 nm CdSe/TDPA nanorods. The global
PL (black fill) is obtained from excitation with the 515 nm line of an Ar� laser. All measurements are performed at room tem-
perature. The excitation wavelengths used in this work (400 and 510�575 nm) are filled with cross-hatched lines. (b) Trans-
mission electron microscopy (TEM) image of CdSe nanorods dispersed in toluene. The average size of the nanorods is on the
order of 4 nm � 20 nm.
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trum is plotted normalized to the sample absorption

(the 1Se�1Sh transition at 575 nm) for comparison. The

peak of the first exciton absorption transition is cen-

tered at 575 nm, and the absorption increases continu-

ously to more energetic wavelengths. The peak of the

PL is Stokes-shifted from the absorption by approxi-

mately 30 nm to a center value of 605 nm, and it has a

full-width at half-maximum of 35 nm. From the bulk ab-

sorption and PL measurements, a CdSe diameter of ap-

proximately 4.0 nm can be inferred.26 A representative

transmission electron microscope (TEM) image of the

resultant ca. 4 nm � 20 nm CdSe nanorods is shown in

Figure 1b.

First, the nature of fluorescence emission of single

CdSe nanorods is studied by photon antibunching

(PAB).27,28 The PAB experiments are conducted using

470 nm excitation while recording the 605 nm band

edge fluorescence emission. A typical photon-pair his-

togram representative of more than 50 nanorods stud-

ied is shown in Figure 2. The clear dip in the correlation

at zero time delay indicates the measured fluores-

cence is from a single particle with a single emission

site. The number of fluorescence emission sites present

in the interaction region can be determined by fitting

the photon-pair histogram with eq 1.28�33

g2(t) ) 1 - 1
N

e-t⁄τrad (1)

Here N is the number of fluorescence emitters or emis-

sion sites within the confocal excitation volume, and

�rad is the radiative lifetime of the particle. The fit value

for N is 1.1, consistent with previously reported values

from single fluorescent molecules34 and quantum

dots.35 The radiative lifetime is 26 � 13 ns, and this

value is in good agreement with previous reports of

tens of nanosecond lifetimes for CdSe quantum

dots.36�38 Taken together, the spectrally and time-

resolved absorption and fluorescence measurements

noted above and reported in Figures 1 and 2 indicate

the optical properties of 4 nm � 20 nm 1-D nanorods

are very similar to 0-D quantum dots of a few nanome-

ter size. Importantly, these results confirm not only that

the fluorescence measurements are from single nano-

rods but also that in this size range (4 nm � 20 nm) mul-

tiple absorption and emission sites do not exist in these

small single particles. As a result, the fluorescence blink-

ing statistics reported below from single nanorods can

be compared directly with previous work on single

CdSe quantum dots.

Fluorescence trajectories are obtained for single

CdSe/TDPA nanorods. A typical fluorescence trajectory

resulting from excitation at 400 nm with an average ex-

citation power density of 100 W/cm2 and 10 ms integra-

tion is shown in Figure 3. For each excitation wave-

length, a range of power densities spanning 50 W/cm2

to 15 kW/cm2 is employed. Although the laser is pulsed

at 200 kHz, we see no indication of power density ef-

fects. The blinking phenomenon of single quantum

dots is evidenced by multiple interruptions of the parti-

cle’s fluorescence emission at random intervals. Fluores-

cence trajectories are shown over three different time

scales in Figure 3a�c, which exemplify the random na-

ture of the fluorescence blinking in CdSe nanorods,

spanning a large time range. This behavior is similar to

that of single nanocrystals.8,15 The blinking statistics are

analyzed by creating a probability distribution of “on”

and “off” events of a given duration by first converting

the fluorescence trajectory into a binary data set. The

data are sorted into “on” and “off” categories by assign-

Figure 3. Fluorescence trajectory obtained from a single CdSe/TDPA
nanorod. The fluorescence trajectory is recorded by continuously
measuring the 605 nm band edge emission. The same fluorescence
trajectory is plotted on three different timescales in panels a, b,
and c. The random interruption of nanoparticle fluorescence oc-
curs on all measureable timescales, as is the case with CdSe
nanocrystals.

