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U
pon photoexcitation, colloidal quan-
tum dots exhibit photoluminesce-
nce (PL) blinking, impeding applica-

tions in single dot imaging1,2 and quantum
information.3,4 The blinking is typically char-
acterized by a large variation in the time
duration of two PL levels (on and off states),
which obeys a power-law statistics.5�7 Some
experiments also showed that there are
other PL levels in single dots,8 and several
core/shell systems have been reported to
suppress blinking,9�14 but the origin of the
power law and the nature of the off-state are
still debated.15�17

The off state was initially assigned to a
charged dot arising from photocharging.18

However, the PL lifetime of the off-state has
been found to be not governed by Auger
recombination.19 Furthermore, the PL of a
single negatively charged quantum dot has
been directly observed to be larger than
that of the off state.14 The photocharging
process can therefore no longer explain the
off state. A grey state, brighter than the off
state, has also been detected in some types
of single CdSe/CdS dots.20,21 The grey state
has also been proposed to be a charged dot,
which was considered as a positive charged
dot based on the better hole confinement in
CdSe/CdS,20,21 although the signof thecharge
(electron or hole) was actually unknown.
In this work, we studied CdSe/CdS nano-

crystals with a thin CdS shell (3�5 mono-
layers), and two different CdSe core dia-
meters: 3 nm (sample I) and 5 nm (sample II).
The reduced confinement in the larger
cores is known to reduce the Auger rate,
allowing for PL detection of the negative
trion.We also used ZnOnanocrystals films to
allow electron-transfer in order to manipu-
late the duration time of negatively charged
dots. Finally, we studied thick shells/large
cores CdSe/CdS (sample III), which are
known to exhibit suppressed blinking. Such
a system allows multiple electrons charging

by electrochemistry, and the PL lifetime of
the different charge states is monitored as a
function of the electrochemical potential.

RESULTS AND DISCUSSIONS

Thin Shell CdSe/CdS Quantum Dots. On a glass
substrate, all thin shell CdSe/CdS dots blink.
However, there are differences based on the
core diameters.

The CdSe/CdS dots with a smaller core
(sample I) show a PL intensity with the
typical bimodal distribution of on and off
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ABSTRACT

Thin shell CdSe/CdS colloidal quantum dots with a small 3 nm core diameter exhibit typical

blinking and a binary PL intensity distribution. Electrochemical charging with one electron

suppresses the blinking. With a larger core of 5 nm, the blinking statistics of on and off states is

identical to that of a smaller core but the dots also display a grey state with a finite duration

time (∼6 ms) on glass. However, the grey state disappears on the electron-accepting ZnO

nanocrystals film. In addition, the grey state PL lifetime on glass is similar to the trion lifetime

measured from electrochemically charged dots. Therefore, the grey state is assigned to the

photocharged negative dots. It is concluded that a grey state is always present as the dots get

negatively photocharged even though it might not be observed due to the brightness of the

trion and/or the duration time of the negative charge. With thick shell CdSe/CdS dots under

electrochemical control, multiple charging, up to four electrons per dot, is observed as

sequential changes in the photoluminescence lifetime which can be described by the Nernst

equation. The small potential increment confirms the weak electron confinement with the

thick CdS shell. Finally, the mechanism of hole-trapping and surface oxidation by the hole is

proposed to account for the grey state and off state in the blinking.

KEYWORDS: blinking . electrochemistry . photocharging . hole-trapping .
surface oxidation
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states, where the off state is as dark as the background
measured from regions without dots. The time distri-
bution for the off state obeys the power-law statistics
with an average exponent of 2.0 ((0.3), which is con-
sistent for different single dots (Supporting Informa-
tion, Figure S2). However, similar to previous results,6

the distribution for the on state shows a cutoff power-
law statistics in which both the exponent and cutoff
time show a large variation with the choice of the
binning time (Supporting Information, Figure S3).

