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nigue optical properties of semi-

conductor quantum dots (QDs),

such as size-dependent tunable
photoluminescence (PL) and broad absorp-
tion and narrow emission bands, have at-
tracted much attention for both basic re-
search and device applications.! > With the
introduction of colloidal QDs, a strong inter-
face among nanomaterials, biotechnology,
and biology has emerged. In particular, QDs
have become powerful substitutes for or-
ganic dye molecules in the imaging of
biomolecules,® 8 cells,’ ' tissues,'* and ani-
mal models.!1617 Despite the fact that QDs
find enormous applications in bioimaging
and device technology, blinking PL is an in-
trinsic limitation in the advancement of QD
technology toward single-molecule bio-
physical and biochemical
investigations'®~2 and single-photon quan-
tum optical devices that require incessant
or on-demand single-photon emission.
These points underline the importance of
developing novel nonblinking QDs or elimi-
nating the undesirable blinking of existing
core and core/shell QDs.

Blinking means stochastic fluctuations
in the PL intensity of QDs between bright
and dark states. Due to the significant im-
pacts of QDs in various fields, blinking sup-
pression and the underlying mechanism of
blinking are greatly investigated at
theoretical'9224~36 and
experimental?'?237-62 Jevels, Blinking origi-
nates from Auger annihilation, during
which a charge carrier, typically an elec-
tron, from bi- or multiexciton state of a QD
gets trapped into energy states on the sur-
face or outside and provides net positive
charge to the QD. Although a charged QD
can continuously absorb excitation light
and form a trion state, its radiative relax-
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ABSTRACT The photoluminescence of semiconductor quantum dots and fluorescence of single molecules
intermittently turn ON and OFF, a phenomenon referred to as blinking. In quantum dots, blinking occurs as a
result of intermittent Auger ionization, which results in the formation of positively charged quantum dots. Due
to strong Coulombic interactions, successive photoactivation of a charged quantum dot results in nonradiative
carrier recombination, inducing long-lived OFF states in the intensity trajectories. Blinking is an undesirable
property with respect to applications of quantum dots toward single-molecule imaging and single-photon logic
devices. Here we report significant blinking suppression for CdSe/ZnS single quantum dots in the presence of Ti0,
nanoparticles. In this work, we continuously recorded photoluminescence intensity trajectories of single quantum
dots with and without Ti0, nanoparticles. Interestingly, the intensity trajectory of a single quantum dot that
was covalently tethered on a cover glass and dipped in water resulted in near-complete blinking suppression as
soon as a Ti0, nanoparticle solution was introduced. The blinking suppression was associated with a decrease in
the photoluminescence intensity but without considerable changes in the photoluminescence lifetime, indicating
that nonradiative carrier recombination in quantum dots was channeled into electron transfer to Ti0,
nanoparticles and back electron transfer to quantum dots. On the basis of these experiments and recent reports
on photoinduced electron transfer from quantum dots to Ti0, nanoparticles, we hypothesize that blinking of a
quantum dot can be suppressed by increasing the rate of nonradiative regeneration of its neutral state by
interfacing with a well-defined charge carrier trap such as an electron acceptor, which accepts an electron during
Auger ionization and neutralizes the charged quantum dot by back electron transfer. Correlation between blinking
suppression and electron transfer in a quantum dot—Ti0, nanoparticle system may have important implications,
for the preparation of nonblinking quantum dot for incessant and on-demand light emission, donor—acceptor
systems for efficient solar energy harvesting, and hybrid semiconductor materials for quantum optical devices.

KEYWORDS: quantum dots - blinking - TiO, nanoparticles - electron
transfer - photoluminescence - single molecules

ation will be hindered due to strong Cou-
lomb interactions as well as nonradiative
Auger recombination through energy trans-
fer to the excess charge carrier.'8~2224-286364
As the rate of such nonradiative relaxation
is much larger than that of radiative relax-
ation, QDs continue to stay in the OFF state
until neutralized by nonradiative carrier re-
combination. This simple model based on
Auger ionization provides a tangible picture
of blinking; however, it is largely inconsis-
tent with the power-law distribution of ON
time. Thus, theoretical models involving
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Figure 1. (A) Steps involved in the conjugation of QDs to glass
surface: (1) 0.5% solution of 3-aminopropyltriethoxy silane in ac-
etone, (2) 10 M aqueous solution of biotin-3-sulfo NHS ester, and
(3) 10 pM aqueous solution of QD605 —streptavidin conjugate. (B)
AFM image of high-density of QDs tethered on a coverslip: inset
shows zoomed-in and scanned AFM image. (C) AFM image of a QD
sample overlaid with a thin layer of TiO, NPs.

