
OSBORNE AND LEE VOL. 5 ’ NO. 10 ’ 8295–8304 ’ 2011

www.acsnano.org

8295

September 18, 2011

C 2011 American Chemical Society

Quantum Dot Photoluminescence
Activation andDecay: Dark, Bright, and
Reversible Populations in ZnS-Capped
CdSe Nanocrystals
Mark A. Osborne†,§,* and Steven F. Lee‡,§

†School of Life Sciences, Department of Chemistry, University of Sussex, Falmer, Brighton BN1 9QJ, United Kingdom and ‡Chemistry Department, University of
Cambridge, Lensfield Road, Cambridge CB2 1EW, United Kingdom. §Authors contributed equally to this work.

C
olloidal semiconductor nanocrystals,
or quantum dots (QDs), have be-
come essential light-harvesting and

light-emitting components across a range
of applications from biosensing, cell imag-
ing, and diagnostics1�3 to optical storage,4,5

solar cells,6 and display technologies.7 As
fluorescent probes, they possess high ex-
tinction coefficients and quantum yields,
narrow band emission, and generally super-
ior photostability compared to conven-
tional organic fluorophores. However, for
all of the benefits QDs offer, they exhibit a
number of photophysical properties that
are not well understood and can be detri-
mental to their utility. For example, the on�
off blinking associated with fluorescence
intermittency (FI)8,9 reduces the steady-state,
ensemble quantum yield (QY)10 which may
manifest as flickering in the emission inten-
sity at low QD concentrations.11 Further-
more, FI will result in the loss of information
in FRET12 and particle tracking13 experi-
ments during dark, nonfluorescent periods.
On the other hand, photoactivation of the
ensemble14,15 coupled with photolumines-
cence enhancement (PLE) at the single QD
level16 will add uncertainty to the quantita-
tive measurement of QD numbers, in cellu-
lar imaging17 or biosensing,18 for example.
In general, samples of as-prepared nano-

crystals contain a not insignificant fraction
of dark, nonfluorescent QDs under ambient
conditions. In particular, ZnS-capped CdSe
nanocrystal conjugates have been shown to
contain as much as 75% fluorescently in-
active QDs, depending on the lot.19,20 This
dark fraction has been attributed to a slow
ionization and charge carrier trapping that
prohibits normal radiative electron�hole
recombination in the QD core, even at low

light levels.21 Under continuous illumina-
tion, the nonfluorescent fraction is trans-
formed to a fluorescently active state,
resulting in the overall PLE of the ensemble.
A number of PLE studies on CdSe nanocryst-
als have attributed enhancement to the
passivation of exciton traps by adsorbates22,23

or surface state transformations,24 Coulomb
blockade effects,25 and internal electric field
effects.26,27 Recent observation of a super-
linear correlation between PL intensity and
the number of fluorescent QDs has allowed
the distinction between PL enhancement
(decay) due to activation (bleaching) of the
dark (bright) population and that due to
genuine change in theQYof individualQDs.16

Subsequent analysis of single QD intensity
trajectories identified a number of distinct
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ABSTRACT Semiconductor nanocrystals or quantum dots (QDs) exhibit a number of unique

optical properties including fluorescence intermittency (FI), photoluminescence (PL) enhancement,

and darkening. Here we report PL activation (PLA) and darkening over populations of single colloidal

ZnS-capped CdSe QDs under continuous illumination, which is described well by a simple consecutive

elementary reaction (CER) scheme in the 1 to 10 kW cm�2 excitation intensity regime. The scheme

allows determination of rate constants for both fluorescence activation and decay processes as well

as the measurement of initial bright, fluorescent and dark, nonfluorescent QD fractions. The latter

parameters can function as a “quality control” on the total population of detectable QDs in an

imaging experiment or a synthesis. We further show reversible PLA at low intensities < 0.5 kW cm�2

and a photoinduced conditioning of the QD that results in increased rates of PLA following repeated

cycles of illumination and an induction period that precedes photoactivation upon initial exposure to

light. By interrogating individual QD fluorescence trajectories, the population fractions found

exclusive to each of three illumination cycles, common to any two cycles and fluorescent in all three

cycles, show that only a small number of QDs (∼5%) remain fluorescent through multiple cycles of

photoactivation and recovery.

