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ore/shell semiconductor nanocrystals

exhibit bright and stable lumines-

cence' and are finding applications
in imaging®* and displays.** However, sin-
gle QD studies have unveiled unusual blink-
ing statistics®” which is an active topic of
discussion today.® To broaden the applica-
tions of the materials, small, nonblinking,
and widely tunable nanocrystals are sought.
In recent years, blinking has been essentially
suppressed by using thick CdS shells on
Cdse,”'° but at the cost of large size and
vanishing electron confinement energy.
Alternatively, rather small CdZnSe alloyed
nanocrystals have been reported to exhibit
no blinking,"" but the study has not been
corroborated.

The first interpretation of the blinking
phenomenon was that a photoionization
event leads to a delocalized charge inside
a dot, which then, via an Auger-like process,
leads to fast nonradiative recombination
of further photogenerated excitons until
ejection or trapping of the charge.'*'> While
it has been directly confirmed that charged
QDs are dimmer than neutral QDs,"* further
experiments showed that charged dots
emit at a level that is too high to explain
the dark state in single QD blinking.'>'®
Therefore, the dark state of blinking dots
remains a subject of speculation.

Nevertheless, charged QDs are indeed
dimmer rather than neutral dots because
of Auger relaxation. Reducing the Auger rate
in small dots would lead to brighter charged
dots for applications as potential sensors or as
laser materials. The fast Auger process in CdSe
QDs was first reported 20 years ago,'” and it is
widely assumed that the Auger process in
nanocrystals operates as in bulk semiconduc-
tors, albeit with a different rate due to the
differing density of states and wave function
overlap.'® Recently, Cragg and Efros showed
that sharp interfacial boundaries relaxed the
momentum selection rule and would facilitate
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Alloyed CdSeS nanocrystals allow tuning between the (dSe and CdS band edges while

remaining relatively small. The CdSeS$ cores also lead to a reduced electron confinement energy

and a slower biexciton decay rate compared to CdSe cores of similar sizes. A ZnS shell synthesis

procedure allows stable CdSeS/ZnS colloidal quantum dots (QDs) suitable for single dot

imaging. These are compared to CdSe/ZnS of similar core size. The blinking off-exponents of

the CdSeS/ZnS dots in air and on a glass substrate were slightly larger. Using electrochemistry

with ensemble and single dot measurements, the trion lifetime of CdSeS/ZnS dot is resolved to
be ~0.75 ns, while it is about 0.15 ns for CdSe/ZnS. In addition, the blinking behavior of single
(dSeS/ZnS QDs is largely suppressed when in the trion state.
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fast Auger recombination.'® They therefore
proposed to use materials with graded inter-
faces, softening the confinement potential,
and recent experiments on CdSe/CdS with
attempts to alloy the interface showed much
slower Auger relaxation.?’

In this work, we investigate the class of
CdSeS nanocrystals.2'?? We develop a
ZnS shell synthesis method that leads to
bright and stable nanocrystals that can be
tuned more widely than the CdSe/CdS sys-
tems. Recently, electrochemistry on single
dots along with fluorescence detection
has been demonstrated,”® and we apply
this method to learn about the photolumi-
nescence (PL) lifetime of the charged alloyed
QDs and compare the results to CdSe/ZnS
QDs of similar sizes.
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RESULTS AND DISCUSSION

Growth of ZnS Shells on Alloyed (dSeS QDs. Adopting the
methods from Jang,?’ CdSeS nanocrystals were syn-
thesized, in which a sulfur—selenium mixture dissolved
in TOP was directly injected into the cadmium oleate
solution at high temperature. The colloidal nanocryst-
als have homogeneous shape and narrow size distribu-
tion (5.0 &= 0.4 nm) (Supporting Information, Figure S1).
The PL of CdSeS QDs (QY, 14%) can be easily quenched
by the addition of the thiol ligand. ICP analysis shows
that the molar ratio of sulfur to selenium is 5.5:1 in
CdSeS QDs. The XRD measurements demonstrate that
CdSeS QDs have a zinc blende structure with inter-
mediate peaks lying between that of pure CdSe and
CdS QDs (Figure 1a). This confirms that there are no
separate CdSe and CdS domains in CdSeS QDs. Also,
the average size of particles (5.6 4+ 0.2 nm), calculated
from the Debye—Scherrer formula, is consistent with
that measured by TEM. The band-edge absorption
energy of CdSeS QDs is 2.25 eV (Figure 1b). CdSe/CdS
core/shell QDs with the same S/Se composition would
have a CdSe core size of 2.8 nm and CdS shell thickness
of 1.1 nm, the band-edge absorption energy of which is
about 2.1 eV.>?* These separate facts confirm that
sulfur and selenium are alloyed in the CdSeS QDs to
some degree. Furthermore, the nanocrystals may have a
“gradient” structure since selenium is more reactive
than sulfur to cadmium, as reported in the previous
literature.?'22