diffusion-controlled electron transfer from the core to
the surface or an outside trap through surrounding me-
dium were applied to understand the power-law distri-
bution of blinking time. In other words, a QD under con-
stant photoactivation shows blinking because it can
undergo random processes of ionization and neutraliza-
tion, such as Auger ionization and transient electron
transfer from core to resonant energy states on or near
the surface. Strong confinement of charge carriers is
the barrier to suppress nonradiative recombination and
blinking. This rationale motivated many researchers to
investigate blinking suppression by both perturbing the
energy states of QDs and introducing ultrafast electron
transfer processes. Although a detailed understanding
of the blinking mechanism is still challenging, various
approaches have been investigated to address and sup-
press blinking PL of QDs, including the effects of noble
metal nanoparticles (NPs)/surfaces,’~*? temperature,?'
shell thickness of higher band gap materials,**~# elec-
tron transfer to and from inorganic NPs and organic
molecules,**>! capping by thiols and polymers,?252~>5
oxygen depletion,*® modified synthesis,>>*"* and exci-
tation energy and intensity.?'2637:59762 Blinking suppres-
sion to varying extents was accomplished by these ap-
proaches; however, a complete solution to suppress the
blinking of different types of QDs is yet to be identi-
fied. As an exception, Wang et al. recently accomplished
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the synthesis of a completely nonblinking ternary core/
shell CdZnSe/ZnSe QD by radially alloying CdZnSe into
ZnSe.%” Despite the above experimental investigations
and the discrepancies in the electron transfer
model?”?°~31 and power-law statistics,2>3' 3¢ suppres-
sion of blinking is sought after for extended applica-
tions of single QDs.

In this work, single-molecule video microscopy and
steady-state and time-resolved spectroscopy were used
to understand the blinking behavior of the same single
QDs in the presence and absence of TiO, NPs. We se-
lected TiO, NPs because they are traditionally among
strong electron acceptors in solar cells.86>~70 We dem-
onstrate that the blinking of CdSe/ZnS QDs can be con-
siderably suppressed by adding TiO, NP solutions to
single QDs. Isolated QDs were covalently attached on
glass coverslips, and we continuously recorded the PL
intensity trajectories of the same single QDs first with-
out TiO, NPs and next after adding TiO, NPs. Interest-
ingly, we found that the trajectory of single QDs
abruptly changed from continuous blinking into sup-
pressed blinking as soon as TiO, NPs were introduced.
This finding calls upon the blinking suppression in QDs
in the presence of B-mercaptoethanol, which was re-
ported by Hong and Ha.?? Unpredictably, the blinking
suppression was not associated with any significant
changes to the PL lifetime, which indicates that the ef-
fect of TiO, NPs should be mostly on detrapping of a
charge carrier after Auger ionization but radiative car-
rier recombination processes. In other words, TiO, NPs
contribute mostly to the carrier recombination in a
charged QD by accepting a trapped electron from
around or the surface state of the QD and bringing
about back electron transfer. Thus, the role of TiO, NPs
is to suppress blinking by perturbing the probability of
a QD to continue in the charged or OFF state.

EXPERIMENTAL

We obtained CdSe/ZnS QDs (PL maximum ~605
nm) from Invitrogen Corporation. TiO, NPs were pre-
pared by the hydrolysis of titanium isopropoxide in a
mixture of isopropanol and hydrochloric acid. Single-
molecule samples were prepared by tethering QDs on
a coverslip, as shown in Figure 1. Coverslips were
cleaned using nascent chlorine by dipping in a mixture
of sodium hypochlorite and hypochloric acid and soni-
cating for 15 min. The coverslips were then repeatedly
washed with deionized water and acetone and subse-
quently silanized for 30 min at room temperature by
dipping in a 0.5% solution of 3-aminopropyltriethoxy si-
lane in acetone. Silanized coverslips were copiously
washed with water and acetone, dipped ina 10 uM
aqueous solution of biotin 3-sulfo
N-hydroxysuccinimide ester for 30 min at room temper-
ature, and thoroughly washed with deionized water.
During this step, the primary amino group on the si-
lanized glass surface was coupled with NHS ester group

