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F
luorescent labels, such as organic dyes
and quantum dots, are universally em-
ployed in life science applications such

as microscopy and single-molecule spec-
troscopy. Many of these applications de-
pend critically on photostability of the
fluorophores; for example, confocal or mul-
tiphoton microscopy modalities often re-
quire intense illumination.1,2 Moreover, a
number of super-resolvedmicroscopy tech-
niques rely on fluorophore saturation.3�5

Quantum imaging also requires observing
fluorophores at or beyond the saturation
threshold.6 However, most organic fluoro-
phores in a bioenvironment are susceptible
to photodamage even at powers much
below saturation, producing a given maximal
number of photons before photobleaching.7

Although QDs typically demonstrate better
photostability than most organic dyes,8�10

their emission is usually steady only at powers
well below saturation, with increased blinking
followed by photobleaching at high excita-
tion powers.11,12

Recently, it was demonstrated that blink-
ing can be mitigated or eliminated by con-
trolling the chemical environment ofQDs,13,14

by engineering QDs with smooth effective
potential,15 or by overcoating the QDs with
very thick insulating shells.16,17 The first two
approaches, however, were demonstrated
only at relatively low excitation power. On
the other hand, the giant QDs of refs 16 and
17 were shown to remain nonblinking even
under optical saturation conditions.18 These
nanocrystals demonstrate behavior inter-
mediate between regular QDs and bulk
semiconductor crystals, with typical fluoro-
phore features such as photon antibunching
andfluorescence saturation less pronounced
due to reduced Auger interactions.19 Their
relatively large size might, however, present
an obstacle for some applications.
It has been shown previously that utiliz-

ing pulsed illumination with microsecond
intervals between pulses can substantially
improve the total photon yield of organic

dyes, which was attributed to suppres-
sion of the triplet state mediated photo-
bleaching.20,21 At the same time, the pio-
neering work by Nirmal et al.22 associated
QD blinking with a two-step ionization pro-
cess involving a trap state with a lifetime
of about 5 μs. On the other hand, recent
studies suggest that QD blinking is due to
rapid charge carrier capture by a trap state,
active during the “off” intervals but dormant
during the “on” times.23�25 It might be con-
jectured that, similarly to the triplet state
absorption role in photobleaching of organ-
ic dyes, absorbing a photon while the trap
state is occupied can facilitate photodam-
age. Under this assumption, the presence
of a trap state and its decay time can be
established by examining the dependence
of the QD photostability on the excitation
repetition rate.While the power dependence
of QD blinking properties has received some
attention,18,26,27 the effects of the repetition
rate on the QD photostability have not been
addressed yet.
In this work, we examine blinking proper-

ties of individual QDs, studying their fluo-
rescence emission at various repetition
rates and at excitation power ranging from
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ABSTRACT Although colloidal quantum

dots (QDs) exhibit excellent photostability

under mild excitation, intense illumination

makes their emission increasingly intermit-

tent, eventually leading to photobleaching.

We study fluorescence of two commonly used types of QDs under pulsed excitation with

varying power and repetition rate. The photostability of QDs is found to improve dramatically

at low repetition rates, allowing for prolonged optical saturation of QDs without apparent

photodamage. This observation suggests that QD blinking is facilitated by absorption of light

in a transient state with a microsecond decay time. Enhanced photostability of generic

quantum dots under intense illumination opens up new prospects for fluorescence microscopy

and spectroscopy.
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the linear regime and well into saturation. We demon-
strate that photostability of generic quantum dots,
exhibiting regular blinking properties and susceptible
to photodamage under usual conditions, is improved
dramatically under pulsed illumination with low repe-
tition rates.
In our experiments, we used two well-studied28 and

commonly used types of QDs: CdSe/CdS/ZnS core�
shell�shell QDs and CdSe/CdS seeded nanorods29 (see
Supporting Information for additional details).

RESULTS AND DISCUSSION

To investigate fluorescence saturation behavior of
individual QDs, we conducted the following experi-
ment. The fluorescence signal was collected continu-
ously from single nanocrystals, while the pulse energy
was gradually changedwith time following a triangular
wave pattern, as shown in Figure 1a, and the repetition
rate was kept constant. Such measurements were
conducted on the same nanocrystal at several repeti-
tion rates. A typical fluorescence trace from an indivi-
dual CdSe/CdS nanorod is shown in Figure 1b�e. The
general flat-top shape of the signal curves indicates QD
saturation. Similar height of all peaks shows that QDs
did not undergo photodamage in the relevant time
scale. A higher proportion of dark periods is evident at
higher repetition rates.
Traces similar to those shown in Figure 1b�e were

time-binned to produce signal versus excitation power
scatter plot diagrams shown in Figure 2. Each scatter
plot is shown together with a histogram of the QD
brightness probability distribution corresponding to a
given range of excitation power. The figure shows data
from three typical QDs studied at repetition rates ranging
from 100 kHz to 1 MHz.
At low pulse energy and low repetition rates, most

data points fall on the same line. With increasing pulse
energy, the scatter increases significantly. Neverthe-
less, at low repetition rates, most data points cluster
around a clear saturation curve. As the interpulse in-
tervals are decreased, more and more data points are
shifted downward from the curve due to emission
intermittency, so at the highest repetition rate the
time-averaged signal almost disappears. The fluores-
cence intermittency dependence on the repetition rate
is seen clearly in the QD brightness histograms. At the
lowest repetition rate, the histograms demonstrate a

Figure 1. (a)Measured excitationpulse energy as a function
of time. (b�e) Example traces of fluorescent signal from a
CdSe/CdS nanorod as a function of time, at the repetition
rates of 100 kHz to 1MHz. Fluorescence signal is in the units
of photon counts per 100 excitation pulses.