The CdSe/CdS dotswith a larger core (sample II) also
blink but show a PL intensity histogram that is sensitive
to the binning time with a clear trimodal distribu-
tion for a 5�10 ms time bin (Figure 1). Therefore, the
histogram shows an off state, a grey state and a bright
state, respectively, although the grey state is only
resolved for a particular choice of binning time. Indeed,
the histogram peak for the grey state vanishes when
the binning time is increased to 30 ms, leading to the
typical bimodal PL intensity distribution. Such a grey
state has been previously attributed to the emission
from a charged dot.20,21 This dependence on the bin-
ning time indicates that, unlike the off state, the grey
state has some defined duration time, shorter than 30
ms. To analyze the time distributions, two thresholds
are defined in the histograms to separate the off, grey,
and on state (Figure 1). Since there are only two distinct
PL peaks with the 2 ms bin time, the duration time
below the higher-level threshold arises from both the
grey state and off state (Figure 2). The duration time
distribution shows an initial single exponential decay
with the time constant of 6ms followed by a power-law
statistics with an exponent of 2.3. Performing the same
analysis with the 5 ms bin time also leads to an initial
exponential decay with a comparable time constant
(Supporting Information, Figure S4). However, for long
binning time, the exponential decay is not resolved and

only the power-law statistics remains. Therefore, we
conclude that the grey state has a duration time of
about 6 ms in these CdSe/CdS dots, and this is in line
with previous results.20 By selecting the photons in the
intermediate peaks of PL histograms (Supporting In-
formation, Figure S6), the PL lifetime of the grey state is
measured to be 0.8 ( 0.1 ns.

If the duration time of the grey state is shorter than
the binning time, the grey state would not be observed
as a separate peak in the histogram, such as in sample I
(Supporting Information, Figure S3). Furthermore,
the blinking statistics of the on state for sample II
(Supporting Information, Figure S4) is similar to that
of sample I, suggesting that it is independent of the
appearance of a grey state. Therefore, we propose that
a grey state with a duration time shorter than the
minimum binning time might still be present in the
blinking of single dots, even though it might not be
resolved.

The grey state has been assumed to arise from
photocharging of the dots20 and assumed to be a
positive charge.21 The single dots of CdSe/CdS with a
larger core (sample II) were then drop-casted on cross-
linked ZnO nanocrystals films on ITO coverslips,14 the
purpose being to facilitate electron transfer from the
CdSe/CdS dots. The effect is striking since the dots
on ZnO no longer show a grey state, instead displaying
the conventional binary PL intensity distribution and
statistics for off and on state (Figure 3). The on-time
statistics has a typical exponential cutoff at long
times which is similar to that of sample I without the
appearance of a grey state (Supporting Information,
Figure S3).6,7 The disappearance of the grey state when
the sample is in contact with ZnO is explained by its
shortened duration time.

Using electrochemistry at a negative potential, it
is possible to inject electrons in the dots to directly
compare the grey state PL lifetime on glass, and the
negative trion lifetime. Using ensemblemeasurements
done on a dilute submonolayer of dots, the PL lifetime

Figure 1. Typical PL histograms of a single CdSe/CdS
(sample II) dot display the evolution of a grey state with
different binning times. The dashed lines are defined as the
thresholds at the minimum counts between peaks to sepa-
rate three different PL intensity levels: on, grey, and off
state. Specifically, PL intensity of the off state was the same
as the background. The typical PL histograms of a single
CdSe/CdS (sample I) are also shown in Supporting Informa-
tion, Figure S3 with different binning times.

Figure 2. The time distribution statistics for the PL intensity
below the red dashed line (Figure 1) with the 2 ms binning
time (inset), arising from both the grey and off state. After
subtracting an initial exponential component (exp(�t /6ms),
inset) for the grey state, the power-law blinking statistics for
off state recovered.