Figure 2. Typical photon-pair histogram obtained for single
CdSe/TDPA nanorods. The dip in the occurrence of photon
pairs at zero time delay is a hallmark of emission from a
single fluorophore. The solid line corresponds to an expo-
nential fit of the histogram. The exponential lifetime (26 �
13 ns) reflects the radiative lifetime of the nanorods.
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ing a threshold, above which the quantum dot is con-

sidered “on” and below which it is considered “off”. The

threshold level is assigned as twice the standard devia-

tion above the average background counts. This proce-

dure is similar to that used previously.8,15 For the analy-

sis of “on” and “off” probabilities, it is sufficient to sort

the data in this binary manner. However, as is the case

for nanocrystals, a histogram of the fluorescence count

levels shows a distribution of signal levels for the “on”

states, and the data clearly do not correspond to a
single “on” intensity value, or even a single Gaussian
or Poisson distribution of these levels.15,20,38 The com-
plexity of the histogram suggests that a distribution of
both emissive and nonemissive states is most likely re-
sponsible for the blinking mechanism, as suggested for
nanocrystals.

The distribution of “on” probabilities displays signifi-
cant sensitivity to the excitation wavelength, as shown
in Figure 4. The “on” probabilities arising from excita-
tion with 560 and 400 nm light are displayed on semi-
logarithmic plots in panels a and b of Figure 4, respec-
tively. Here the probabilities are plotted on a
logarithmic scale as the dependent variable, and time
is the independent variable plotted on a linear scale.
This plot clearly illustrates the propensity for longer
“on” events when the nanorods are excited at the band
gap with 560 nm. Long fluorescence events, beyond a
few seconds, are not observed when the more ener-
getic excitation wavelength (400 nm) is used. The prob-
ability distributions for both “on” and “off” events are
fit to the quantitative model shown in eq 2.

P(ton⁄off) ) At(on⁄off)
-R(on⁄off)e-t(on⁄off)⁄tc(on⁄off) (2)

This model represents a truncated power law, which
corresponds to events that are power-law distributed
at short times, but exponential for long times. The term
tc(on/off) is a fit parameter that corresponds to the criti-
cal time at which the probability distribution for con-
tinuous “on” or “off” times, P(ton/off), switches from a
power law with an exponent of ��on/off to an exponen-
tial form. Equation 2 has been used previously to fit
nanoparticle blinking statistics.14,15,39 The raw “on” data
and fitting results are plotted in Figure 5a for 560 and
400 nm excitation. Attempts were made to fit the data
to both an exponential and stretched exponential dis-
tribution; however, the best �2 value was achieved us-
ing eq 2. The short duration events that persist for less
than 1 s are power-law distributed for both excitation
wavelengths; however, the lower probability long-time
events deviate from the power-law distribution at a
critical time tc(on). The fitting results from the 10 excita-
tion wavelengths used are reported in Table 1. Histo-
grams of the tc(on) values from both 400 and 560 nm ex-
citation wavelengths obtained from fits to 130
nanorods are compared in Figure 5b. The power law ex-
ponent, ��on, is not sensitive to the excitation wave-
length. However, the critical time (tc(on)), the point at
which the probability distributions begin to deviate
from power-law statistics, is wavelength-dependent.
The histogram of fit results (Figure 5b) represents the
spread of tc(on) values that results from sample hetero-
geneity, typical of colloidal nanoparticles, but also
shows that the excitation-wavelength dependence is
clearly distinguishable. The tc(on) values reported in
Table 1 can be classified into two categories: (1) excita-

Figure 4. Wavelength-dependent “on”-time probability distri-
bution for CdSe/TOPO nanorods excited with 560 nm (a) and
400 nm (b). The probabilities are plotted on a logarithmic scale
as the dependent term. The “on”-time is plotted as the indepen-
dent term on a linear scale. These plots highlight the
wavelength-dependent effect, showing the decreased probabil-
ity of continuous fluorescence emission beyond a few seconds
when the nanoparticle is excited with the more energetic
wavelength.

