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A
t the single molecule level, most
semiconductor nanocrystals (NCs)
are affected by photoluminescence

(PL) blinking displaying interruptions in the

PL that have a significant variability in dura-

tion and which can last up to several sec-

onds at a time.1 These random interruptions

in the PL pose a limitation on potential ap-

plications of NCs as efficient and reliable

nanoscale emitters. Currently, charge accu-

mulation at the NC surface or photoinduced

ionization have been proposed as the most

likely mechanisms responsible for PL blink-

ing, since it is assumed that while in one of

these charge-separated states, the NC is un-

able to radiate due to efficient nonradia-

tive Auger recombination.1,2 However, the

observation of broadly distributed blinking

dynamics is still the subject of intense

debate,3,4 since the large time scales in-

volved are many orders of magnitude larger

than those predicted by standard quantum-

mechanical models.

This photoionization hypothesis has

been supported by a number of experimen-

tal observations, most remarkably by the

fact that illumination can lead to ionization

of single NCs.5 To account for the large dy-

namic range observed in the blinking statis-

tics, several models, based on the Auger

mechanism, have been put forward;3,4,6

these models often invoke distributions of

charge traps that could be either external to

the NC6�11 or surface-localized.12�14 In most

of these attempts the effort is devoted to

accounting for binary-like “on-off” transi-

tions in the PL; however, as we demonstrate

in this letter, blinking in CdSe/CdS

core�shell NCs involves an additional tran-

sition state that acts as an intermediary be-

tween the “on” and “off” states. Here we

demonstrate that single CdSe/CdS

core�shell NCs exhibit unusual blinking dy-
namics involving three states. In addition
to a bright state, we observe an intermedi-
ate state that has a low radiative quantum
yield and facilitates the transition to the
“off” state. We show that this intermediate
state stems from radiative recombination
from a positively charged NC, and we also
provide evidence that incomplete surface
passivation provides an efficient nonradia-
tive decay channel that is activated/deacti-
vated by adsorption/desorption of small at-
mospheric molecules. Furthermore, unlike
the case of the commonly studied CdSe/
ZnS NCs, the duration of both the bright
and the dim state emission have a single
(and well-defined) characteristic time
constant.

RESULTS AND DISCUSSION
In Figure 1a we show a typical PL time-

trajectory of a single CdSe/CdS NC
(zoomed-in, 5 ms binning time, 300 s total
observation time). The emission from this
system is dominated by blinking, that is, it
is often interrupted by periods of time
where the total intensity drops to the back-
ground level. However, unlike previously re-
ported data, the emission is dominated by
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ABSTRACT We report on the observation of an intermediate state in the blinking of single CdSe/CdS

core�shell nanocrystals. This state has a low quantum yield and connects the “on” and “off” states commonly

observed in the photoluminescence blinking of individual nanocrystals. We find that the transitions between these

two emitting states follow nearly single-exponential statistics. The transitions from the “on” state to this

intermediate state result from changes in the surface passivation of the nanocrystal. The data are consistent

with photoinduced, adsorption/desorption events that take place at the surface of the nanocrystals. The trion

state leads to a reduction in photoluminescence in nanocrystals.
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frequent, discontinuous jumps between two well-

defined levels with occasional transitions to a dark state.

In Figure 1a, the time trajectory is a superposition of

events where (i) there is little emission (“off” events),

(ii) events with an intermediate and well-defined emis-

sion level, and (iii) periods of short-lived fluorescence

bursts with count rates well above the intermediate

level. In sharp contrast to previous findings, the NC

seems to spend most of the time experiencing transi-

tions to and above the intermediate state, resulting in

the sharp feature observed in the intensity histogram of

Figure 1b. This emission pattern can be reproduced by

a single NC for periods of observation longer than 600 s

and is consistently observed for CdSe/CdS NCs drawn

from different samples (see Supporting Information).

We measured interphoton arrival times, under con-

tinuous wave excitation, with a Hanbury�Brown and

Twiss interferometer.15 The absence of coincidence

counts at zero interarrival time in the histogram of Fig-

ure 1c [i.e., n(0) � 0], shows that this multistate emission

displays photon antibunching, thus unambiguously

demonstrating that the three-state pattern of Figure

1a stems from the emission of individual photons from

a single NC.16�18

Despite the clear observation of more than one

emission intensity level in the time transient of Figure

1a, the emission spectra (at room temperature) only

consist of a single peak, as shown in Figure 1d, with no

additional features at either higher or lower energies,

thus indicating that the two emission states do not

stem from eigenstates of different energy of the NC

(within spectral-diffusion-limited resolution,19 at room

temperature [see ref 20]).