KEYWORDS: quantum dots . photoluminescence activation . photodarkening .
power dependency . wavelength dependency . reversible activation . elementary
reactions
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phenomena including activation, brightening, FI, spec-
tral bluing, and photobleaching over the photochemi-
cal lifetime of the QD.28

We report the observation of PL activation and
decay over the photochemical lifetime of a population
of water-soluble, ZnS-capped CdSe nanocrystals, un-
der continuous illumination. By measuring changes in
the absolute population of fluorescent QDs, indepen-
dent of individual PL intensities, we differentiate be-
tween PL activation (PLA) from PL enhancement (PLE)
resulting from changes in theQY of individual QDs. The
temporal evolution of the fluorescent fraction is de-
scribed quantitatively well by a simple, two-step, con-
secutive elementary reaction (CER) scheme fromwhich
the initial dark and bright QD populations can be
extrapolated. A systematic study of the power depen-
dence of these two quantities finds their sum, the total
number of detectable QDs, to be independent of
power. The fluorescent fraction, as a ratio of the total
population, may then provide a useful “quality control”
measure for the optimization of a QD synthesis or
imaging conditions for the maximum observable QD
population. Additionally, the CER scheme allows de-
termination of the rates of photoactivation and photo-
darkening (bleaching) fromwhich excitation intensity and
wavelength dependencies have been derived over the
ranges 1�10 kW cm�1 and 457�514 nm, respectively.
While the radiation dose in this power regime results in
apparent irreversible darkening (photobleaching), below
∼0.5 kW cm�1, we observe reversible PLA following a
limited illumination time and period of recovery in the
dark. By measuring numbers of individual fluorescent
QDs, we compare the evolution of the fluorescent
population over multiple cycles of illumination and
recovery to the absolute photoactivation times of
single QDs, extracted from individual intensity trajec-
tories. Furthermore, by colocalizing molecules and
tracking trajectories across multiple cycles, we identi-
fy populations unique to each cycle, common to pairs
of cycles, and those QDs that remain fluorescently
active through three full illumination/recovery cycles.
Quantitative analysis of the PL activation and decay
kinetics within the CER scheme reveals increased
rates of activation with repeated excitation cycles.
Moreover, at the lower excitation intensity, growth in
the fluorescent QD population in the initial cycle was
found not to fit well within the CER scheme but was
more characteristic of an autocatalytic-like process.
We attribute an induction period observed in the
initial cycle of PLA to the conditioning of the QD via

mutually enhancing processes normally associated
with FI, namely, ionization and passivation.

RESULTS AND DISCUSSION

Power Dependence of PL Kinetics. To investigate
the power dependence of PL activation and decay,

fluorescence from large populations of single QDs was
monitored under TIRF with continuous illumination, at
a fixed wavelength of 488 nm, over the excitation
intensity range of 1.2�12 kW cm�2. In this regime,
enhancement in the number of fluorescent QDs was
observed to compete with photobleaching of the
population at all power densities, resulting in the
temporal QD population traces displayed in Figure 1.
The power dependence in both the rates of population
increase and decrease is immediately evident from the
narrowing of the kinetic profiles at higher excitation
intensities. Control samples in which all QDs have been
photobleached showed no recovery in fluorescence
over a period of up to 300 s of intermittent excitation
and imaging. This provides a working definition of the
photobleached population in this case but does not
negate the possibility that FI leads to QDs residing in
dark, nonfluorescent states for periods extending well
beyond the experimental window.

The kinetics of activation and decay in the fluores-
cent QD population can be described succinctly by a
consecutive elementary reaction (CER) scheme of the
form Af Bf C. In this case, a dark QD state A evolves
via photoactivation with a rate constant ka into the
fluorescent intermediate B, before decayingwith a rate
constant kd to a nonfluorescent product C. In general,
for a chemical reaction scheme of this type, there is no
initial population of the intermediate, B0 = 0 at t = 0,
resulting in a time evolution of the population B(t)
dependent only on the initial dark populationA0. In this
instance B0 is nonzero, and the solution to the first-
order rates in populations A, B, and C gives16

B(t) ¼ A0
ka

kd � ka
(e�kat � e�kdt)þ B0e

�kdt (1)

The function has been fitted to the time evolution
of the fluorescent QD population, for each excitation
intensity, using a nonlinear least-squares Levenberg�
Marquardt minimization within experimental error
(standard deviation of a 3 � 3 sampling array).