www.acsnano.org



and provided us with biotinylated coverslips. In the suc-
cessive step, CdSe/ZnS QDs were uniformly tethered
on the biotinylated glass plate through
biotin—streptavidin linkage by placing a 10 pM solu-
tion of QD—streptavidin conjugate on one side of the
coverslip for 30 min at room temperature. The density
of the QD was controlled by varying the concentration
of QD solution. Unbound QDs were removed by wash-
ing with deionized water. Finally, QDs were dipped in
deionized water, and single-molecule images, PL inten-
sity trajectories, and PL lifetimes were recorded. Figure
1B shows a tapping-mode AFM image of a single QD
sample that was prepared by reacting a 0.5 nM QD so-
lution on a biotinylated glass plate. The effect of TiO,
NPs on the blinking of single QDs was investigated af-
ter placing 20 wM aqueous solutions of TiO, NPs on
single QD samples. In solution, the distances between
QDs and TiO, NPs are not fixed. Thus, control samples
with fixed distance between QDs and TiO, NPs were
prepared by tethering single QDs on a coverslip fol-
lowed by overlaying the sample with a thin layer of TiO,
NPs. Figure 1C shows a tapping-mode AFM image of a
single QD sample overlaid with a thin layer of TiO, NPs.

Single-molecule experiments were carried out us-
ing far-field video microscopy. For PL lifetime measure-
ments of QDs at single-molecule and ensemble levels,
samples were excited with 400 nm fs laser pulses from
an optical parametric amplifier (OPA). The OPA was
pumped by 800 nm pulses (200 kHz) from a regenera-
tive amplifier that was seeded by a mode-locked Ti:
saphire laser (76 MHz). Single-molecule images and tra-
jectories were recorded in an inverted optical
microscope (Olympus IX 71) that was equipped with a
60X objective lens (Olympus, NA 0.98). Fluorescence
signal collected using the objective lens was filtered
through a band-pass filter for QD605, magnified using
a 3.3X telescopic lens, and recorded using an image in-
tensifier charge-coupled device assembly (Hamamatsu
Photonics). Fluorescence decay profiles were recorded
using an assembly of a polychromater and a streak-
scope (Hamamatsu Photonics). Topography images of
single QD and QD-TiO, samples were obtained using a
MFP-3D AFM (Asylum Research). Tapping-mode AFM
images were collected in air, using reflective aluminum-
coated ultrasharp (radius of curvature <10 nm) silicon
cantilevers (Olympus). The cantilevers were ~160 pm
long and had a spring constant of ~42 N/m and a reso-
nance frequency of ~300 kHz.

RESULTS AND DISCUSSION

Surface-bound QDs in an aqueous medium showed
PL blinking (Figure 2A—D) with OFF periods distrib-
uted on a power-law statistics (Figure 2E) over 4 de-
cades of time. Dot-by-dot variations in the blinking sta-
tistics are shown in Figure 2 by plotting the PL
trajectories (left panel) and intensity histograms (right
panels) for four QDs. Histograms in the right panel indi-
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Figure 2. (A—D) Dot-by-dot variations in the PL intensity trajectories
(left panel) and histograms (right panel) of single CdSe/ZnS QDs teth-

ered on glass surface and dipped in water. (E) OFF time distribi
for 100 single QDs.

cate the total number of ON (high intensity) and OFF
(low intensity) photons for the corresponding trajectory
in the left panel. We selected these four trajectories for
a simple representation of dot-by-dot variations in the
ON and OFF durations (right panel of Figure 2) of single
QDs. The variations in the blinking behavior from time-
to-time and dot-to-dot arise as a result of stochastic
fluctuations in the Auger relaxation processes or tran-
sient trapping of charge carriers in the surface traps, as
reported previously.'® 222474 The non-exponential dis-
tribution of blinking time has been the subject of con-
siderable research at both theoretical and experimental
levels. Here, we could map only four orders of OFF
time distribution, but it can be up to six.'872124732 The
power-law behavior in the OFF time distribution can be
simply explicated by an exponential distribution in the
rate of neutralization of a charged QD by detrapping a
charge carrier, usually an electron, from an exponen-
tially distributed trap states.?®3233 On the other hand,
deviation of ON time distribution from the power-law
behavior was investigated by applying dynamic pro-
cesses to carrier trapping, as reported by Nesbitt and
co-workers,?*?5349 Marcus and co-workers,?*?72~3 and
Tang and co-workers. 34405560 Recently, deviations of
ON/OFF time from power-law statistics are greatly in-
vestigated from theoretical and experimental points of
view, which contributed considerably to blinking
suppression?*37~4752758 and, more importantly, devel-
opment of completely nonblinking QDs.>’
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Figure 3. Fluorescence spectra of QD solutions (1 nM): (A)
spectra as a function of increase in the concentration of TiO,
NP solution, and (B) spectra recorded at 2 min intervals af-
ter the addition of a 20 wM TiO, NP solution. Inset of (A):
Stern—Volmer plot. Inset of (B): relative PL intensity vs time.