We found the emission intensity to be strongly cor-

related with the PL decay lifetime, as shown in Figure

2. For the high intensity events, the PL decay time was

monoexponential with a decay time of �44 ns, which

is almost twice as large as that reported for CdSe/ZnS

NCs,21,22 and attributable to the lowered electron�hole

wave function overlap in the pseudo-Type II hetero-

structure [see Figure 1e] in agreement with the recent

results of Mahler et al.23 On the contrary, the PL decay of

the photons originating from the intermediate level

were well-described by double-exponentials with aver-

age decay times of �5.2 ns. As discussed by Schlegel et

al.22 and by Fisher et al.,21 such a correlation of PL life-

times with emission intensities suggests that the nonra-

diative decay rate knr is fluctuating; furthermore, given

the shape of the histogram of Figure 1b, these data im-

ply that there must be an almost binary fluctuation of

knr values.

Given these observations, and as first discussed by

Zhang et al.,24 it is obvious that an analysis of blinking

in terms of a binary (on/off) process is inaccurate, and

instead, for CdSe/CdS, blinking statistics should be ana-

lyzed in terms of transitions that occur among a set of

(at least) three states, namely, an “off” state [with inten-

sities lying below the (arbitrary) line L in Figure 1b], an

intermediate intensity level (events with intensities

within the bounds of the lines U and L in Figure 1b)

and a high intensity level (events with intensities above

line U); in other words, we extend the traditional

Figure 1. Photoluminescence from a single CdSe/CdS nanocrystal (core radius 1.9 nm, 3.5 ML of CdS): (a) intensity as a
function of measurement time; (b) histogram of the measured intensity. It is clear in this figure that there are two well-
defined emission levels above the background; (c) histogram of time delay between consecutive photons measured on a
Hanbury�Brown and Twiss interferometer. The dip at zero delay time indicates that the photon emission is antibunched.
(d) Representative emission spectra of a single CdSe/CdS NC measured with 1 s integration time at room temperature, due
to spectral diffusion the emission peak position randomly shifts during the course of several seconds. The two spectra shown
in the figure demonstrate the typical extent of these fluctuations. All the measurements were carried out under cw illumina-
tion at �200 W/cm2. (e) Electron (blue) and hole (red) radial probability densities calculated for a CdSe/CdS NC within the ef-
fective mass approximation. The vertical line denotes the position of the core�shell interface Rc.
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on/off intensity-threshold analysis6 to account for three

states. Using this approach, we can compile histo-

grams of the duration of these three types of events

from which we obtain the results of Figure 3a�c (times

spent in the “off”, intermediate-, and high-intensity

states, respectively). Here, it is important to point out

that a more robust identification of both the number

and magnitude of the intensity levels accessible to the

NC, can be achieved by using the change-point method

of Watkins and Yang.25 However, the main point that

we wish to highlight is that the data presented here

strongly indicate that the number of such states is fi-

nite (unlike the case of CdSe/ZnS NCs that display a con-

tinuous distribution24) and bigger than two (i.e., binary

blinking).

The resulting histogram of off-times spans almost

four decades in time and is linear on a log�log scale,

indicative of an inverse power-law distribution.26

Consistent with previous reports, these statistics were

also found to be insensitive to pump power1,7,27 and

pump energy28 as shown on Figure 4 and Figure 5,

where we show a representative set of blinking statis-

tics obtained by illuminating a single CdSe/CdS nano-

crystal with different excitation powers (at 488 nm cw

excitation) and excitation energies. On the contrary, the

histograms of the other two types of events were found

to be described by stretched-exponentials (the lines in

Figure 3b�c) with a parameter � that for the high-

intensity events, frequently reached a value of unity,

thus indicating that the rate of depletion of this state

has a well-defined time scale (�24 ms). For the histo-

grams of the times spent at the intermediate-intensity

level the values of � were �0.7 and the average decay

times were in the order of 15 ms. These decay times

were found to depend on both pump power and en-

ergy, as shown in Figures 4 and 5, indicating that the

Figure 2. (A) Emission time transient from a single CdSe/CdS nanocrystal (core radius 1.9 nm, 3.5 ML of CdS). Each horizon-
tal line indicates the intensity threshold employed to discriminate the high-intensity against the medium intensity events. (B)
Photoluminescence time decay of the photons that originate from the high intensity level (those above the orange line) plot-
ted on a log�linear scale. (C) Photoluminescence time decay of the intermediate intensity photons (those that were se-
lected between the green and red lines in panel A). Excitation with pulses of �73 ps width, 466 nm at a repetition rate 10
MHz.