Figure 5. (a) Wavelength-dependent normalized “on” probabilities
for individual CdSe/TDPA nanorods excited at 560 nm (Œ) and 400
nm (�), plotted on a log�log scale. The “on” statistics exhibit strong
wavelength dependence. The solid lines represent fits of the data to
eq 2. The histograms of tc(on) values for excitation at both 560 nm
(black) and 400 nm (gray) are compared in panel b. The histograms in-
clude the values of tc(on) obtained from 130 individual nanorods. The
comparison clearly shows two different fit results that depend on the
excitation wavelength. The fitting results for all 10 excitation wave-
lengths used are reported in Table 1.
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tion near the optical band gap resonance and (2) those

resulting from excitation above an approximate 240

meV energetic threshold. This effect is shown clearly

by the summary plot in Figure 6, which reports the av-

erage critical time for the “on” data (tc(on)) along with

the standard deviation for 130 individual nanorods. A

complementary effect is also observed in the “off” sta-

tistics, reported in Table 1.

The change to early truncation times in the “on”

probability distribution occurs with 543 nm excitation,

and all the “on” distributions from excitation wave-

lengths shorter than 543 nm show similar results, sum-

marized in Figure 6 and Table 1. The step-like transition

in the value of the fitting parameter, tc(on), is clearly

shown in Figure 6 and is denoted by the dashed line

in Table 1. The “on” statistics obtained when the nano-

rod is excited near the band gap resonance (560 nm),

Figure 5, exhibit a good fit to a truncated power-law

normalized probability distribution with a slope �on of

1.3 � 0.1, and the critical time occurs at 3.6 � 0.7 s. Fur-

thermore, “on” events persisting for times approaching

100 s are observed. Likewise, excitation in the range

spanning 550 to 575 nm produces similar probability

distributions. However, when exciting with wave-

lengths shorter than or equal to 543 nm, there is a cur-

vature in the probability distribution plot due to much

less pronounced “on” events of long duration that oc-

curs at earlier times. The example shown in Figure 5, us-

ing 400 nm light, results in a tc(on) time of 0.8 � 0.3 s.

The probability of observing continuous fluorescence

persisting for 4 s decreases by a factor of 200 when the

more energetic excitation is used, as compared to when

excitation is near the band gap resonance. This effect

is more dramatic for nanorods than observed in CdSe

quantum dots,15 where a reduction of this magnitude

occurs only after 10 s.

The power-law distributions for both the “on” and

“off” statistics reported here for CdSe/TDPA nanorods

are similar to those observed previously for

nanocrystals.8�15,20 In general, however, the propen-

sity for long continuous “on” emission is decreased for

nanorods, as compared to nanocrystals. This effect may

result from an increase in the overall number of trap-

ping sites that the charge carriers can encounter in the

nanorod. The dependence of the blinking statistics on

the excitation wavelength is very similar to that for

nanocrystals, albeit with earlier truncation times.15 The

truncation of the “on” probabilities results from a de-

crease in the number of long continuous “on” times.

The observation that excitation above a certain energy

results in less continuous fluorescence may be due to

an energetic threshold for a charge carrier to access

spatially distant trapping sites either on the surface or

external to the nanorod. The reported electron escape

depth for CdSe quantum dots is 1.5 nm.40 This value is

similar to, although slightly less than, the radius of the

nanorods considered here. As a result, a small barrier for

a charge to access the surface is expected. The 240

meV threshold reported here from the blinking data

likely reflects this barrier. With more energetic excita-

tion wavelengths, charges can more readily escape to

the nanoparticle surface, and these hot carriers can ac-

cess the more distant trap states, possibly in the nano-

particle’s surroundings. Further, the nanoparticle sur-

face and surroundings are heterogeneous41 and may

TABLE 1. Summary of Fitting Results for “On” and “Off” Probabilitiesa

excitation wavelength �on tc(on) �off tc(off)

400 1.4 � 0.2 0.8 � 0.3 1.2 � 0.3 2.3 � 0.3
510 1.4 � 0.1 0.9 � 0.3 1.3 � 0.2 2.1 � 0.3
520 1.5 � 0.2 0.9 � 0.3 1.3 � 0.2 1.7 � 0.2
530 1.3 � 0.1 1.0 � 0.4 1.2 � 0.3 1.4 � 0.3
543 1.3 � 0.2 1.2 � 0.4 1.2 � 0.2 1.5 � 0.2