Figure 2. CdSe/CdS nanorod saturation behavior dependence on the excitation repetition rate. Every row of panels
corresponds to a single CdSe/CdS nanorod, while each column represents data at a given repetition rate. Each panel shows
a scatter plot diagramof a fluorescence signal against excitation pulse energy, accompanied by a histogramof QDbrightness
distribution built from the data in the framed area in the scatter plots (gray rectangles). The fluorescence signal is given in the
units of photons detected per 100 pulses, representing the cumulative efficiency comprising the efficiency of QD excitation,
emission, optical collection efficiency, and detector quantumefficiency. The vertical scale is the same for all panels in one row.
The pulse energy is given in normalized units, the maximal pulse energy corresponding to a fluence of 80 μJ/cm2.
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wide peak corresponding to the on state, occasionally
also featuring a narrow off state peak at zero signal,
which corresponds to almost continuous emission
with moderate blinking. As the repetition rate is in-
creased, the brightness distributions become wider
and shift to lower signals, corresponding to increased
fluorescence intermittency, while the zero-signal peak
grows. At the highest repetition rate of 1 MHz, the QDs
spend a significant fraction of time in the off state, and
the average signal per excitation pulse is drastically
reduced compared to the signal at low repetition rates.
The results of a similar experiment conducted on

CdSe/CdS/ZnS QDs are shown in Figure 3. The figure
presents saturation scatter plots for three typical QDs at
repetition rates varying from 100 kHz to 10 MHz. Each of
the three rows of the figure correspond to a single nano-
crystal. Unlike nanorods, theCdSe/CdS/ZnSQDs feature a
relatively high biexciton quantum yield (BXQY) of∼20%,
whichmakes the saturation less pronounced. To take into

account only the single-exciton signal, we discard all
photons arriving in the first 5 ns after the excitation pulse.
The effect of such time gating on the saturation curves
and BXQY derivation for both kinds of QDs are described
in the Supporting Information. The scatter plots and
histograms shown in Figure 3 show the same trends as
thoseof Figure 2, demonstrating in addition to theon and
off states also “gray” states with reduced quantum yield.
While the average signal decreases with the repeti-

tion rate, the autocorrelation analysis of fluorescence
traces of both types of QDs shows dramatic shrinking
of typical durations of blinking events (see Supporting
Information for details).
To extend our study to even longer interpulse inter-

vals, we utilized a wide-field fluorescence imaging
setup operating at 1 kHz (see Methods section). The
combined saturation curves of 24 individual CdSe/CdS
nanorods and 26 CdSe/CdS/ZnS QDs are shown in
Figure 4 in log�log scale. To account for uneven optical

Figure 3. CdSe/CdS/ZnS QD saturation curve dependence on the repetition rate. As in Figure 2, every row in a panel corresponds
to a singleQD,while each column represents data at a given repetition rate. Thefluorescence signal is given in theunits of photons
detectedper 100pulses. Thedatawere time-gatedbydiscarding thephotonsarriving in thefirst 5ns after the excitationpulse. The
pulse energy is given in normalized units, the maximal pulse energy corresponding to a fluence of 50 μJ/cm2.

Figure 4. QD fluorescence brightness as a function of the excitation power, recorded at a repetition rate of 1 kHz using a CCD,
in log�log scale. (a) Data for 24 CdSe/CdS nanorods and (b) 26 individual CdSe/CdS/ZnS QDs. The signal axis is graduated in
the units of photons detected per 100 excitation pulses. The excitation power was scaled for every QD to give the same slope
in the linear part of the saturation curve, accounting for the variations of local excitation intensity and variations of the cross
sections. The trend lines correspond to the linear dependence of signal on excitation power.
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power density across the field of view and variations of
the absorption, the excitation power was normalized so
that four lowest-power points of each saturation curve
correspond to the same slope. No adjustment was made
to the vertical scale of the plots. Both types of QDs
demonstrate saturation brightness of about 0.1 detected
photon per excitation pulse, which, to our knowledge, is
the highest efficiency reported to date for fluorophores
that can be utilized as labels for bioimaging.
Similarly to Figures 2 and 3, at low power, the data