Figure 3. Histograms of the lengths of time the CdSe/CdS nanocrystal (core radius 1.9 nm, 3.5 ML of CdS) spent in (a) the
off-level on a log�log scale; (b) in the intermediate intensity level; (c) and in the higher intensity level in log�linear scales.
In panel a the line is a fit to an inverse power-law At�m, with m � 1.45 � 0.02, whereas in panels b and c the data was fit-
ted to stretched exponentials y � A exp �(t/�)�.
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transitions between bright and dim states are at least

partially of photophysical origin.

Careful analysis of time trajectories such as that of

Figure 1 revealed that almost all of the discrete jumps

in emission intensity occur between the high and inter-

mediate levels (�92% of the total number of jumps).

Furthermore, the transitions to the off-state occur pre-

dominantly from the intermediate level (3.7% of total

number of transitions) and likewise the recovery of the

PL seems to be mediated by transitions between the

“off” state and the intermediate level (3.8%). This indi-

cates that the three-state pattern of Figure 1a results

from the following transitions:

where |H� denotes a state assumed to be the (low-

est state) exciton where the NC has a high emission

QY with a monoexponential PL decay and is coupled

to a state |M� that has a lower emission QY, and is

in turn coupled to an off-state |O�. In this empirical

representation, the rates that connect |H� and |M�

are much larger than those connecting |M� and |O�

since the NC spends most of the time experiencing

jumps between the bright and dim states. Further-

more, the exponential character of the histogram of
Figure 3c indicates that

is a single-rate process, further supporting the as-
signment of |H� as a discrete emission state. The ob-
served power-law distribution of off-times in Figure
3a implies that the transition |O� ¡ |M� occurs via a
manifold of kinetic pathways6 that must result from
the existence of a distribution of states associated
with |O� which in reference12 we hypothesized to
arise from unsaturated surface atoms in the NC (see
also ref.8 where the traps are considered to be dis-
tributed in the surrounding matrix). We note that the
kinetics of the state |M� are influenced by both |H�

and |O�, explaining why the histogram of Figure 3b
deviates from a pure monoexponential.

In Figure 6, we present the PL time trajectory of a
single CdSe/CdS NC, measured under alternating atmo-
spheric conditions. In this figure, a drastic change in
the emission pattern is immediately observed when the
gaseous environment of the sample is changed from
air to dry nitrogen and finally to wet nitrogen. In the dry
nitrogen case, the PL is seen to continuously change

Figure 4. Effect of the excitation power on the blinking statistics of a single CdSe/CdS nanocrystal. The histograms corre-
spond to the off times (left), the intermediate-level times (center), and the times spent at the high-intensity level (right). Ex-
citation wavelength: 488 nm (cw).

Figure 5. Effect of excitation energy on the statistics of blinking in a single CdSe/CdS nanocrystal. Histogram of off-times
(left), times spent at the intermediate level (center), and times spent in the high intensity level (right). The dots correspond
to excitation with cw laser light at 488 nm, whereas the line corresponds to 543 nm.
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its intensity to and above the background level with
lowered emission intensity, and without the pattern ob-
served in Figure 6a. However, a three-state pattern ap-
pears after the introduction of H2O(g), indicating that the
three-state blinking is only observable when the sur-
face of the NCs is passivated, in this case, by oxygen and
water.29,30 Notably, a lowered emission intensity was
measured under N2(g)/H2O(g) which can be ascribed ei-
ther to the lack of oxygen molecules which are known
to influence the PL intensity31 or to a photodissociative
adsorption process discussed by Ladizhansky et al.32

and Cordero et al.,33 whereby physisorbed H2O(g) coex-
ists with chemisorbed �OH, which might lead to irre-
versible photo-oxidation of the NC.