The growth of a ZnS shell on CdSe cores can greatly
enhance the photostability of QDs because of surface
passivation and increased carrier confinement.' The
same strategy can be applied on CdSeS alloyed cores.
To grow a relatively thick ZnS shell to effectively passi-
vate a CdSe surface, a high reaction temperature in
excess of 220 °C is typically necessary. However, in
contrast to CdSe cores, the CdSeS alloyed cores under-
go strong ripening under 220 °C, leading to a complete
loss of the core spectrum and separate growth of
ZnCdS nanocyrstals. All initial attempts to grow the ZnS
shell by utilizing the SILAR methods®® at that tem-
perature were unsuccessful (Supporting Information,
Figure S2). We concluded that the alloyed nature of
CdSeS cores might render the surface atoms more
mobile under high temperature compared to pure
CdSe cores and lead to faster dissolution. Therefore, an
alternative scheme was developed to first grow one to
two monolayers of a ZnS shell on the CdSeS core at a
lower temperature to increase its stability followed by
further deposition of ZnS under higher temperature.
The formation of a ZnS shell is then accompanied by
only a small red shift of the absorption and PL spec-
trum. Concurrently with the ZnS shell growth, the size
distribution is slightly broadened (Supporting Informa-
tion, Figure S1) and the PL intensity is enhanced (QY, 20%)
(Figure 1b).! The most beneficial aspect of the ZnS shell
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Figure 1. (a) XRD spectra of CdSeS QDs, normalized to the
height of the (111) peak. The diffraction peak positions for
pure CdSe and CdS nanocrystals are shown, separately.
(b) Absorption and PL spectrum of CdSeS and correspond-
ing CdSeS/ZnS alloyed nanocrystals.

is the much improved photostability under continuous
illumination (Supporting Information, Figure S3).
Ensemble Measurements of (dSeS/ZnS QDs. To character-
ize the effects of the alloyed structure on Auger re-
combination, the biexciton decay was measured for
CdSeS/ZnS and CdSe/ZnS samples by transient absorp-
tion pump—probe spectroscopy. The biexciton life-
times for CdSeS/ZnS and CdSe/ZnS QDs were extrac-
ted to be 140 and 85 ps, respectively (Figure S4),
corresponding to a ~ 40% reduction of the recombi-
nation rates in the alloyed dots. Therefore, although
CdSes/ZnS have a reduced rate of Auger recombina-
tion, Auger channel is not suppressed.'® The results of
intraband measurements show that CdSeS alloyed
cores with a 2.25 eV 1S exciton peak have a 0.20 eV
1S.— 1P, intraband transition energy (Supporting In-
formation, Figure S5). Previous work in our group
showed that zinc blende CdSe QDs with the same 1S
exciton peak have an intraband energy of 0.33 eV,?
which also corresponds to an approximately 40%
reduction in confinement energy for the CdSeS cores.
The effect of extra charges on the optical properties
of CdSeS/ZnS QDs was measured by applying electro-
chemical control and monitoring the PL simulta-
neously. To mitigate the effects of energy transfer
among QDs,'* a relatively dilute solution of CdSeS/ZnS
was used to prepare the film such that the QDs are not
close-packed but still numerous within the confocal
spot. For both CdSeS/ZnS and CdSe/ZnS QDs, the PL
can be quenched reversibly with the application of a
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Figure 2. Normalized lifetime traces for (a) CdSeS/ZnS and (b) CdSe/ZnS QDs dilute films. (c) Trion decay traces of CdSeS/ZnS
and CdSe/ZnS QDs, and IRF trace measured from the fast fluorescence decay of 1% picric acid. The corresponding lines of
multiexponential fits are also displayed after convolution with the IRF.>”
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Figure 3. PL trajectory of single CdSeS/ZnS dot, varying
applied voltage as shown from 0.30 to —0.60 V in 50 mV
steps and back to 0.3 V.