Figure 1. Evolution of the fluorescent QD population with
time (gray points) at different excitation intensities and
fixed laser wavelength λ = 488 nm. Superimposed are
nonlinear least-squares fits (colored lines) of the consecu-
tive elementary reaction (CER) eq 1. The kinetics of the QD
population were analyzed for over 300 s, but profiles have
been truncated for clarity.
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The resulting curves are superimposed on the experi-
mental data in Figure 1 with the parameters A0, B0, ka,
and kd presented in Table 1. Incorporation of backward
rates to allow equilibria between initial dark, bright, and
photodarkened (photobleached) states was found not to
improve fits (data not shown) but significantly com-
plicated the integrated rate expressions and fitting. It is
important to reiterate here that, by performing experi-
ments ondispersions of single, isolatedQDs, the absolute
populations of the fluorescently active B state have been
measured by directly counting QDs, and thus kinetics of
PL activation and decay are independent of the changes
in the QY of individual QDs.

Evidently, the initial bright, fluorescent population
B0 and dark, nonfluorescent QD population A0 are
strongly anticorrelated, exhibiting positive and nega-
tive dependencies on the excitation intensity, respec-
tively, as presented in Figure 2a. More importantly, the
sum of A0 and B0 is found to remain largely constant
over the entire range of illumination intensities. This
indicates that the fraction of QDs with the potential to
undergo photoactivation is fixed, that no additional
dark QDs are activated at increasing excitation powers,
and that the observed fluorescent fraction is solely
dependent on the radiation dose (intensity� exposure
time), all other conditions being equal. Alternatively,
for a fixed excitation dose, the initial bright fraction
B0/(A0þ B0) serves as ameasure of the “quality” of a QD
sample under variable experimental conditions. We
note that this method of measurement complements
other techniques for identifying dark and bright frac-
tions that effect QD brightness.10,18,20,29 Such a mea-
sure may prove useful in a number of applications, for
example, in comparing the quality of different QD
syntheses, either batch-to-batch under the same con-
ditions or via different routes. Moreover, the detrimen-
tal effect of PL instabilities in quantitative live-cell
imaging has been recognized.30 Here, modeling with
the CER would allow a quantitative estimate of the
maximum number (PL intensity) of detectable QDs, as
well as the total number under specific illumination

conditions. In contrast, these instabilities have been
exploited in the design of novel bio- and chemo-
sensors.31,32 Accuratemeasurement of analyte concen-
trations and binding constants in this case will likely
depend on knowledge of the fluorescently active and
inactive QD fractions. The fact that a dark fraction of
QDs exists clearly has both advantages and disadvan-
tages depending on the application.28 Direct measure-
ment of the quality of a QD sample could thus be used
to optimize bright and dark fractions, either by synth-
esis or postfabrication modification, for quantitative
imaging (all bright QDs), or improved sensitivity in
biosensing by PL activation (mostly dark QDs). Applica-
tion of this measurement is not limited to the life
sciences but extends to photovoltaics in which QDs
are increasingly used as sensitizers in solar cells. The
effects of a significant dark fraction and PLA in this case
may act to introduce a lag-time before maximum
conversion efficiency is reached and likely constitutes
the origin for the increased efficiency observed in QD
solar cells following exposure to ambient light and
atmospheric aging.33

Analysis of the rates of PL activation and decay
shows a near linear dependence on the incident laser
power, as seen in Figure 2b. The emergence of a non-
linear scaling may be evident at intensities in excess of
10 kW cm�2, a power density at the lower limit of the
single exciton saturation intensity for nanocrystals of
this size.34 Nonlinear behavior might be expected as
multiexciton processes scale with excitation rates.
Recent experiments on “giant” CdS-capped CdSe have

TABLE 1. Power Dependence of the Initial Dark,

Nonfluorescent QD Population, A0, and Bright,

Fluorescent Population, B0, with Rates of

Photoactivation, ka, and Population Decay, kd

I, kW cm�2 χ2 A0
a B0

a

ka (s
�1)

(σ �10�1)a

kd, s
�1

(σ �10�3)a A0 þ B0

12.4 0.09 31 (15) 49 (16) 1.3 (8) 0.182 (9) 82 (22)
8.2 0.15 67 (5) 19 (5) 0.55 (0.9) 0.107 (5) 87 (7)
6.3 0.40 59 (5) 22 (4) 0.42 (0.7) 0.055 (3) 80 (6)
5.0 0.13 68 (4) 20 (4) 0.25 (0.3) 0.058 (2) 88 (5)
2.7 0.11 72 (3) 13 (3) 0.21 (0.2) 0.0328 (0.5) 85 (4)
1.6 6.00 87 (1) 1.8 (0.5) 0.081 (0.02) 0.0182 (0.3) 88 (1)

a Parameters (standard deviation in brackets) determined from nonlinear least-
squares fit of the consecutive elementary reaction (CER) eq 1 to experimental data
in Figure 1 following reduced χ2 minimization.