To explain these experimental observations, several
scenarios must be considered: First, fast blinking events
cannot be responsible for the observed three state
blinking, since it is highly unlikely that such a random
process would result in the histograms of Figure 1b and
in the difference in PL decay lifetimes observed in Fig-
ure 2. The model proposed by Efros and Rosen2 is ex-
pected to result in binary modulation of the PL, since
according to their postulates, transitions occur from a
neutral to a charged state (and vice versa), accordingly
activating (deactivating) the Auger nonradiative decay
channel. This results in discrete “on-off” blinking, clearly
not accounting for the dim state. However, in a recent
work by Jah and Guyot-Sionnest,34 it was found that in
films of CdSe/CdS NCs, the emission quantum yield of a
trion (a multiparticle state consisting of either a posi-
tively T� or negatively charged T� exciton) was in the
�10% to 15% range, which could account for the dim
state reported here.

In CdSe/CdS NCs the hole wave function is local-
ized in the core, whereas that of the electron is delocal-
ized over the entire structure27 (see Figure 1e). Conse-
quently, it is likely that the species responsible for the
dim state is due to reversible electron trapping in sur-
face states. This results in a positively charged NC (i.e.,
hole delocalized in the core). In this configuration, due
to subsequent photoexcitation, a positively charged ex-
citon, or a T� trion can exist in the NC. Nonradiative Au-
ger recombination now competes with exciton recom-
bination, resulting in a lowered QY. Thus, we postulate
that in eq 1, |H� stems from exciton radiative recombi-
nation and |M� to T� radiative decay, and therefore the
transitions |H�º |M� would correspond to (discrete)
electron transfer events between a quantum-confined
energy state of the NC and a trap state.

This mechanism explains most of the key new obser-
vations, namely, the discrete nature of the jumps in
emission intensity (the transition from a neutral exci-
ton to a trion involves a discrete fluctuation in charge),
and (at least qualitatively) the decrease in PL decay life-
time that occurs from |H� to |M�. However, this model
should also account for the observed complete quench-
ing of the PL (i.e., the “off” events) and sensitivity of

blinking to the atmospheric environment, as we now
discuss.

Large, passivating molecules such as primary alkyl
amines and phosphine oxides, that adsorb to the NC
surface during chemical synthesis cannot bind to ev-
ery surface atom in the CdS shell due to steric hin-
drance, and this results in the presence of a number of
surface states that can trap photoexcited electrons,
generating a nonradiative decay channel that has a det-
rimental effect on the PL.35�37 Smaller molecules, such
as H2O/O2, can reversibly bind to these sites thereby pro-
viding a means to complete the surface passivation.32,33

Surface passivation modifies the energetic distribution
of surface states,12,37,38 since it results in a net shift (in
energy) of these states away from the middle of the
band gap toward the quantum-confined energy levels
of either the electron or hole.38 We have shown that the
presence of these small atmospheric molecules is es-
sential for both |H� state emission, and the observation
of the transitions between the bright and dim states.
Their absence not only results in a decreased PL QY but
also in a loss of the discrete nature of the intensity
jumps. To account for the |M�º |O� transitions, we pos-
tulate that desorption of H2O/O2 molecules from the
NC surface increases the number and broadens the dis-
tribution of surface traps, creating a kinetically and en-
ergetically broad pathway for the electron transfer
events that control the exciton-T� trion transitions. If
the surface is poorly passivated and multiple charge
carriers are able to be accommodated in surface traps,
the NC becomes dark as Auger recombination quickly
dominates over radiative recombination. The interme-
diate state is recovered after incremental surface passi-
vation (as in the case of Figure 6c). Importantly, this
model predicts that the switching between bright and
dark states can be completely reversible and explains