negative potential (Supporting Information, Figure S6).
In addition, the lifetime traces develop a fast decay
component as the negative potential is applied. After
normalizing the lifetime traces at different voltage, the
curves show almost indistinguishable decay for t > 10 ns
(Figure 2a,b). Therefore, we propose that the faster
component of the lifetime trace is due to the trion PL of
charged QDs and the slower decay arises from the PL of
neutral QDs, the relative ratio of which can be tuned by
electrochemistry.'” Trion lifetime traces were obtained
by subtracting the exponential trace extrapolated from
long times. The trion lifetime trace of CdSe/ZnS shows
a lifetime of ~0.15 ns,?” after deconvolution of the
instrument response function (IRF) measured from
the fast fluorescence decay of 1% picric acid. How-
ever, CdSeS/ZnS QDs shows a trion decay evidently
slower, with a lifetime of ~0.75 ns (Figure 2c).?’
Therefore, we conclude that CdSeS/ZnS QDs have a
slower trion decay rate than CdSe/ZnS QDs, which
is consistent with the slower biexciton recombina-
tion rate. We note that the trion lifetime of CdSeS/
ZnS QDs is longer than the biexciton lifetime by a
factor of 5.

PL Measurements of Single CdSeS/ZnS QDs. Emission tra-
ces for single CdSeS/ZnS QDs were measured to char-
acterize the blinking behavior of alloyed nanocrystals.
Compared with CdSe/ZnS QDs, single CdSeS/ZnS al-
loyed nanocrystal seem less frequently to have long
“off” periods. However, the off-time probability dis-
tribution for single CdSeS/ZnS alloyed QDs still obeys
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power-law statistics”® with an average exponent of 2.1
for 20 single dots. This is a bit larger than for single
CdSe/ZnS QDs (1.9) under similar conditions (Supporting
Information, Figure S7). Therefore, we conclude that
there is only a small difference in the blinking behavior
between these two types of QDs, with the alloyed dots
showing marginally reduced blinking.

Under electrochemical control, the PL response of
single CdSeS/ZnS dots were measured, during which
an external sawtooth voltage was scanned from 0.30 V
to —0.60 V in 50 mV steps lasting 5 s each and then
switched directly back to 0.30 V (Figure 3). The photo-
luminescence was unambiguously quenched when
the applied voltage was brought to —0.60 V and re-
covered “instantly” after the voltage was brought back
to 0.30 V. This is consistent with a previous study.?®
Strikingly, the PL trace displays a steady diminution of
intensity within the range from 0 to —0.35 V.

To exclude the effect of background, we applied the
same analysis to photons collected from a region
without QDs. It shows that the PL signal of the back-
ground remains unaffected whenever the bias is below
0V (Supporting Information, Figure S8). Assuming that
the fluorescence of the single dot is completely quen-
ched by injection of electrons from —0.40 to —0.60 V
since the PL signal changes little at this range, the
signal in that range is taken as background. After back-
ground subtraction, the lifetime traces show a distinct
change of shape with the appearance of a faster decay
component as the voltage drops below 0 V (Support-
ing Information, Figure S9). From 0 V, the photon
counts at early times increase, which is consistent with
afaster radiative recombination associated with the for-
mation of the singly charged trion state (Figure 4).'>%*
In ensemble measurements, the first and second elec-
tron injections in the 1S, orbital were not resolved.?® In
the single dot measurement, as the voltage becomes
more negative, the counts at early times for the lifetime
traces then decrease gradually, consistent with obser-
ved faster decay, which suggests the addition of the
second electron (Supporting Information, Figure S9).
Then, around —0.30V, the PL drops as the background
level, which would be consistent with further electron
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Figure 4. Lifetime traces of all photons collected at 0.05,
—0.05, and —0.15 V, after subtracting a background trace
collected at —0.40 V. The global triexponential fits for the
lifetime traces are also shown with the lifetimes 7, = 12,
7 = 1.2, and 73 = 0.5 ns after convolution with the IRF. At
different voltages, the normalized coefficients for the life-
times are 54%, 46%, 0 at 0.05 V; 5%, 38%, 57% at —0.05 V;
0.3%, 6%, 93% at —0.15 V, respectively.

injection in the 1P, state, given the 0.2 eV intraband
transition energy.