A
RTIC

LE



QIN AND GUYOT-SIONNEST VOL. 6 ’ NO. 10 ’ 9125–9132 ’ 2012

www.acsnano.org

9127

of the negative trion is ∼0.9 ns for sample II (Figure 4,
and Supporting Information, Figure S7).14 This is in
good agreement with the grey state PL lifetime on
glass (Supporting Information, Figure S6) and it sup-
ports the assignment of the grey state to the negatively
photocharged dot. With the smaller cores (sample I),
the negative trion PL lifetime is∼0.5 ns suggesting that
it is half as bright. Such a decrease in brightness of the
negative charged dot/grey state is consistent with the
nonappearance of the grey state. With pump�probe
ensemble measurements, we confirmed that the biex-
citon lifetime is also twice shorter than for sample II,
being 100 and 200 ps, respectively (Supporting Infor-
mation, Figure S8).22 The significantly faster biexciton
lifetime compared to the negative trion was also
reported previously,13,23,24 suggesting that the Auger
recombination of negative trion is less efficient than
that of positive trion.23,24 Finally, using electrochemis-
try at a positive potential, no change was observed
in the blinking behavior on the single CdSe/CdS dot
on the ZnO/ITO substrates (Supporting Information,
Figure S9), in contrast to one other report.13

The assignment of the grey state for thin shell
CdSe/CdS dots to negative photocharged dots differs
from earlier work20,21 but is consistent with the recent

proposal for thick shell CdSe/CdS.13 The observation of
the grey state in the CdSe systems is then limited by
two factors: the generation and stability of the nega-
tively charged dot, determined by the light intensity
and the local environment,23 as shown here by ZnO or
the redox potential, and its brightness which is deter-
mined by the negative trion lifetime. Negatively photo-
charged dots may be always present, even though
they may be too short-lived or dim to be observed. In
general, the electrochemical potential of negative and
positive dots should determine their relative stability
and, in the case of CdSe, the assignment of the grey
state to the negative trion is consistent with the known
stability of negatively charged CdSe while positively
charged CdSe has not yet been observed.25

Thick Shell CdSe/CdS Quantum Dots under Electrochemical
Control. Thick shell CdSe/CdS quantum dots (>9 mono-
layers, sample III) have a largely suppressed Auger
recombination rate.26 This should allow the measure-
ment of PL decay lifetimes of different charged states
and help understand the charging process of single
dots. With the same instrumental setup as before,14

the PL of electrochemically charged single CdSe/CdS
quantum dots is therefore investigated.

From the PL trace, the PL of the neutral thick shell
CdSe/CdS is well above the background and consistent
with suppressed blinking.11,12 Similar to previous
results,14 the PL is quenched and recovers reversibly
by adjusting the external voltage (Figure 5). The max-
imum PL signal begins to diminish as the voltage is
below �0.30 V, which suggests that electron injection
is initiated at this bias.

The corresponding PL lifetime traces change con-
tinuously as the external voltage decreases in 50 mV
steps (Figure 6 and Supporting Information, Figure
S10). The appearance of a faster decay component
in the lifetime traces at low voltage is attributed to the
PL from the charged dot.14 The decay traces at each
voltage are fitted with multiexponentials to extract
the lifetime constants for the different charged states
of the dot. For the voltages above�0.30 V, the lifetime
traces can be globally fit by a biexponential decay with

Figure 4. Lifetime traces (data points) for trion decay of
both samples from ensemble measurements under electro-
chemical control with the IRF trace measured from the fast
fluorescence decay of 1% picric acid shown on a semilog
scale. The corresponding lines of multiexponential fits
are also displayed to give the trion lifetime of ∼0.55 ns
(sample I) and ∼0.90 ns (sample II).

Figure 5. PL trajectory of a single thick shell CdSe/CdS dot,
varying applied voltage as shown from 0.10 to �0.70 V in
50 mV steps and back to 0.10 V. Each voltage lasts 5 s.