------------------------ ------------------------ ------------------------ ------------------------ ------------------------
550 1.3 � 0.2 2.7 � 0.8 1.2 � 0.2 0.9 � 0.3
560 1.3 � 0.1 3.6 � 0.7 1.4 � 0.3 0.6 � 0.2
565 1.2 � 0.2 3.5 � 0.5 1.4 � 0.2 0.6 � 0.3
570 1.2 � 0.2 3.9 � 0.7 1.4 � 0.2 0.5 � 0.2
575 1.3 � 0.2 3.7 � 0.7 1.5 � 0.3 0.6 �0.2

aValues reported are obtained from the average and standard deviation of approximately 130 samples at each excitation wavelength. Standard deviations are reported to
�2�. The dashed line represents the experimentally observed excitation threshold that results in reduction of continuous nanorod fluorescence.

Figure 6. Summary of fit results. The average and standard
deviation (2�) from 130 CdSe nanorods are reported for the
value tc(on) in eq 2. The values are obtained with 10 excita-
tion wavelengths, and the results clearly fall into two distinct
categories: excitation at the band gap and excitation in ex-
cess of the band gap.
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result in a deeper trapping of the charge. The decrease

in long “on” periods, and the corresponding increase in

long “off” periods, following excitation above an ener-

getic barrier (240 meV) suggests a transient charge-

separated state is formed, which nonradiatively recom-

bines over longer times (i.e., self-trapped exciton).42 It is

worth noting that photoluminescence excitation (PLE)

experiments on CdSe quantum dots reveal a dramatic

50% reduction of fluorescence quantum yield when the

excitation energy is tuned from the band gap reso-

nance to an energy that exceeds it by 300 meV.43 This

reduction is attributed to an unidentifiable nonradiative

recombination process that is very competitive with ra-

diative decay.

A model is depicted schematically in Figure 7. Upon

vertical excitation, the electron relaxes nonradiatively

to the bottom of the conduction band, within a few

hundred femtoseconds, as it dissipates excess energy

to discrete phonon modes.44�46 Subsequently, radia-

tive recombination of the electron�hole pair may oc-

cur over a period of several nanoseconds, or the elec-

tron may fill the few hundred millielectronvolt trap-

state bath via phonon-assisted mechanisms.47 In fact,

fluorescence quenching via charge filling of trap states

has been observed for bulk samples.48 Trap-state filling

has been observed over tens of picoseconds,49 while a

fluorescence lifetime of 26 � 13 ns is measured for this

sample, using the time-correlated single-photon count-

ing technique. The comparatively long radiative life-

time provides ample opportunity for charges to access

traps. When enough energy is available in the excita-

tion, a hot carrier is created. This excited charge carrier

may be able to sample external traps, creating a charge-

separated species that remains in a nonemissive state

for long periods, resulting in an overall reduction of
the “on” times and increased long “off” times.

The wavelength dependence of the power-law sta-
tistics is consistent with an external charge-trapping
model. Power-law statistics represent an exponentially
large number of observed time bins for continuous
fluorescence emission, with a frequency of occurrence
that decreases exponentially with increasing time. This
can be correlated to a large number of internal and ex-
ternal trap states in proximity to the nanorod that have
an exponentially decreasing probability of being popu-
lated with increasing distance from the core. Previous
NMR experiments provide evidence for the existence of
multiple different internal and external structures for
both the cadmium and selenium atoms.41 This disor-
der may result in formation of trap sites at the surface
that differ from those formed in the internal region of
the particle. The increasing kinetic energy of a charge
carrier, with increasing excitation energy, enables the
sampling of more distant trap states, but these trap
states have a significantly lower probability of being
populated than those close to the core. As a result, it is
the long-time low-probability events that are sensitive
to the excitation wavelength. On the other hand, the
short time, higher probability events are not influenced
by the excitation wavelength, as shown by the insensi-
tivity of the slope, �on, reported in Table 1.