The instantaneous lifetime of single dots over 50 ms
bins was also extracted. The histograms of instanta-
neous lifetime from 0.30 to 0.05 V have a broad dis-
tribution, reflecting the blinking for neutral single dots
during the binning (Figure 5).>° Taking bins in which
the dot is always “on”,*° the radiative lifetime of single
CdSeS/ZnS is 12 ns in this experiment. It is much
shorter than the lifetime of single CdSeS/ZnS dots on
glass (measured to be 30 ns). Using the value on glass
for the radiative lifetime, and attributing the shorter
lifetime on ZnO/ITO to a nonradiative energy transfer
(Figure S10), the energy transfer rate is calculated to be
about 0.05 ns~ . As the potential is brought below 0V,
the lifetime distribution narrows and shifts to a much
smaller value assigned to the trion. The lifetime dis-
tribution remains unchanged from —0.15Vto —0.25V
and thus we propose that the single CdSeS/ZnS dot is
in the trion state with a lifetime of 1.1 ns at this range of
potentials, which is close to the value from ensemble
measurement. Since the energy transfer rate is much
slower than trion decay, the lifetime of the trion is not
affected. We presume that the lifetime for the doubly
charged state cannot be resolved due to smaller PL
signals and faster exciton decay.

We note that since the energy of 405 nm laser
excitation is far above the band edge of CdSeS/ZnS, the
absorbance of the dot in the neutral and charged state
should remain constant. From —0.15 to —0.25 V, the PL
intensity is about twice as high as that of the “off” state
for the neutral dot, due to the dim emission of a nega-
tive trion state (Figure 6). It agrees well with the recent
consensus that the trion is not dark enough to account
for the “off” state.">'® From the PL trace (Supporting
Information, Figure S11) and histogram (Figure 6),
there are fewer occurrences of the “off” state for voltages
from 0 V to —0.35 V, which indicates that charging
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Figure 5. Histograms of the instantaneous lifetime at dif-
ferent voltages.
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Figure 6. PL brightness histogram for a single CdSeS/ZnS
dot at different potentials, indicating that the trion state is
brighter than the “off” state.

helps suppress blinking as previously reported.*® Espe-
cially, the dot shows no blinking events as long or
longer than the bin width in the range from —0.15 to
—0.25 V during the acquisition time, over which a
single electron is injected. The PL intermittency returns
when the reducing potential is removed. Blinking sup-
pression has been reported by adding thiol moiety
ligands®' or growing a thick CdS shell for CdSe nano-
crystals.”'® The injection of electrons into a single
quantum dot might play a similar role as hole-scaven-
ging ligands to passivate surface traps and prevent
the surface from being oxidized by holes.

For CdSe/ZnS, the PL of single CdSe/ZnS QD can be
also turned “on” and “off” reversibly under an external
potential (Figure 7a). Similar to that of single CdSeS/
ZnS dots, the PL traces also sometimes present an
intermediate intensity at —0.15 V, which would arise if
fast single electron transfer occurs between the dot
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Figure 7. (a) PL trajectory of single CdSe/ZnS, varying applied voltage as shown. (b) PL brightness histogram for a single

CdSeS/ZnS dot at different potentials.

and substrate. Electron injection is confirmed by the
appearance of a faster decay component in the lifetime
traces as the voltage is brought to —0.15 V or above
(Supporting Information, Figure S12). However, en-
hanced photon counts are not observed as the elec-
tron injection takes place, which indicates that the
trion of single CdSe/ZnS is not bright enough to be
observed. Indeed, the PL histogram (Figure 7b) shows
that the signal for the single CdSe/ZnS dot at —0.20 V,
the first voltage at which the neutral QD emission
disappears, cannot be differentiated from the back-
ground and the “off” state. Therefore, the trion state of
CdSe/ZnS is dimmer than that of CdSeS/ZnS, confirm-
ing the slower trion decay rate for CdSeS/ZnS QDs.*?