Figure 3. (a) PL histogram for a single CdSe/CdS (sample II)
on the ZnO nanocrystals film (red) and the background
(black). The dashed line is the threshold to separate the
on/off states. (b) Corresponding blinking statistics of off
state and on state with the 2 ms binning time.
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the lifetimes of 20 and 4.2 ns. This is attributed to the
negative photocharging of the dot23 so that it is, for
times shorter than the binning time, either neutral or in
the �1 charged state. The grey state is not observed,
not because the trion PL lifetime is short, but because
of a presumably faster electron transfer rate to the
substrate than the bin time. As the voltage decreases
from�0.30 V, an additional lifetime is added for the PL
decay due to the emergence of the �2 charged state.
Finally, a set of lifetime constants are extracted to be:
τ0 = 20 ns, τ1 = 4.2 ns, τ2 = 2.8 ns, τ3 = 1.4 ns, τ4 =
0.7 ns.27 Here, we attribute the constants to the PL
lifetimes of neutral, �1, �2, �3, and �4 charge states.
Compared to the typical lifetime of a neutral dot on
glass,11,12 the shorter lifetime of the neutral dot is due
to the energy transfer between single dots and ITO
substrate,14 and it is close to the value reported by
Galland et al.13

In our experiment, charged states differing by
one charge cannot be separated completely because
the thermal energy is not small enough compared to
the charging energy. As a result, it is difficult to
measure the PL intensity for each charged state at
room temperature. However, we can estimate the
relationship with the lifetime. Considering that the
excitation energy (405 nm laser) is much larger than
the band-edge absorption energy of sample III, the
absorption cross section for different charged states
of a given dot should be identical. Therefore, the PL
intensities of the charged states are proportional to
their quantum efficiency given by krτ, where kr is the
radiative rate and τ is the lifetime. The radiative rate
is that of the single 1S3/2 hole recombining with a 1S
electron. Assuming that Coulomb effects do not reor-
ganize the energy levels or change the wavefunctions,
the radiative rate, kr, is then constant for all charged
states. In this case, the PL intensity of different charged
states is proportional to their lifetime. As for the

radiative rate ratio of singly charged state to neutral
state, it has been previously measured to be about
2.2 ( 0.4,24 which is consistent with the changes in
the degeneracy between bright and dark states for
the single exciton. Therefore, the PL intensity ratio
of QD, QD�, QD2‑, QD3‑, and QD4‑ can be estimated as
1:0.46:0.31:0.15:0.08. The experimental decay curves are
now compared to the simulated decay curves at differ-
ent voltages using the assumption of a constant kr for
the charged states (Supporting Information, Figure S10).
The agreement is rather good, including the overall
amplitude and the enhanced signal at early time.

The relative fractions of different charged states,
calculated from the relative lifetime coefficients
(Supporting Information, Table S1, Figure S11),28 are
plotted as a function of voltage (Figure 7a). At equilib-
rium, the ratios of separate charged states for the
same species are given by the Nernst equation,24,28

and determined by their energy differences. Fitting
the lifetime data to the Nernst equation gives 35 and
63 meV for the additional injection energy of the
second and third electron, respectively (Figure 7b).
The small charging energy, 35 meV, for the thick
shell CdSe/CdS dots is actually expected for such large
objects.24 Furthermore, the injection energy of the
third electron differs from the charging energy by an
additional 28 meV which is the confinement energy
between 1Se and 1Pe. The weak confinement is par-
tially confirmed by intraband spectroscopy on these
same sampleswhich shows no absorption peaks above
the 0.12 eV (Supporting Information, Figure S12).
Therefore, as expected from the small conduction
band offset between CdSe and CdS, the electron is
very weakly confined in these thick shell CdSe/CdS
nanocrystals. Thus, it is worth noting that although
blinking is suppressed in large core�shells, it comes at
the cost of losing quantum confinement for the elec-
trons. Comparing further Figure 7 panels a and b, the
proportion of neutral and singly charged dot deviates
evidently from the equilibrium when the voltage is

Figure 7. (a) Component fraction of the different charged
states for the same single dot versus applied voltage: QD
(20 ns), QD� (4.2 ns), QD2� (2.8 ns), QD3� (1.4 ns), QD4�

(0.7 ns). (b) Population of charged states of single thick
shell CdSe/CdS dot versus voltage, as described by the
Nernst equation.