Figure 2. (a) Excitation intensity dependence of the initial
dark population, A0 (red), and bright population, B0 (blue),
and their sum A0 þ B0 (green) as determined from the
nonlinear least-squares fit of the consecutive elementary
reaction (CER) eq 1 to the experimental data of Figure 1. (b)
Rates of photoactivation ka (blue þ left axis) and decay kd
(red þ right axis) both showing a linear dependency with
excitation rate, at illumination intensities below saturation
at ∼10 kW cm�2. Error bars represent the standard error
determined from the minimized reduced χ2 (Table 1), and
covariance and lines are shown for guidance only.
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shown a contribution to the spectrally integrated PL
from biexciton emission with a quadratic dependence
on excitation power, although the total PL intensity
was found to scale linearlywith intensity in the range of
0.01�1 kW cm�2.35 If the biexciton emission does not
saturate too rapidly at higher excitation rates, then the
integrated PL would presumably become nonlinear
with power as biexciton emission becomes dominant.
More importantly, in consideration of the dark and
bright state populations, recent evidence indicates
that biexciton emission can contribute to a low inten-
sity “gray state” following ionization of theQD,36 a state
normally considered nonfluorescent due to rapid Au-
ger quenching of the monoexciton in the presence of
core charge. If these “biexciton” gray states render
otherwise dark QDs detectable, then this would likely
contribute to enhanced B0 and reduced A0 values and
effectively increase photoactivation rates. In addition,
recent investigations of FI have revealed a quadratic
power dependence of the role-off rate in the on-time
probability distribution, a feature frequently observed
in the power-law statistics of single QD blinking over
extended time scales.37,38 In this case, the nonlinear
dependency was shown to be closely aligned with the
characteristic rate of formation of multiexciton states.
Given the evidence for a correlation between FI and
PLE,16,39 the participation ofmultiexcitons in the enhance-
ment of the detectableQDpopulation at higher excitation
intensities may not be entirely unexpected here.

Wavelength Dependence of PL Linetics. The effects of
excitation energy on PLA and degradation were in-
vestigated using the separate lines of an Ar ion laser at
457, 477, 488, 496, and 514 nmat a fixed intensity of 0.5
kW cm�2. Evolution of the fluorescent QD population
with time shows enhancement preceding decay in QD
numbers at all wavelengths. Normalized traces for 514,
496, and 457 nm are shown in Figure 3, along with best
fits of the modified CER equation. Qualitatively, it is
evident that rates of PL activation and decay scale with
excitation energy, reflecting the increased absorption
coefficient at shorter wavelengths. Indeed rates of
activation, ka, and decay, kd, extracted from the CER
fit (Table 2) show good correlation with the bulk QD
absorption band over the sampled range of wave-
lengths, as seen in the inset of Figure 3. Decay rates in
this instance appear less sensitive to excitation energy
above 496 nm than PL activation rates, which may
suggest different mechanisms for QD photoactivation
andphotodegradation or at least different contributions
from pathways that give rise to both of these processes.

For example, the photoactivation of QDs that leads
to net PLE in ensemble studies has been attributed to
the passivation of defects at the QD surface or capping
interface by adsorbates, whether these be gases on
thin QD films14,39 or solutes in colloidal suspensions.15,40

These defects act as potential trapping sites for the
exciton associated charge carriers, biasing exciton

relaxation toward nonradiative recombination events.
In this case, the light-driven separation of charge
carriers leads to an excited state dipole41 that most
likely induces charge solvation by the adsorbate, a
model supported by the observation of a substantive
reversible component in ensemble PLE4,5,14 (see below).
The energy dependence of the activation rate then
simply reflects the increased absorption driving the
equilibrium toward passivation. Conversely, PL decay is
generally associated with photooxidation at the QD
core surface,29,42,43 which likely introduces further
defects either through the loss of Cd and Se atoms in
products such as CdO or SeOx or via latticemismatches
between CdSe and compound oxides of the form
CdSeOx.

44 Ultimately, these defects dominate over
any passivation by absorbates, leading to increased
charge carrier trapping and hence increased probabil-
ity of nonradiative recombination. In general, there will
be an activation barrier between the physisorbed,
passivating adsorbate and the chemisorbed oxide,39

unless the adsorbate interaction lies within the chemi-
sorption potential. An excitation energy threshold to
photooxidation might then be expected, which may

Figure 3. Evolution of the fluorescent QD population (gray
points) with time at different excitation wavelengths and
fixed laser intensity, 0.5 kW cm�2. Superimposed are non-
linear least-squares fits of the consecutive elementary
reaction (CER) eq 1 (colored lines). Kinetic profiles at 477 and
496 nm have been omitted for clarity. Inset: correlation
between fluorescence activation and decay rates ka and kd
and the UV�vis absorption profile with rates arbitrarily
normalized to the relative absorption.