Figure 6. Effect of air exposure on the three-level blinking of a single
CdSe/CdS nanocrystal. The sample was mounted in a chamber that
could be flushed with dry nitrogen gas or ambient air. When this
chamber was flushed with dry N2(g) for 30 min (to ensure saturation),
the three-state emission pattern changed to an on/off blinking (b).
When the N2(g) is bubbled through water, a three-state pattern was re-
covered during the course of photoexcitation (c). The lowered emis-
sion intensity in panel c can be related to the lack of O2(g) molecules
that are also known to bind and enhance the PL from single NCs.30
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the fact that no photodegradation occurs despite ex-
tensive cycling between the bright, dim, and dark states
of the nanocrystal. These postulates are supported by
the recent results of Mahler et al.23 and Chen et al.39 who
used CdSe/CdS NCs with thicker shells under similar ex-
perimental conditions and found the |O�º |M� transi-
tion could be suppressed, while retaining similar |H�º
|M� transitions to those reported here. In these systems
the electron is prevented from interacting with the sur-
face, which clearly points to the overlap of the elec-
tron wave function with active surface states as a route
to blinking in these materials. In previous studies of
similar CdSe/CdS NCs, such as the one by Banin et al.27

and Gómez et al.,12 these discrete jumps in emission in-
tensity were not observed. In both such studies, the
NCs were synthesized by using organometallic precur-
sors which are known to result in an increased number
of structural defects in the NCs, consequently resulting
in lower emission efficiencies. On the contrary, the
CdSe/CdS NCs of the work presented here, were grown
by use of less reactive precursors that result in a reduc-
tion in the number of such structural defects, translat-
ing into NCs with improved emission efficiencies.

CONCLUSION
We have observed fast and discrete fluctuations in

the PL blinking in single CdSe/CdS NCs, dominated by

population of an intermediate dim state of lowered

QY. For this type of blinking, the statistics describing

the residence time of the NC in these emitting states

were exponential, indicating that the transitions be-

tween these states occur via a single-rate process. The

dim state facilitates the transition to the “off” state and

stems from incomplete surface passivation that results

in an increase of nonradiative relaxation due to the for-

mation of a trion T�. The transitions to and from such

trion states are controlled by the availability of surface

traps, which is controlled, partially, by surface

passivation.

NOTE
Recently, in a study of similar CdSe/CdS structures

(thicker CdS shells), Spinicelli et al.40 observed periods

of low intensity emission with a QY of 19%, which they

attributed to emission from a T� state. In this study it

was argued that radiative recombination from such

states was allowed in these pseudo type-II structures,

due to a decrease in the Auger nonradiative recombina-

tion rate. Longer PL decay time constants were also ob-

served, a result attributable to the presence of thicker

CdS shells (lowered electron�hole wave function over-

lap). However, in this study the role of surface passiva-

tion in controlling this |M� state was not addressed.

METHODS
The CdSe NC cores were synthesized according to literature

methods.41 These were overcoated with monolayers of CdS fol-
lowing a modified selective ion layer adsorption and reaction
method.42 For the detection of the PL of individual NCs, we em-
ployed a confocal microscope in the epi-illumination configura-
tion.12 The PL was excited and collected with an oil-immersion
objective (Olympus, PlanApo NA � 1.4) and the excitation
sources consisted of the 488 nm line of an Ar� laser
(Melles�Griot), a HeNe laser operating at 543 nm and a pulsed
laser diode (� � 466 nm, 10 MHz repetition rate, PicoQuant, LDH-
P-C-470). After passing through the confocal optics, the signal
of interest was sent to an imaging spectrometer equipped with
a liquid-nitrogen-cooled CCD for spectral measurements (Horiba
JY, TRIAX 550) or to a Hanbury�Brown and Twiss interferome-
ter comprising a nonpolarizing 50/50 beamsplitter and two ava-
lanche photodiodes (Perkin-Elmer, SPCM-AQR-15). For (cw) anti-
bunching measurements, the outputs of these detectors were
connected to the start and stop channels of a photon counting
card (PicoQuant, TimeHarp 200), which after the introduction of
an electronic delay (about 80 ns) in one of the detector outputs,
allowed for the measurement of photon interarrival times. The
measurements of the PL decay times of individual NCs were car-
ried out with the photon-counting card in time-tagged time-
resolved mode (TTTR). Following the procedure described by
Fisher et al.;21 from this TTTR data, it was possible to bin the
“macro” times yielding the time trajectory of Figure 2a, and by
using a threshold discrimination of the intensity (i.e., number of
photon counts in the “macro” time trajectory), we obtained the
data presented as histograms in Figure 2b,c. For the case of cw
excitation, the trajectories of the detected photon counts were
measured with a counter-timer card (NI, PCI-6602). The samples
for single NC detection were prepared by spin coating small
amounts of a dilute dispersion of the NCs in chloroform on top
of clean glass coverslips.
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