Here we investigated the effect of TiO, NPs on the
blinking of single QDs based on a hypothesis that trans-
fer of an electron from an outside/surface trap state to
TiO, NP can suppress the blinking by channeling the
neutralization of charged QDs through TiO, NPs. In
other words, our intention was to suppress blinking by
mediating carrier recombination in charged QDs
through electron transfer to TiO, NPs and back elec-
tron transfer to charged QDs. We found that addition
of TiO, NPs to an ensemble solution of QD results in a
considerable decrease in the PL intensity. Figure 3A
shows the effect of concentration of TiO, NPs on the
PL spectrum of a nanomolar aqueous solution of CdSe/
ZnS QDs. Initially, a dynamic quenching effect was de-
tected, which gradually changed into deviation from
the Stern—Volmer plot (inset of Figure 3A) with increase
in the concentration of TiO, NPs. Also, a gradual de-
crease in the PL intensity of a QD solution was detected
with time after the addition of 20 wM TiO, NP solution
(Figure 3B). However, unexpectedly, we could not find
any decrease in the PL lifetime values for QD solutions
with either increase in the concentration of TiO, NPs or
time under incubation after the addition of TiO, NPs
(Figure 4A). On the other hand, TiO, NPs are well-known
to quench the excited state of QDs by accepting an
electron, thus making QD —TiO, systems both promis-
ing models of photoinduced electron transfer and ideal
candidates for solar cells, as reported by Jin and Lian,*®
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Figure 4. PL decay profiles of (A) an aqueous solution of
QDs (1 nM) with and without the addition of a TiO, NP solu-
tion (20 uM) and (B) a single QD before (7,, = 5.4 ns) and af-
ter (7., = 4.3 ns) the addition of a TiO, NP solution (20 wM).
Inset: PL spectra of a single QD in the presence and absence
of TiO, NPs.