To investigate the possibility that the wavelength
dependence results from a barrier to create a self-
trapped exciton, single nanorod fluorescence is mea-
sured in a solvent with known high dielectric constant
and conductivity. Stabilization of a charge-separated
state should be highly dependent on the surrounding
dielectric environment. The stabilization energy of a
charge-separated state is directly proportional to the di-
electric constant of the surrounding cavity.50 Trajecto-
ries from CdSe/TDPA nanorods embedded in 1-ethyl-3-
methylimidizolium bis(trifluoromethylsulfonyl)imide
room-temperature ionic liquid (RTIL) with a dielectric
constant of 12.351 are measured with excitation ener-
gies of 30 and 240 meV above the optical band gap. The
latter case is just above the energetic threshold ob-
served for the transition in the blinking statistics. The
“on” time probabilities of drop-coated nanorods and
nanorods in the RTIL are plotted for the 30 meV data
on a log�log scale in Figure 8. The solvent shows no in-
fluence on the statistics over the six decades in prob-
ability or five decades in time over which the probabili-
ties are plotted. This finding indicates that when
nanorods are excited near the band gap resonance,
the environment has little or no influence over the fluo-
rescence statistics.

Fluorescence trajectories of single CdSe/TDPA nano-
rods excited 240 meV above band gap are shown in Fig-
ure 9, for drop-coated samples (panel a) and samples
embedded in RTILs (panel b). In addition to a decrease
in the number of “on” events, there is a reduction in the

Figure 7. Energy level diagram showing the 1Se, 1Pe, and
1De delocalized valence band states, as well as the 1Sh and
1Ph delocalized conduction band states. The vertical upward
pointing arrows correspond to excitation of an electron
from the conduction band to the valence band. The wavy
downward pointing arrows represent ultrafast electronic re-
laxation of the electron to the bottom of the conduction
band. The resultant electron�hole pair that forms can re-
combine radiatively, by emitting a fluorescent photon, de-
picted by downward pointing arrow. Alternatively, one of
the charges may become localized in a trap state. A possible
configuration is the charge-separated (CS) state, where one
of the charges is transferred to an external trapping site. The
data suggest an energetic threshold (dashed line) must be
surmounted to access these external traps.
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overall photon count rate in panel b. The “off” statis-

tics plotted in Figure 10 show the effect of the RTIL

clearly, as there is a dramatic increase in the probabil-

ity of long off events. The slope, �off, for the “off” statis-

tics of drop-coated nanorods is 1.3 � 0.2, while the na-

norod in ionic liquid sample results in an �off slope of

0.4 � 0.1. Fits of the “on” probability distribution are not

meaningful, due to the small number of “on” fluores-

cence events. The influence of the embedding medium

on the blinking statistics reported here for nanorods is

much larger than that observed previously for molecu-

lar dyes and nanoparticles embedded in organic poly-

mers with similar dielectric constants.52,53 The en-

hanced quenching observed here may be due to an in-

creased number of trap states present on the surface

of the nanorod, or it could be from the high electrical

conductivity reported for the RTIL.54 Detailed measure-

ments with improved time resolution, using a series of

ionic liquids at multiple excitation wavelengths, are

necessary to determine the precise nature of the inter-

action between excited nanoparticles and RTILs. The re-

sults do show that a model invoking charge ejection

to a distribution of surface or external trap states ac-

counts for blinking when the excitation is well in ex-

cess of the band gap. The decrease in the power-law ex-

ponent for “off” events indicates an increased

probability of observing long “off” periods. This result

strongly supports the formation of a self-trapped exci-

ton, after an energetic barrier has been overcome. The

detailed excitation-wavelength study and the RTIL re-

sults suggest the barrier is in the region of 210�240

meV above the optical band gap. This type of model

naturally provides for power-law distributions by as-

suming an exponentially large number of different

traps over relatively short distances of a few nanome-

ters. The efficiency of charge trapping in this case is

strongly influenced by the environment.

The environment does not influence blinking statis-

tics when excitation is near the band gap origin (Fig-

ure 8), indicating different blinking mechanisms may

give rise to the two distinct categories of statistics ob-

served. Power-law representations of nanoparticle fluo-

rescence blinking have become quite ubiquitous, and

recent studies on blinking of molecular dyes in both dis-

ordered and crystalline media result in similar probabil-

ity distributions when recorded over long times.52�64

Figure 8. Normalized “on”-time statistics resulting for
CdSe/TDPA nanorods drop cast to clean microscope cov-
erslips (Œ) and when embedded in 1-ethyl-3-methyl-
imidizolium bis(trifluoromethylsulfonyl)imide room-
temperature ionic liquids (RTILs) (�). The excitation en-
ergy is 30 meV above band gap, and the power density is
80 W/cm2. The RTILs show no influence on the blinking
statistics at this excitation wavelength.