TABLE 2. Wavelength Dependence of the Initial Dark,

Nonfluorescent QD Population, A0, and Bright,

Fluorescent Population, B0, with Rates of

Photoactivation, ka, and Population Decay, kd

λ, nm χ2 A0
a B0

a ka, s
�1 (σ �10�3)a kd, s

�1 (σ �10�4)a

457 0.07 112 (3) 8.5 (3) 0.115 (6) 0.013 (2)
477 0.13 140 (3) 7.2 (2) 0.059 (3) 0.010 (3)
488 0.11 125 (2) 1.2 (1) 0.057 (2) 0.011 (3)
496 0.05 65.3 (2) 1.6 (1) 0.048 (3) 0.010 (6)
514 0.11 101 (2) 0.2 (0.4) 0.032 (2) 0.006 (6)

a Parameters (standard deviation in brackets) determined from nonlinear least-
squares fit of the consecutive elementary reaction (CER) eq 1 to experimental data
in Figure 3 following reduced χ2 minimization.
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account for the step-like change and insensitivity seen
in the wavelength-dependent PL decay rates of Fig-
ure 3 (inset) above 514 nm. A drop in the oxidation rate
at wavelengths approaching band-edge excitation is
not wholly unexpected since excitation below the
band-edge has been found not to induce photooxida-
tion but doesmaintain some degree of photoactivation.42

Reversibility of PL Activation. The extent to which PLA
and photodarkening of the QDs is reversible was
investigated by performing a series of activation and
relaxation cycles in which a QD sample was first
monitored under continuous laser excitation at
514 nm and 0.25 kW cm�2 for a fixed period of 20 s,
then left dark for an extended period of 160 s. The cycle
was repeated to observe any recovery of the dark
fraction and reactivation of the QDs. The initial radia-
tion dose resulted in the number of fluorescent QDs
peaking at ∼80 QDs in a single frame, followed by
approximately 90% recovery of the dark population by
the end of the first cycle, as seen in Figure 4a. The
second and third cycles of activation, under identical
conditions, promote more rapid activation of the dark
fraction, but only 75% and 44% of the peak fluorescent
QD population of the first cycle is seen to be reacti-
vated, respectively. Loss of the fluorescent fraction
arises fromeither aQDpopulation that remains ionized
and darkened after the recovery time and/or an irre-
versibly photobleached population. Further examina-
tion of the activation curves shows the fluorescent
population peaks within about 10 s after the second
and third cycles, about half the time of the first cycle.

The observation suggests a preconditioning of the
QDs in the first cycle that advances reactivation to
shorter times in subsequent illumination cycles. In-
deed, by interrogating individual QD fluorescence
trajectories and measuring the distribution of lag-
times before the onset of fluorescence, as presented
in Figure 4b, it can be seen that the largest single
fraction of molecules reactivates immediately (at least
within 100 ms time resolution of our experiment) in
both second and third cycles, while in the first cycle,
QDs require an extended period of illumination before
a significant population is photoactivated. The fluores-
cence trajectories of a single QD closely representing
this behavior is presented in Figure 4c, while a trajec-
tory reflecting the ensemble peak activation times is
shown in Figure 4d. QDs that exhibit fluorescence
throughout the three cycles are rare and constitute
typically only 5% of the total number counted over the
entire experiment. The lag-time to activation in the first
cycle means that many QDs do not activate until the
second (36%) or even third cycle (9%) and darkening or
photobleaching removes many QDs (79%) by the end
of the second cycle. The advantage of interrogating
single QDs here is that the fluorescent population
unique to each cycle, common to any two cycles and
that present in all three cycles, can be determined by

colocalizingmolecules in images across all three cycles.
We represent these average populations (as a percen-
tage of the total number) by a Venn diagram, as shown
in the inset of Figure 4a. The analysis shows the bright
population in the second cycle (17 þ 19 = 36%),
following dark state recovery after the first cycle, arises
primarily via photoactivation of a substantial fraction
(36/45 = 80%) of the dark population (100�25�18�
7�5 = 45%) that remains at the end of the initial
illumination cycle. Only a small fraction of QDs (23%),
fluorescent in the first cycle, are reactivated in the
second cycle. Reactivation of QDs appearing in the
first and second cycle (7 þ 5 þ 19 = 31%) forms the
dominant fraction (31/40 = 78%) of the total population
of QDs appearing in the third cycle (40%). It is worth
noting that information on fluorescently active and
reactivated populations under repeated cycles of illu-
mination and dark phase recovery could prove useful