points fall on the same line (although, in contrast to
Figures 2 and 3, these represent the combined data
from many QDs). The plots show a sharp bend at the
saturation threshold, followed by a period of much
slower growth, extending for about two decades. The
excitation power in these plots was limited by the
available laser power, corresponding to a fluence of
∼1.2 mJ/cm2. The vertical dispersion of the data points
is due to both the differences in brightness between
individual QDs and the fluorescence intermittency.
Although the dispersion increases significantly after
the bend, the average signal is not significantly af-
fected by blinking even at high power. Indeed, no
degradation of QDs was observed during 1 h of con-
tinuous illumination at the highest excitation intensity
used to obtain the data of Figure 4 (see Supporting
Information for further details). These plots show that
deep saturation of QDs, up to a factor of about 50, is
possible at 1 kHz repetition rate with very little fluo-
rescence intermittency and without inflicting perma-
nent damage. The sharp decrease of QD blinking at
low repetition rates demonstrates that the excitation
power and repetition rate dependence are key aspects
of QD fluorescence intermittency, suggesting that QD
photostability and (non)blinking properties should be
assessed relating to given excitation conditions.
The rapid signal fluctuations observed at high repeti-

tion rates suggest a stochastic, excitation pulse-driven
model of the on�off transitions. At the same time, the
change inblinkingbehavior takingplace at the interpulse
intervals of several microseconds for CdSe/CdS nanorods
and about 1 μs for CdSe/CdS/ZnS QDs implies that, at
leastwith a certain probability, theprocesses initiated in a
QD by the excitation pulse do not decay completely in
the corresponding time scale, almost 2 orders of magni-
tude longer than radiative decay time in these QDs.
This memory effect can be interpreted as the decay

time of the trap state responsible for photodarkening.
Exploring the properties of such trap states is essential

for understanding of blinking processes in QDs. At
present, their most studied parameter is the trapping
rate, which was estimated by Zhao et al.23 to be less
than 1/100 of the radiative time, corresponding to a
few hundred picoseconds, while the distributions of
trapping rate measured in ref 24 for CdSe/CdS/ZnS QDs
were centered around 250 ps, largely independent of the
QD size. On the other hand, in ref 25, it is found that a hot
electron can be trapped before cooling to the band edge,
which requires a trapping rate faster than the intraband
relaxation rate. Another important parameter of the trap
states, thedecay time,was estimated in ref 24 tobeon the
order of a few hundred nanoseconds, which agrees well
with the 1 μs characteristic time scale reported here.
Overall, the repetition rate dependence of the fluores-
cence intermittency corroborates the model of QD blink-
ing via charge carrier capture by a transient trap state and
provides a measure of the decay time of such states.
Currently, a major limitation in saturation-based

super-resolution microscopy3,4 is the lack of a biocom-
patible fluorophore able to withstand deep saturation
long enough to allow for sufficient amount of fluo-
rescent photons to be collected. Our results can pro-
vide a solution to this problem, enabling regular QD
fluorescent labels to serve as saturable fluorophores
resilient to photodamage. Although it seems natural to
assume that imaging QDs at low repetition rates must
entail very long signal accumulation, it is not necessarily
so. For example, in a scanning confocal or two-photon
microscope, the beam can be scanned so fast that every
diffraction-limited spot will be exposed to an excitation
pulse only once per scan, so that the necessary long
intervals between pulses are filled by exciting the
fluorophores at different parts of the sample.20 In this
setting, it should be possible to take advantage of the
bright signal emitted by QDs near their saturation
threshold without inflicting photodamage.

CONCLUSION

Wehave shown that regular QDs, not possessing any
special nonblinking properties, become remarkably
photostable at sufficiently low repetition rates, despite
deep saturation. This observation sheds new light on
the QD blinking mechanism, suggesting that a central
role in photodarkening is played by a long-lived tran-
sient state. The resulting ability to saturate regular QDs
without inflicting photodamage can be beneficial for
fluorescence spectroscopy and microscopy modes
requiring high excitation fluence.

METHODS

In the individual nanocrystal experiments, the QDs were
embedded in a poly(methyl methacrylate) film spin-coated
onto a glass coverslip. Fluorescence was excited using a
variable repetition rate 470 nm mode-locked laser with a

pulse duration of 100 ps (Edinburgh Instruments). The ex-
citation light was focused on individual QDs using a 63� oil
immersion objective with NA of 1.4, which was also used to
collect the emitted light. The fluorescence signal was split
between two channels using a multimode fiber splitter and
directed into a pair of avalanche photodiodes (Perkin-Elmer),
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connected to a time-correlated single-photon counting
module (PicoQuant HydraHarp 400).
For the wide-field experiment, we used a 532 nm Q-switched

laser emitting 300 ps pulses at a repetition rate of 1 kHz.
Fluorescent signal was detected by an electron-multiplying
charge-coupled device (CCD). The fluorescence signal from
individual QDs was calculated as the sum of the CCD readings,
converted to the units of photoelectrons, over computer-
identified areas in the image corresponding to individual QDs.
The background, estimated as the median pixel reading in the
vicinity of every dot at a given excitation power, was subtracted
from the fluorescence signal.
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