Figure 9. (a) CdSe/TDPA nanorod fluorescence trajectory obtained
from 543 nm (240 meV above band gap) excitation and power den-
sity of 80 W/cm2. The excitation is 240 meV in excess of the experi-
mentally observed energetic barrier. (b) CdSe/TDPA fluorescence
trajectory from nanorod embedded in RTIL. A clear decrease in the
frequency of “on” events, as well as a reduction of the overall fluo-
rescence photon count rate is observed.

Figure 10. “Off”-time probability statistics for CdSe/TDPA nan-
orods when drop cast to a clean microscope coverslip (Œ), and
when embedded in the RTIL (�). The “off” probability distribu-
tion shows a decreased negative slope when in the RTIL, indica-
tive of more persistent “off” times. The slope fit to the “off”
probability, using eq 2, provides a value of �off � 0.4 (CdSe/NR
RTIL) and �off � 1.3 (CdSe/NR).
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A number of models have been developed to account

for these statistics. Of these, the two most prominent

ones are based on a diffusion-controlled (trap-state en-

ergy) charge transfer mechanism11,16�19,65 and an-

other that attributes the power-law statistics to mul-

tiple charge trapping sites that have a vast range of

recombination rates. The latter model can account for

blinking statistics when the excitation energy is well in

excess of the optical band gap. However, it is necessary

to invoke a barrier at the interface that allows the

charge carriers to access external traps as opposed to

those on the interior of the nanoparticle.

It is possible that a trap-state energy, diffusion-

controlled process gives rise to blinking when excita-

tion is near the band gap resonance. The diffusion-

controlled charge transfer mechanism accounts for

power-law blinking statistics in CdSe nanocrystals by

slow diffusion of the energies of trap states. In this

model, a fluorescent nanoparticle blinks from “on” to

“off” when the energy of a proximally close site of a dark

state matches that of the bright state. The particle will

remain in the “off” state until the energy of the trap

again diffuses to match that of the bright state, satisfy-

ing the resonance condition for charge transfer. Diffu-

sion of the trap-state energies is believed to be light-

driven, similar to spectral diffusion of nanocrystal

fluorescence.21,22 Hence, the model predicts the criti-

cal time will depend on the excitation power density.

In this work on nanorods and our previous work on

nanocrystals,15 a power dependence of the critical

value is not observed for any excitation wavelength at

room temperature. However, we note that the degree

of spectral diffusion observed in CdSe nanocrystals also

depends on the excitation wavelength.41 This work

does not preclude a diffusion-based model for nanopar-

ticle blinking. In fact, diffusion-controlled charge trans-

fer may be a critical early event for charge trapping.

Nonetheless, the results clearly show the existence of

an energetic barrier that changes the measured low-

probability long-time blinking statistics of CdSe nano-

rods, providing strong evidence for surface or external

trapping of charge carriers. Importantly, environmental

influences only become significant when excitation is in

excess of the optical band gap.

CONCLUSIONS
In conclusion, we have presented excitation-

wavelength-dependent results for the fluorescence

blinking statistics of single CdSe/TDPA nanorods

over time intervals spanning milliseconds to min-

utes. The “on” statistics are found to be sensitive to

the exciting wavelength, as are the “off” statistics.

Qualitatively, the nanorods cycle from “on” to “off”

configurations more frequently than nanocrystals

with similar band gaps. The fluorescence blinking

statistics of nanorods are analyzed for 10 different

excitation wavelengths. The probability distribution

for each wavelength is fit to a truncated power law.

The truncation of the power law reflects a limitation

to the duration of continuous “on” events. The fit-

ting results can be grouped into two categories: (1)