Figure 6. Lifetime decays of a single thick shell CdSe/CdS
dot displayed by the data points at different voltages on
a semilogarithm scale. The multiexponential fits are pre-
sented by the corresponding solid lines. The same data
is plotted on a linear scale in Supporting Information,
Figure S11 tomake the changes ofmaximumphoton counts
in the lifetime traces more evident.
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above �0.30 V, and this is assigned to photocharging
(Supporting Information, Figure S13).23

Similar experiments were performed on the thin
shell CdSe/CdS dots (sample I) (Supporting Informa-
tion, Figure S14). However, due to the faster PL decay of
multicharged states, their lifetime constants could not
be extracted beyond the singly charged state. The fast
lifetimes are consistent with the smaller core and the
greater confinement. This sample has indeed an intra-
band transition of ∼0.2 eV. PL histograms at different
voltages showed that the “off” state signal was at the
background level (Figure 8a). However, the PL intensity
distribution at�0.10 V, atwhich voltage single electron
injection occurs, displays a single intermediate peak
between the PL of off state and on state, attributed
to much faster flickering between singly charged
and neutral dot than the binning time. The PL trace
also shows no occurrences of the “off” state at�0.10 V
(Figure 8b). Therefore, we conclude that the off state
is suppressed by injection of one electron into single
colloidal quantum dot with external applied voltage,
which is consistent with previous results.13,14

Photoluminescence Spectrum of Single CdSe/CdS Dots under
Electrochemical Control. The PL spectra of charged dots
are presumably indicative of the interaction between
the extra electrons and excitons. Photoluminescence
spectra of single CdSe/CdS dots are therefore moni-
tored at different potentials. The PL spectrum for the
single thin or thick shell CdSe/CdS dots typically exhibits
a large full-width of about 50meV at the half-maximum,
due to the coupling with acoustic phonons.29 For the
thin shell CdSe/CdS dots (sample I), there is typically a
small red shift of ∼10 meV as the voltage decreases
(Supporting Information, Figure S15).30 However, some
of the dots show instead an initial blue shift, followed
by the red shift of the PL peak when more electrons are
injected (Figure 9). For thick shell CdSe/CdS, almost all
dots exhibit a small blue shift after charging. These facts
suggest that the interactions between the spectator
electrons and the generated exciton shift fromattractive
to repulsive with increased thickness of CdS shell. This
trend from red shift to blue shift with electron injection
may be due to the increased spatial separation between
the electron and hole with increased shell thickness.

Such effect is expected with small or negative band
offset for the CdSe and CdS conduction band.31

Recently, Galland et al. studied single CdSe/CdS
quantum dots with thick shells (7�9 monolayers)
under electrochemical control.13 Therefore, it is neces-
sary to clarify the differences between our results and
theirs. In agreement with Galland et al., the grey state
originates from the negative trion in single thick shell
CdSe/CdS dots, and the “off” state in single thin shell
CdSe/CdS dots can be suppressed by one electron
injection. In this work, however, we demonstrated
that the discrete charging process of single dot under
electrochemical control could be described by the
Nernst equation. In addition, we confirmed that the
electron is weakly confined in CdSe/CdS dots. The
corresponding voltage separation for the creation of
singly charged state and doubly charged state in single
dots is about 35mV in agreement with typical charging
energy for these systems.23 Galland et al. reported
instead about∼0.4 V between the two charged states.
Such a value, an order of magnitude too large for
the charging energy, remains to be explained and it
is suspected to arise from a poor connection between
the dots they studied and the electrode. Galland et al.
also reported that a positive potential would enhance

Figure 8. (a) PL histogram of single CdSe/CdS (<6monolayers) dot at different voltages. (b) Corresponding emission traces at
0.20 V and �0.10 V with 10 ms binning time.