Most recently, we found that Galland et al. used the
similar spectroelectrochemical control on single quan-
tum dots to reveal the existence of two types of
blinking mechanism.*® However, they investigated the
core—shell CdSe/CdS nanocrystals with thick shells
(7—9 monolayers), the electron confinement of which
is different from CdSeS/ZnS alloyed nanocrystals in this
discussion.

CONCLUSIONS

Electrochemical charging of single colloidal quan-
tum dots (QDs) combined with spectroscopic studies
has become a recent possibility.>> In this work, small
and photostable CdSeS/ZnS core/shell QDs were de-
veloped where the CdSeS core has an alloyed or gradient
composition. For one specific size, these were then
investigated as ensembles and as single dots to explore
the difference on blinking and trion lifetime with CdSe/ZnS.

METHODS

Cadmium oxide (99.99%), oleic acid (90%), trioctylphosphine
(90%), trioctylphosphine oxide (90%), zinc acetate (99.99%),
hexamethyldisilathiane (synthesis grade), selenium (99.999%),
and sulfur (=99.5%) were purchased from Sigma-Aldrich with-
out further purification. All the preparations of stock solutions
were performed in a nitrogen-filled glovebox. The stock solu-
tion for the precursors of CdSeS cores was prepared by dissol-
ving sulfur (288.6 mg, 9.0 mmol) and selenium (16.6 mg, 0.21
mmol) in 10 mL of trioctylphosphine (TOP) under continuous
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Ensemble measurements show that the biexciton
recombination rate and the electron confinement en-
ergy are both smaller by ~40% in CdSeS/ZnS QDs,
compared to CdSe/ZnS QDs with similar core size.
However, PL lifetime measurements of ensembles
under electrochemical control show that the trion
decay rate of CdSeS/ZnS QDs is ~0.75 ns. In contrast,
the trion lifetimes of the CdSe/ZnS dots is ~0.15 ns.

For single dots, the blinking behavior of CdSeS/ZnS
shows a marginally larger exponent for the off-times,
indicating only a slight suppression of blinking. The
energy transfer mechanism between single QDs and
the ITO substrate is confirmed by changing the film
thickness of the ZnO spacer. Controllable charging at
the single dot level was achieved by applying an elec-
trochemical potential to single CdSeS/ZnS and CdSe/
ZnS QDs, and the PL lifetimes were monitored by time-
correlated photon counting with a pulsed excitation.
Single CdSeS/ZnS dots exhibit a state with suppressed
blinking that is brigher than the “off” state of a neutral
dot or the background in our experiment. This state is
assigned to the trion, and it has a resolved lifetime of
~1.1 ns in agreement with the ensemble results.

This work shows that ternary dot structures allow the
achievement of longer trion lifetimes compared to
binary dots of similar sizes. Long trion lifetimes and
small quantum dots might present interesting possi-
bilities for sensing and lasing. From a basic point of
view, further investigations are needed to disentangle
the observed correlation between the composition of
the dots, the confinement energy, the density of states,
and the Auger rate.