Figure 4. (a) Temporal evolution of the fluorescent QD
population showing three cycles of PLA under continuous
illumination and recovery of a nonfluorescent population
following a period in the dark. Duration of each illumination
cycle is 20 s at 514 nm and 0.25 kW cm�2 (ending at the
dotted line) and that of the dark phase is 160 s (not shown).
Inset: Venn diagram showing percentage populations of
fluorescent QDs that appear uniquely in each cycle, are
common between two cycles, and appear in all three cycles
(averaged from a 2� 2 experimental array). (b) Distribution
of lag-times before photoactivation of individual QDs in
each cycle. (c) Single QD fluorescence trajectory represen-
tative of the most probable photoactivation time from the
peak of the PLA curves of (a). (d) QD trajectory closely
alignedwith the distributionof photoactivation lag-times in
(b), showing near-instant reactivation of the QD following
the initial photoinduced conditioning of the QD. Decay of
the QY in this trajectory is also evidence of oxidation.
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in the optimization of QD devices,4�7 in particular for
the measurement of aging in these devices.

Further analysis of the ensemble photoactivation
reveals that fitting the activation curves in Figure 4a
(black lines) with the standard CER scheme repre-
sented by eq 1 is only possible in the second and third
phase of activation. Importantly, the effect of photo-
conditioning is highlighted by the fact that the first
cycle exhibits a significant lag in the activation of the
fluorescent QD population that cannot be fitted by the
CER equation. Moreover, CER fits to the second and
third cycles show initial rates of photoactivation in-
creasing from ka = 0.16 (0.01) s�1 to 0.22 (0.02) s�1 as
QD conditioning continues through the second cycle
of illumination. In the first cycle, the presence of an
induction period and the resulting sigmoidal growth in
the fluorescent QD fraction appears more character-
istic of an autocatalytic process in which the conver-
sion of reactant A to product B is catalyzed by product
B itself. If we assign reactant A to the dark state and B to
the fluorescent state, then the sigmoidal growth in the
fluorescent fraction is described well by the solution to
the second-order rate equation dB/dt = kcAB for the
autocatalytic reaction A þ B f 2B. In this case, fitting
B(t) to the QD photoactivation curve of the first cycle
gives a catalytic rate constant kc = 0.0031 (0.0001) s�1,
typically an order of magnitude smaller than the activa-
tion rate expected for the excitation conditions (extra-
polating from Table 2). However, if we consider the
autocatalytic reaction to occur in parallel with the initial
elementary step of the CER, Af B, then the solution to
the modified rate dB/dt = kaA þ kcAB provides a quali-
tatively better fit of B(t) with an activation rate ka =
0.015 (0.003) s�1 and littlemodification to the catalytic rate
kc = 0.0023 (0.0002) s

�1. In this instance, the activation rate
is consistent with the wavelength dependence at
514 nm (Table 2) with half the power density. Evidently,
this simplified scheme assumes no progression of the
fluorescent fraction to the photobleached state, which
is not unreasonable here since the sum of the initial
dark and bright populations A0 = 83 (2) and B0 = 4.1
(0.5) obtained from the fit is close to that of the peak
fluorescent QD population at the end of the illumina-
tion period, indicating that few (7�8) QDs have dar-
kened or photobleached in this time. The observation
of a fast and slow component to photoactivation is
quite consistent with PLA studies on thin CdSe QD
films,39 where the slower rate of QY enhancement in
the ensemble has been attributed to the passivation of
the QD surface by the formation of a CdO layer under
oxidative conditions. This process is normally asso-
ciated with a reduction in PL efficiency due to the
introduction of surface defects that act as nonradiative
exciton recombination sites. However, it is possible
that growth of the layer may shift exciton relaxation
back to radiative decay in the core by forming a barrier
to ionization and charge trapping in a similar way to

the ZnS shell. The faster activation rate was attributed to
the passivation of nonradiative decay centers at the
surface by the physisorption of gas adsorbates, a process
that is both rapid and reversible. A quasi-autocatalytic
process has also been used to describe the formation of
vacant surface sites on colloidal CdSe/ZnS via the de-
sorption of the coordinating trioctylphosphine oxide
ligand, TOPO, a process that was found to be mutually
accelerated by photoionization.45 Passivation of these
vacant sites bymore favorable adsorbates (solvent) or by
slower oxide formation may then lead to rapid bright-
ening and a slower PL enhancement, respectively. In this
context, we associate the fast activation rate, ka, with a
reversible switching-on ofQD fluorescence by thephoto-
induced, adsorbate-mediated passivation of surface de-
fects. The catalytic rate, kc, then reflects the slower and
irreversible formation of an oxide layer that effectively
compounds the function of the ZnS shell by raising a
potential barrier to QD ionization and charge trapping.