Kamat and co-workers,®” % and others.5>6670 Here, de-
crease in the PL intensity (Figure 3) without any
changes to PL lifetime (Figure 4A) indicates the forma-
tion of a ground-state QD—TiO, complex and static
quenching of the excited state of QDs by TiO,. Figure
4B shows PL decay profiles of single QDs with and with-
out TiO, NPs. Also, the decrease in the PL intensity of
QD solutions with time after the addition of TiO, NPs
(Figure 3B) indicates that a QD—TiO, complex is formed
by the gradual association of TiO, NPs on the surface
of QDs. Such an association was evidenced by the pres-
ence of aggregates in ensemble solution samples. How-
ever, AFM images show that single-molecule samples
do not form such aggregates because QDs are isolated
and tethered on the glass surface. Due to the static
quenching of the QD'’s PL intensity by TiO,, contribu-
tions of QD—TiO, complexes to the PL spectra and de-
cay profiles should be negligible, which prevented us
from evaluating the redistribution in the radiative to
nonradiative relaxation rates in QDs. In electron trans-
fer experiments, nonluminescent QD—TiO, complexes
are studied by transient absorption measurements. For
example, Robel et al. found that the disruption of an
electron—hole pair in CdSe QDs by the transfer of elec-
trons from QDs to TiO, NPs can increase the rate of
bleaching recovery or decrease the lifetime.®” Due to
static quenching of the excited state of QDs, QD—TiO,
complexes are unlikely to be detected in single-
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molecule measurements, as well, evidenced by consid-
erable decrease in the number of PL spots after the ad-
dition of a TiO, NP solution to single QD samples (Fig-
ure 5). On the other hand, without TiO, NPs, QDs were
photostable for over 15 min under ~200 W/cm? excita-
tion power (532 nm). Thus, the PL signals in single QD
experiments should come from QDs that show dynamic
or no interactions with TiO, NPs. Gradual decrease in
the number of fluorescence spots indicates that the dy-
namic interaction changes into static, probably due to
gradual association of TiO, NPs on the surface of QDs.
To investigate the effect of TiO, NPs on the blink-
ing of single QDs, we recorded and analyzed the PL in-
tensity trajectories of the same single QDs with and
without TiO, NPs. First we recorded single-molecule
videos, and then from the videos, we obtained PL inten-
sity trajectories for long-living single QDs. Despite the
fact that a large number of QDs disappeared within
minutes after the introduction of TiO, NPs, remarkable
blinking suppression was detected for live QDs (Figure
6). The arrows in Figure 6 indicate time at which a TiO,
NP solution was introduced. Thus, the left side of the ar-
rows indicates blinking without TiO, NPs, and the right
side indicates blinking suppression or modified blinking
of QDs due to dynamic electron transfer interactions
with TiO, NPs. The histograms b and c in Figure 6 show
PL intensity distributions of single QDs before and af-
ter the addition of TiO, NPs, respectively. Considerable
increase in the occurrences of ON intensity in Ac—Dc
compared to that in Ab—Db shows the effect of TiO,
NPs on blinking suppression. Note that, to investigate
the effect of TiO, NP on the blinking of QDs, we continu-
ously recorded the PL intensity trajectories of the same
single QDs with and without TiO, NPs because ON and
OFF times vary from dot to dot irrespective of the pres-
ence (Figure 8) or absence (Figure 2) of TiO, NPs. In
other words, without statistical analysis, blinking sup-
pression need not always be correctly reflected in the
intensity trajectories of two separate QDs, one without
and the other with TiO, NPs. Because the decrease in
the PL intensity (Figure 3A) is not correlated with life-
time (Figure 4A), the PL signals of single QDs should
come from those QDs for which the radiative rate is not
considerably affected. However, irrespective of the ex-
tent of blinking suppression by TiO, NPs, we found that
the PL lifetimes of single QDs were decreased (for less
than 10% QDs), increased (for less than 10% QDs), or re-
mained intact (>80%). Figure 4B shows the PL decay
profiles of a QD before and after the addition of TiO,
NPs. All of the decay profiles were fitted to third-order
decay kinetics, and average PL lifetimes at ensemble
and single-molecule levels were calculated using the
equation T, = (T + Ty + T3az)/ (o + o + @),
where 1, 75, and 73 are individual lifetime values and
a4, @y, and a;z are weighted amplitudes. The average PL
lifetime of single QDs was decreased from ~5.5 ns in
the absence to ~4.5 ns in the presence of TiO, NPs,
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Figure 5. PL images of single QDs tethered on a glass substrate and im-
mersed in water: (A) without TiO, NPs, (B) immediately after the addition
of a TiO, NP solution, (C) 1 min after the addition of TiO, NPs, and (D) 2
min after the addition of TiO, NPs.

much less than the changes reported for ensemble
QD—TiO, systems (7., decreased from ~4 to 0.4 ns%®
or from ~16 to 10 ns*). As the blinking suppression is
not associated with considerable decrease in the life-
time values, we assume that the role of TiO, NP is
mainly to accept an electron trapped in a surface state
or an outside state and execute ultrafast back electron
transfer to charged QDs. Such channeling of carrier re-
laxation processes through electron transfer from QDs
to TiO, NPs and back electron transfer from TiO, to
charged QDs probably resulted in blinking suppression
by shortening OFF periods and increasing the number
of ON events. In other words, channeling of carrier re-
combination though TiO, NPs suppresses both nonradi-
ative Auger recombination and the probability for a
QD to continue in the charged state.