Figure 9. PL spectra of single thin shell CdSe/CdS dot
(sample I) with the shift of corresponding peak position
(inset) at different voltages.
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blinking while a negative potential, still much below
electron injection in the nanocrystals, could suppress
the blinking, but we did not observe this effect. Prior
experiments also did not show a noticeable effect of
the potential on blinking until close to the electron
injection.14,32 This leads us to a different interpretation
of the off state discussed below.

Phenomenological Model for Blinking. In blinking, the off
state has been recently associated to the surface traps
which are considered as nonradiative recombination
centers, rather than to a charged dot.19,33 The non-
radiative recombination center can be created either
by reduction of cations or oxidation of anions among
the surface atoms. Electrochemistry has shown that the
CdSe dots are stable under reducing but not oxidizing
conditions therefore favoring oxidation as the likely
origin of the off state.25,34

Galland et al. proposed a hot-electron trapping
mechanism, followed by the nonradiative exciton an-
nihilation at the surface traps, in a process called B-type
blinking.13 This is a surface reduction process. Assign-
ing the blinking to a hot electron trapping/reduction
raises several issues. Galland et al. considered that
electrons in the 1Pe state were hot. Yet, we have shown
that the 1Pe to 1Se separation is small in the thick CdSe/
CdS systems due to the vanishing confinement, of the
order of the thermal energy. The 1Pe electron cannot
be considered hot and one should consider higher
energy electrons which may be accessible with high-
energy photoexcitation or multiexciton recombina-
tion.35 However, the blinking statistics for the off state
has been shown to be a universal power-law distribu-
tion under different wavelengths and excitation
intensities.35 Furthermore, it was pointed out earlier
that the Auger recombination of positive trion might
be faster than that of negative trion,23 and therefore
a multiexciton recombination is more likely to excite
the hole than the electron. Therefore, the hot-electron
mechanism seems to not be directly related to the
blinking. In addition, to account for the power-law
statistics, there should be many electron trap states
randomly distributed in energy. Occupying these sur-
face traps under electrochemical control would require
a noticeable current flow and would make it more
difficult to inject electrons in the dots. However, cyclic
voltametry of thin shell CdSe/CdS ensemble films shows
facile electron injection in the quantum states and no
large currents associated with surface states.30,34 Finally,
as discussed earlier, we could not modify the blinking
statistics of the off state with positive potential. While
differences may arise from the dot preparation or the
electrochemical setup, the hot-electron trapping model
seems inadequate for CdSe, at least until the large
density of electron traps is confirmed.

In contrast to electron traps, hole traps are widely
expected. Indeed, ab initio calculations36 and positron
annihilationspectroscopy37onCdSecolloidalnanocrystals

both indicated that hole traps composed the majority
of surface traps. This is consistent with the formation
of negatively charged dots during photocharging. In
addition, the holes in CdSe are very oxidizing, and
stable electrochemical hole injection has not yet been
observed.25 Finally, it has been suggested earlier that
the Auger process would preferentially generate hot
holes rather than hot electrons. Considering these facts,
we propose instead that the blinking is related to
oxidation by the hole (Figure 10). Upon excitation, the
hole may get trapped in a shallow surface state which
readily exists in CdSe colloidal quantum dots.36�38 This
leaves a delocalized electron within the core, which is
the grey state (Process I). On the other hand, the holes
may also oxidize the surface after photoexcitation. Such
deep hole traps may be associated with chemical
modifications of the surface, such as S2‑ þ 2 hþ fS,
the formation of disulfide bonds, or higher oxidation
states of sulfur.39 This can produce a quenching center
which is not governed by Auger recombination
(Process II).19 Owing to the local inhomogeneous sur-
face, it may be possible to create quenching centers
with different energy levels and recovery rates, which
would be responsible for the power-law statistics for off-
state timedistribution. This energy of the oxidation state
may drift as the electrostatic environment changes and
the state can ultimately be reduced by the environment
or by electrons in the dot. Raising the Fermi level to
maintain one single electron into the conduction band
prevents such oxidation, and suppresses the off state.
This cathodic protection mechanism of the surface is
also consistent with the observations that adding thiol
moiety ligands40,41 or growing a thick CdS shell for CdSe
nanocrystals can help suppress blinking.11,12