Continued photooxidation ultimately leads to the
decay in the fluorescent population observed with
uninterrupted illumination and following multiple cy-
cles of QD conditioning. In this case, defect formation
will likely dominate any passivation effects by adsor-
bates or growth of the oxide layer, but degradation of
the QD will also lead to a direct reduction in the
excitation cross section with core size, a reduction in
core size being evidenced by the observation of spec-
tral bluing in the fluorescence of single QDs under
continuous illumination.16,43 It is also worth noting that
the statistical aging associated with FI and the possi-
bility that “off-times” extending beyond the experi-
mental time windowmay contribute to a net decrease
in the fluorescent QD population not accounted for
here. It may contribute to small deviations in the
experimentally measured fluorescent QD populations
from the simple CER profile, but evidence indicates
that PL decay from statistical aging follows an inverse
power law46 in time that is significantly slower than the
photodarkening rates measured here. Furthermore,
fluorescence recovery from the statistically darkened
fraction would be expected following the cessation of
continuous excitation, but this has not been observed
in our controls. In the laser power regime used here,
degradation of the fluorescent population closely fol-
lows the first-order exponential kinetics more com-
monly associated with irreversible photobleaching.

Autocatalytic PLA and QD Blinking. The physical picture
emerging here is guided by the general consensus that
the dark state, A, is associated with charging of the QD
core, due to electron ionization and trapping with
nonradiative, Auger-like quenching of subsequent ex-
cited electron�hole pairs.9,47 In reality, electron ioniza-
tion is in equilibrium with electron recombination,
albeit one that is initially shifted toward oxidation of
the core by light-driven ionizing processes. Continued
excitation pushes this equilibrium back toward a
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neutral, fluorescent core state, B. The mechanism by
which this occurs is not well understood, but in addi-
tion to those explicitly involving charge displacement
by adsorbates and surface passivation by oxide layer
formation as described above, a number of other
possibilities can be considered. Given that Auger re-
combination results in an excited charge carrier, its
subsequent relaxation could lead to structural rearran-
gements of the QD that find their way to the surface,
“annealing” defects and thus removing sites of non-
radiative recombination, most likely irreversibly. Alter-
natively in a reversible sense, the Auger excited carrier
can sample the QD surface more frequently, modulat-
ing the PL intensity via changes in the net core charge
and raising the probability of surface trapping to render
the core neutral and fluorescent. In addition, the rever-
sible adsorption of polarizable molecules or counter-
ions from the surrounding medium are likely to bias
the QD surface potential in favor of a Coulomb block-
ade to electron ionization.25 Although the equilibrium
between dark A and bright B states is strongly driven
toward activation, A f B under continuous illumina-
tion, the dynamic nature of the reversible processes
described above allows both states Aþ B to coexist, at
least within the time resolution of our experiment. The
effect of this in FI is to reduce the effective brightness
of the QD, potentially below detection limits, for a fixed
signal integration time.10 An alternative view is that
partial modification of the surface leads to an imma-
ture QD with both A and B characteristics. Repeated
transitions between the bright, fluorescent “on-state”
and dark “off-state” catalyze the slow and irreversible
modification of the QD to a fully mature, increasingly
“on” state. The process is represented in the reaction
scheme presented in Figure 5, which shows the com-
petition between light-induced electron trapping (left-
hand side) that rapidly photodarkens the QD and
photoinduced processes that brighten the QD (right-
hand side). In summary, the observation of a pseudo-
autocatalytic photoactivation suggests that the on�off
blinking associated with FI leads to a progressively
more fluorescently active state, with more frequent
and longer on-times that contribute to a time-
averaged PLE from a dark, “undetectable” state to a
fully, photoactivated state. The change in on/off time
distributions would suggest a degree of correlation
between consecutive on-times and off-time durations
akin to the memory effects recently observed in QD
blinking,48,49 while a changing emission intensity is
consistent with the measurement of a continuous
distribution of emission states in QDs50 and QY en-
hancement observed in single QD trajectories16

CONCLUSION

The kinetics of PL activation and decay in water-
soluble ZnS-capped CdSe QDs have been investigated.