To address suppressed blinking without consider-
able decrease of PL lifetime, we contrast the current
work with a recent report on electron transfer and PL
blinking in a single-molecule QD—TiO, system.*® The
major difference between our work and this report is
on the nature of single-molecule samples. In the cur-
rent work, single-molecule samples were prepared by
tethering QDs on coverslips followed by immersing in
water and adding an aqueous solution of TiO, NPs. The
samples in ref 48, on the other hand, consist of high-
quality TiO; thin films on which carboxylic acid func-
tionalized QDs were uniformly deposited by spin-
coating. We found that blinking of single QDs can be
suppressed by adding colloidal TiO, NPs, but without
considerable decrease in the PL lifetime. In contrast, for
QDs deposited on a high-quality TiO, film, the dura-
tion of OFF events was increased and the PL lifetime
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Figure 6. PL intensity trajectories (Aa—Da) and histograms (Ab—Db and Ac—Dc) for four single QDs that are covalently at-
tached to a coverslip, immersed in water, and with and without adding TiO, NPs. Left (highlighted in green) and right in “a”
indicate blinking before and after the addition of TiO, NPs, respectively. The histograms b and c illustrate ON and OFF inten-
sity distributions before and after the addition of TiO, NPs, respectively.

was decreased, suggesting that photoactivated QDs re-
lax by direct electron transfer to TiO, film. In such high-
quality TiO, films, following electron transfer, the
trapped charge carrier can delocalize at greater extent
by hopping among TiO, particles. Thus, back electron
transfer can be delayed, and charged QD can be left in
the dark state for an extended period, which induces
long-living OFF states in the PL intensity trajectories. On
the other hand, blinking suppression in the current
work designates that isolated TiO, NPs prevent exten-
sive delocalization of the trapped charge carrier and fa-
cilitates more rapid regeneration of neutral QD by back
electron transfer. The two systems are schematically

Auger ionization

O——>®

TiO, panoparticle

QD onaTio, film QD inaTiO, solution

Figure 7. Relaxation processes expected in QD-TiO, NP systems:
(left) QDs deposited on a high-quality TiO, NP film, and (right) QDs
immersed in a TiO, NP solution.
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presented in Figure 7. On the basis of the difference be-
tween the samples in these reports, we assume that
the electron transfer interactions between TiO, NPs in
solution and QDs tethered on glass surface are rather
dynamic in nature. From an electron transfer or solar
cell point of view, the long-living dark state of a QD de-
posited on a high-quality TiO, film is promising for effi-
cient charge separation, whereas colloidal TiO, NPs in
the current work are promising to understand the blink-
ing mechanism and suppress undesirable blinking in
single QDs. Nevertheless, nonradiative carrier recombi-
nation during long-living OFF states can trim down the
efficiency of a solar cell.

To understand the role of dynamic interactions on
the blinking suppression, we fixed the distance be-
tween QDs and TiO, NPs by attaching QDs on a glass
surface and overlaying with a thin layer of TiO, NPs. We
found that the number of PL spots was considerably re-
duced in samples overlaid with TiO, NPs. As discussed
above and in refs 48 and 67—69, the decrease in the
number of PL spots (Figure 5) can be attributed to static
quenching of the excited state of QDs. Despite the
static quenching, many PL spots were present in single-
molecule samples. However, unlike in the case of
QD—TiO, single-molecule samples in aqueous phase
(Figure 6), it was technically difficult to compare the PL
intensity trajectory of the same single QDs before and
after overlaying with TiO, NPs. Thus, we compared the
blinking with and without TiO, NPs for different QDs.
We found that the blinking of QDs that are overlaid with
TiO, NPs varied from dot to dot (Figure 8), which is

www.acsnano.org



[\ w o
L

w
1

PLintensity,a.u
<o o
i —
——

Tme s

Figure 8. Dot-by-dot variations in the PL intensity trajecto-
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overlaid with a thin film of TiO, NPs.

probably contributed by difference in the distribution
of TiO, NPs around QDs. In addition to Figure 8, but
without statistical analysis of the blinking trajectories
of QDs overlaid by TiO, NPs, we consider that electron
transfer processes reported in ref 48 are standard for us
to compare the blinking suppression of QDs in solu-
tion phase.