when excitation promotes the electron to an energy

substantially above the band gap and (2) when the

excitation frequency is near resonance with the first

exciton transition. The data indicate a wavelength-

dependent blinking mechanism that limits the con-

tinuous fluorescence emission efficiency of CdSe na-

norods resulting from a distribution of nonemissive

trap states. A possible explanation is that higher

photon energies access external trap states more

readily than when the minimum energy is used to

create the charge carriers. To confirm this, the influ-

ences of an embedding RTIL matrix on the blinking

statistics were measured as a function of the excess

excitation energy. In particular, nanorods excited be-

low the critical energetic threshold are not influenced

by an embedding RTIL. However, when excitation ener-

gies exceed the threshold, blinking statistics are signifi-

cantly dependent on the embedding matrix. The data

suggest a threshold for charge carrier trapping in exter-

nal and surface sites. This picture is consistent with a bar-

rier to forming a self-trapped exciton. The findings sug-

gest the performance efficiency of quantum-dot-based

devices could be strongly dependent on the exciting

wavelength. Further, from photon antibunching experi-

ments, fluorescence emission across the entire length of

the nanorod, as opposed to the existence of segmented

domains, is confirmed, eliminating the possibility of the

formation of multiple absorption and emission domains.

EXPERIMENTAL METHODS
The CdSe nanorods studied here are synthesized via a modi-

fied organometallic method in a coordinating solvent of trio-
ctylphosphine oxide (TOPO) and TDPA based on the work of
Peng et al.26 The CdSe nanorods were produced in common air-
free conditions on a nitrogen-filled Schlenk line. Briefly, 50 mg
of CdO (Acros Organics #22379, 99%), 4.1 g of TOPO (Strem
Chemicals #15-6661, 99%), and 305 mg of TDPA (PCI synthesis
# 4671-75-4, 99%) were placed in a 50 mL three-neck flask with
septa, thermometer, and refluxing column attached to the
Schlenk line. In order to remove all residual water and oxygen

from the mixture, the solution was heated to 120 °C under a ni-
trogen flow and subsequently vacuumed down for upward of
1 h. A 0.16 M SeTOP selenium�trioctylphosphine solution was
prepared in a nitrogen-filled glovebox by placing 4 mL of tech-
nical grade trioctylphosphine (Aldrich #117854, 90%) and 42.0
mg of Se powder (Acros Organics #19807, 99% 200 mesh) into
a scintillation vial and capped with a septum. After removal from
the glovebox, the SeTOP solution was sonicated for 30�45 s to
facilitate complete dissolution of the Se powder. After repeated
nitrogen purge and vacuum cycles, the solution of CdO in TOPO/
TDPA was optically clear with a slight golden tint occurring at
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250 °C. Special care was taken that all CdO was completely dis-
solved and no residual CdO powder resided on the flask walls by
vigorously shaking the vessel. At �280 °C, a weak vacuum was
applied to the CdO/TOPO/TDPA solution. A slight haze formed
above the solution; the solution color changed to a darker
golden hue, the vacuum was ceased, and a nitrogen flow was ap-
plied. With a solution temperature of 270 °C, 4.0 mL of the 0.16
M SeTOP was injected, and upon injection, the temperature de-
creased to 230 °C. Growth of the CdSe nanorods was performed
at 260 °C, and the reaction was tracked via UV�vis spectropho-
tometry and photoluminescence (PL) spectrometry. Growth was
allowed to continue for 5 min, then allowed to cool to approxi-
mately 50 °C, precipitated with methanol, and collected. Three
precipitation and decantation cycles were performed, and the
CdSe nanorods were ultimately dissolved in toluene. A represen-
tative TEM image of the resultant ca. 4 nm � 20 nm CdSe nano-
rods is found in Figure 1b.

The bulk room-temperature linear absorption and global
photoluminescence (PL) spectra of the CdSe/TDPA nanorods
are shown in Figure 1a. Linear absorption measurements are
made on a dilute solution, and the PL measurements are ob-
tained from a thin film of nanorods spin-coated to a silica sub-
strate. The peak of the first exciton absorption transition is cen-
tered at 575 nm, and the absorption increases continuously to
more energetic wavelengths. The PL spectrum is normalized to
the (1Se�1Sh; 575 nm) absorption transition for comparison. The
peak of the PL is Stokes-shifted from the absorption by approxi-
mately 30 nm to a center value of 605 nm, and it has a full-width
at half-maximum of 35 nm. From the bulk absorption and PL
measurements, a CdSe diameter of approximately 4.0 nm can
be inferred.