CONCLUSIONS

The blinking behavior of two samples of CdSe/CdS
dots with different core sizes but the same shell
thickness was investigated. On bare glass, a grey state
is observed only for the CdSe/CdS with the larger core.

Figure 10. Schematic model for the physical process of the
blinking behavior in single colloidal quantum dots. The
dashed lines represent the existence of possible transition
from the grey state to the off state.
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The grey state has a finite lifetime instead of a power
law as observed by a change in the binning time. This
indicates that the appearance of the grey state in
histograms is determined by its brightness and dura-
tion time. The grey state is “eliminated” by positioning
the same CdSe/CdS sample on cross-linked ZnO nano-
crystal films to which electrons can transfer. Further-
more, the PL lifetime of the grey state and the negative
charged dots are similar. This indicates that the grey
state arises from the negatively charged dot.
The stability of the negative charged dots allowed

observation of the discrete and multiple charging of
single thick shell CdSe/CdS dots by electrochemical
control. The lifetime of the different charged states was
measured, and a Nernst equation was used to extract
the charging energy for each electron injection. The
voltage separation for each electron injection was
very small, confirming the largely reduced electron

confinement in thick shell CdSe/CdS dots. At potentials
where the dot should be neutral, both neutral and
photocharged dots are observed from the lifetime
measurements. For single thin shell CdSe/CdS dots
(sample I) placed on ITO/ZnO to reduce nonradiative
energy transfer and under electrochemical control, the
off state is suppressed in the negatively charged state,
albeit with a reduced emission intensity due to the
short-lived trion.
Considering the strongly oxidizing potential of holes

in CdSe/CdS, and the fact that cathodic potentials
eliminate the off state, hole-trapping and surface
oxidation by the hole are proposed to account for
the grey state and off state, respectively. Charging
studies on single dots supply useful information to
unveil the puzzle of blinking behavior, which will be
beneficial to the development of nonblinking colloidal
quantum dots in the future.

METHODS
All chemical reagents were purchased from Sigma-Aldrich

without further purification. The CdSe cores with different sizes
were synthesized according to literature methods.42 In the
synthesis of thin CdS shells for sample I and II, CdSe nanocrystals
(∼0.1 mmol) were precipitated once by adding ethanol to
the raw solution and dissolved in 3 mL of ODE with 1.5 g of
octadecylamine. Under vacuum, the solution was degassed
under 100 �C for 20 min. Refilled with argon, the sample was
sustained at 220 �C under which sulfur (0.1 M) and cadmium
2,2-dimethylbutyrate (0.1 M) in ODE were added alternatively
into the reaction solution within 1 h. After the reaction, the
solutionwas cooled to room temperature. Thismethod typically
grew about a 3�5 monolayers of CdS shells on the CdSe cores.
As for the growth of thick CdS shells, the SILAR technique was
used as reported previously.11

In the single dot measurements, the setup for confocal
microscope and themethods to prepare ZnO nanocrystals films
were the same as before.14 For the electrochemical measure-
ments, the single thin shell CdSe/CdS dots were drop-cast on
the ZnO/ITO substrates to alleviate the energy transfer between
single dots and ITO. However, the thick shell CdSe/CdS dots
were directly deposited on the ITO surface without a ZnO
spacer, in order to observe the grey state and decrease the
background PL from ZnO nanocrystals. In this case, the thick
CdS shell alone can help prevent the PL quenching of the single
dots from energy transfer, due to the nature of near-field effect.
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