In addition to the blinking suppression by TiO, NPs,
the PL spectral maximum of QDs fluctuated within 5
nm (inset of Figure 4B), and the average PL intensities
of single QDs were increased, decreased, or remained
intact (Figure 6). The decrease but not disappearance of
the PL intensity of single QDs indicates dynamic inter-
actions between QDs and TiO, NPs. We assume that
such QDs are equivalent to those contributing to the re-
sidual PL intensity in ensemble measurements (Figures
3 and 4A). On the other hand, disappearance (Figure 5)
of several single QDs in the presence of TiO, NPs should
be due to the formation of static complexes. The fluc-
tuations in the spectral maximum and intensity suggest
that both charge distribution within a QD and elec-
tronic coupling between QDs and TiO, NPs fluctuate
from time to time for a given QD. Nonetheless, increase
in the number of ON and OFF events was detected oc-
casionally (Figure 6D). In other words, for certain QDs,
the duration of ON and OFF events was decreased in
the presence of TiO, NPs. Such blinking with short ON
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Figure 9. Schematic presentation of photoactivation and re-
laxation processes in QDs in the presence of TiO, NPs.

and OFF durations was associated with a decrease in
the average PL intensity (Figure 6D), suggesting that
the excited state of QDs is quenched by electron trans-
fer to TiO, NPs as well. In other words, we hypothesize
that a combination of modified blinking and decrease
in the average PL intensity can be complex due to a
combined effect of electron transfer from photoexcited
QD to TiO, NPs, Auger ionization, transfer of a trapped
electron to TiO, NPs, and back electron transfer. The
blinking suppression for most but all QDs was not asso-
ciated with any changes to the rate of radiative relax-
ation, indicating that the effect of TiO, NPs is on the re-
distribution of rates among nonradiative processes
such as Auger relaxation, transfer of a trapped electron
to TiO, NPs, and back electron transfer to charged QD.
Figure 9 shows our hypothesis about various relaxation
processes in QDs in the presence of TiO, NPs. The aver-
age PL lifetime of QDs in the presence of TiO, NPs is
given by eq 1.

1
¥ Tk ko T ka ey

nrl

T (1
where k,, k., ka, and k.1 are the rates of radiative relax-
ation, nonradiative relaxation, Auger ionization, and
electron transfer, respectively. Because the PL lifetimes
of most QDs were not affected by TiO, NPs, eq 1 can be
written as

1
o T R T R

nrl

T v
that is, electron transfer from the photoexcited state of
QDs is neglected. Thus, in the presence of TiO, NPs, the
blinking suppression without any decrease in the PL
lifetime leaves us with a possibility that kei, + ket =>
knr2 (Figure 9), which means blinking can be suppressed
by increasing the probabilities for regenerating the ex-
cited state of QDs and radiative relaxation. Although
nonluminescent QD—TiO, complexes are formed in
large excess, blinking suppression by TiO, NPs suggests

’
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that nonradiative relaxations but not radiative relax-
ations in QDs can be suppressed by dynamic interac-
tions of TiO, NPs with QDs.

SUMMARY

The central result in the current work is blinking sup-
pression in single CdSe/ZnS QDs by TiO, NPs, but with-
out considerable changes to the rate of radiative relax-
ation. Thus, we hypothesize that blinking suppression
occurs due to the suppression of nonradiative relax-
ation in a trion (k,) by channeling the neutralization
of charged QDs through nonradiative processes such
as electron transfer to TiO, NPs (ker;) and back electron
transfer (kyer). Fomenko and Nesbitt have recently corre-
lated QD’s blinking suppression by propyl gallate
ligands with the redistribution in the rates of radiative
and nonradiative relaxations and thus disorder in the
quantum confinement model.** According to previous
reports, blinking can be attributed to deviations from
the 8-fold degeneracy for the first exciton state in the
theoretical model to 5-fold states induced by perturba-
tions from electron—hole exchange interactions, asym-
metric crystal structure, and lattice effects.'8204°
Among the five degenerate states, redistribution in the
population of dark and bright exciton states by surface
trap states, ligands, or unpaired electrons from surface
atoms can be correlated with an increase in the radia-
tive rate. Such redistributions in the radiative to nonra-
diative rates of carrier recombination lead to blinking
suppression.® On the other hand, Jin and Lian have
shown that decrease in the PL lifetime of QDs due to
electron transfer to TiO, NPs is associated with a de-
crease in the ON time and an increase in the OFF time.*®
In other words, the present status of blinking suppres-
sion shows that redistribution in the rates of radiative to
nonradiative relaxations can suppress or support blink-
ing. Because the blinking suppression in the current
work is not accompanied by an increase in the radia-
tive rate, we hypothesize that suppression in the nonra-
diative relaxation in charged QDs by electron transfer
to TiO, NPs and back electron transfer is critical in the
blinking suppression.
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