A dilute solution of the nanorods is dissolved in toluene
and spin-coated onto a 0.17 mm thick microscope coverslip (re-
fractive index (nD) 	 1.515) for single nanorod fluorescence mea-
surements, resulting in a thin film of sparsely deposited par-
ticles. The coverslip is first cleaned by sonication in a Hellmanex
II (Fluka) solution at 90 °C, followed by sonication in Millipore
H2O and followed by several rinse and sonication cycles to en-
sure removal of fluorescent impurities. The substrate is then pas-
sivated with N-(2-aminoethyl)-3aminopropyltrimethoxysilane
(AEPS) prior to quantum dot deposition. The deposition of single
particles is confirmed by atomic force microscopy and by pho-
ton antibunching measurements.

Single nanorod fluorescence trajectories are recorded using
a home-built epifluorescence microscope. Two excitation
sources are used: a continuous wave 543 nm laser and a high
repetition rate wavelength-tunable femtosecond (fs) laser sys-
tem. A Coherent Mira titanium sapphire oscillator produces ul-
trashort pulses that are amplified by a 200 kHz Coherent RegA re-
generative amplifier, producing nominally 800 nm pulses with a
temporal duration of 150 fs and pulse energies of 5 
J. The laser
output is split by a 70/30 beamsplitter to generate a 400 nm
beam and a white-light continuum, which are then mixed in an
optical parametric amplifier (Type I-BBO) to generate approxi-
mately 50 nJ of tunable output over a range of 500�700 nm. The
intensities of both laser sources are attenuated with absorptive
neutral density filters to provide average power densities at the
sample ranging from 50 W/cm2 to 10 kW/cm2, spanning both lin-
ear and nonlinear multiphoton excitation regimes. The lowest
power density employed corresponds to an average per rod ex-
citon density of �0.15, taking into account the absorption
strength. The excitation laser light is focused through the micro-
scope slide onto the nanorod sample on the reverse side. A
diffraction-limited spot is obtained by an oil immersion (nD 	
1.515) 1.3 NA objective (Nikon, PlanFluor 100), generating an ap-
proximately 200 nm spot size at the focus. An x,y,z translation
stage is used to scan the sample through the excitation focal vol-
ume. Sample emission is collected through the same oil immer-
sion objective and directed through a series of dichroic and
notch filters to isolate the 605 nm band edge emission prior to
imaging individual CdSe nanorods with a charge-coupled device
(CCD) camera for detection. The signal is read out to a commer-
cial video capture card and saved to a computer. The fluorescent
point sources are temporally integrated to obtain fluorescence
trajectories. The CCD detector has a minimum readout time of 10

ms, providing the limit to the temporal resolution. The signal-to-
noise ratio achieved for single nanorod trajectories using 10 ms
binning is �4. Averages and standard deviations reported
throughout the text are reported to �2�.

Photon antibunching experiments were conducted with a
commercial PicoQuant MicroTime200 time-resolved confocal
microscope. The CdSe nanorods were excited with a single 400
nm photon generated by a variable repetition rate (1�20 MHz)
laser (LDH, PicoQuant, 470 nm, 80 ps). Samples are spin-coated
as described above and mounted on an Olympus IX71 platform.
The excitation light is focused with a high numerical aperture ob-
jective (NA 	 1.3), and the same objective is used to collect
nanorod fluorescence. The emission is then split with a 50/50
beamsplitter and directed to two avalanche photodiode detec-
tors (SPCM-AQR-14, Perkin-Elmer). Background fluorescence is
rejected with band pass filters placed before the photodiodes.
The photon pulses from the photodiodes are detected with
time-correlated single-photon counting (TCSPC) electronics in
combination with a four-channel router (PicoHarp 300; Pico-
Quant). The time resolution of 4 ps is achieved.

Absorption and fluorescence measurements of nanorods
are also made in a high-dielectric environment. The CdSe/TDPA
nanorods are spin-coated onto a clean coverslip that includes a
silicone isolating well for fluids, purchased from Sigma. 1-Ethyl-
3-methylimidizolium bis(trifluoromethylsulfonyl)imide ionic liq-
uid is then added to the well, which is subsequently sealed by at-
taching a second coverslip that sandwiches the sample between
the two microscope slides. The ionic liquid is used as purchased
from Fluka, without further purification. The dielectric constant
of this ionic liquid is 12.3.51 Absorption measurements show no
indication that the ionic liquid alters the exciton levels of the
nanorods.
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