stirring. Zinc acetate (Zn(OAc),) stock solution (0.50 mM) was
made by dissolving Zn(OAc), (2294 mg, 1.25 mmol) and
trioctylphosphine oxide (TOPO, 0.5 g) in TOP (2.5 mL) at 80 °C.
Hexamethyldisilathiane ((TMS),S) stock solution (0.50 mM) was
made by adding (TMS),S (0.26 mL, 1.25 mmol) in TOP (2.5 mL).
CdSe/ZnS QDs with an absorption edge at 595 nm were synthe-
sized by adopting methods in earlier reports.?® The fluorescence
quantum yields of the nanocrystals were measured by comparison
with a Rhodamine 6G solution in ethanol with the same optical
density at the excitation wavelength. The absorbance for the band-
edge transition is below 0.1, in order to minimize reabsorption.
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Synthesis of CdSeS Alloyed Cores. The synthesis of CdSeS cores
followed a previous report with small modifications.?’ Typically,
a flask of cadmium oxide (0.039 g, 0.3 mmol), oleic acid (0.38 mL,
1.2 mmol), and trioctylamine (6 mL) was heated to 100 °C for 20
min, under vacuum. After that, the flask was refilled with argon
and then heated up to 300 °C. The high temperature was kept
until a colorless solution was obtained. The mixture was cooled
to 100 °C, and water was evaporated under vacuum. Filled with
argon, the solution was reheated to 285 °C and a TOP solution
(1 mL) of sulfur and selenium mixtures was injected swiftly. The
temperature dropped to 280 °C and was maintained for 4 min,
after which the solution was cooled to room temperature,
preventing further growth of the alloyed quantum dots. This
gave CdSeS cores of 5.0 £ 0.4 nm diameter with an absorption
edge at 550 nm.

Synthesis of ZnS Shell on CdSeS Alloyed Cores. CdSeS cores in the
5 mL raw solution were precipitated by adding ethanol and
then redissolved in 2 mL of hexane. A flask containing 2 g of
hexadecylamine and 2.5 g of TOPO was heated to 120 °C under
vacuum for 20 min. Subsequently, the flask was refilled with
argon, and the CdSeS hexane solution was injected. The hexane
was evaporated under vacuum for 20 min. With argon, the
solution was heated to 180 °C, and 0.2 mL of Zn(OAc), and
0.2 mL of (TMS),S stock solutions were added alternately in
small portions over 5 min. The solution was then heated to
200 °C after which the procedure of adding precursors was
repeated. Finally, the solution was heated to 220 °C; 0.8 mL of
each precursor was added in 10 min as before. The solution
was kept under 220 °C for 5 min before cooling to room
temperature.

Microscopy Setup. Time-correlated single photon counting
experiments of single dot photoluminescence were performed
with a homemade confocal microscope. The pulsed excitation
source was a 405 nm laser diode (Hamamatsu) with a 45 ps
pulse duration and a 5 MHz repetition rate. The PL of a single
quantum dot was collected by an infinity corrected oil immer-
sion objective (Olympus, N.A. 1.45, 60x ). A 50:50 beam splitter
was used to separate the PL signal for simultaneous collection
on an APD (PerkinElmer) and CCD camera (Andor). To study
blinking and exciton lifetime changes simultaneously, time-
tagged, time-resolved (TTTR) measurements using high-speed
electronics (PicoQuant PH 300) were performed on each single
quantum dot. The raw TTTR data were processed using home-
made software. Blinking trajectories were extracted by aggre-
gating the detected photons into 10 ms bins. For the single dot
lifetime, the traces were extracted by constructing a histogram
of photon delays with respect to the pulsed source. The
resolution for the lifetime traces is 0.128 ns. To extract an
“instantaneous” lifetime over much shorter time bins of 50
ms, the photon delays were averaged. The resulting average
was compared to the average predicted by a single-exponential
model, solving for the time constant. However, since the
averaging enhances the effect of uncorrelated dark counts,
one needs to suppress dark counts in the instantaneous lifetime
calculation. This was achieved by counting only the photons in
the first 20 ns window, both in the data and the model.

To suppress the energy transfer between the small quantum
dots and the ITO substrate, a ZnO film was utilized as a
transparent spacer.?> ZnO nanocrystals were synthesized as
reported by Cozzoli et al>* Thin ZnO films were deposited on
indium tin oxide (ITO) coated coverslips (SPI) from hexane/
octane (9:1) solution and then cross-linked by treating with 1,7-
diaminoheptane.® In this work, the procedure was repeated
several times to acquire a smooth ZnO film as measured by
atomic force microscopy, while remaining moderately thick
(Supporting Information, Figure S10). The single quantum dot
film was prepared by drop-casting a dilute hexane/octane (9:1)
solution of nanocrystals on the ITO/ZnO coated coverslip. The
ITO coated coverslip was the optical window and working
electrode for an airtight electrochemical cell with a platinum
counter-electrode and cadmium pseudoreference electrode.
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