By imaging single QD fluorescence using TIRF micro-
scopy, the evolution of the bright population within a
dispersed ensemble has beenmeasured directly under
continuous illumination. By counting individual QDs,
regardless of fluorescence intensity, PLA and popula-
tion enhancement can be separated from PLE due to
changes in the QY of individual QDs, which can be
followed separately in the fluorescence trajectories of
single QDs. Photoactivation of the dark fraction and
decay of the bright fraction show kinetics that can be
reasonably described by a simple CER reaction scheme,
from which initial dark, A0, and bright, B0, populations,
and rate constants for activation ka and decay kd can be
readily obtained. Both rates show strong linear depen-
dencies on excitation intensity between 1 and 10
kW cm�2, while dark and bright fractions show antic-
orrelated behavior whereby their total remains near-
constant over the same intensity range. The CER
kinetics provide a useful measure of peak-detectable
QD numbers, as well as totals and undetectable frac-
tions, which may by applied to quantitative imaging.
Analysis of PL reversibility shows that reactivation of
the bright population arises largely from photoactiva-
tion of the dark fraction that remains at the end of an
illumination cycle, albeit at a measurably faster rate
that suggests QDs undergo a photoinduced “condi-
tioning”, even in their dark (undetectable) state. Loss of
a photoactivatable dark fraction and photodarkening of
the bright fraction results in few reactivated QDs com-
mon to multiple cycles of illumination at excitation in-
tensities around500Wcm�2. At this power density, initial
photoactivation is preceded by an induction period
characteristic of an autocatalytic-like reaction. In this

Figure 5. Schematic of (a) the parallel first-order and (b)
pseudo-autocatalytic reactions describing photoactivation
and enhancement at low excitation powers of <1 kW cm�2.
(a) Dark QD state, A (dark gray core), associated with
ionization and core charging is transformed to the fluo-
rescent state, B (white core), under continuous illumination
by a photoinduced modification (light gray shell) that leads
to a suppression in QD ionization. (b) Blinking accelerates
surface modification (gray shell) and presents A þ B (light
gray core) together within the time resolution of the
experiment. Repeated ionization and neutralization events
catalyze the conversion of the immature dark state, A, to a
fully active fluorescent state, B, with a strongly passivated
surface (dark gray shell). Horizontal arrows associated with
QDs indicate relative propensity for the electron to be
ionized to a trap or be constrained in the QD core. Vertical
arrows indicate radiative relaxation of exciton charge pairs,
the number of which represents the relative intensity of
monoexciton emission.
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case, the kinetics are described by the catalytic conver-
sionof thedark state to thebright state throughFI,whereby
thephotoinducedconditioningof theQD,bypassivationof
surface defects or othermechanisms, is accelerated by the
electron ionization and neutralization processes asso-

ciated with QD blinking. Importantly, the results provide
compelling evidence for a fundamental link between FI
and PLE that leads to PLA, all these being key optical
properties that will ultimately affect the performance of
QDs in a multitude of applications and devices.

METHODS

Sample Preparation. All experiments were conducted on bor-
osilicate glass coverslips (22 mm, No. 0) cleaned in a UV-ozone
chamber (PSD-II, Novascan) for 20 min to remove fluorescent
residue. The slide was transferred to the microscope stage and
optically coupled to the objective lens through index-matching
immersion oil (n = 1.51, Nikon, UK). Samples were prepared
from 2 μM stock solutions of streptavidin-functionalized ZnS/
CdSe nanocrystals (80-0003, Invitrogen, UK) with a peak emis-
sion at 585 nm.

Dilutions in 0.1 M PBS (P-4417, Sigma-Aldrich) were opti-
mized between 103 and 5� 104-fold to yield surface densities of
approximately 0.5 QDs/μm2 at peak activation, as observed
under TIRF. Then, 50 μL aliquots of diluted QDs were transferred
to the sample coverslip and covered to prevent evaporation
during analysis. At final QD concentrations of 1�2 nM, samples
were found to be monodispersed and stable within the experi-
mental time window (typically 5 min per acquisition), without
significant loss or gain in population through desorption and
adsorption of material at the surface. This was confirmed by QD
fluorescence recovery after photobleaching (FRAP) experi-
ments (see Supporting Information).

Instrumentation. Fluorescence imaging was performed using
amodified inverted optical microscope (Nikon TE2000) coupled
to an intensified charge-coupled device (ICCD) camera (IC-300,
Photon Technology International). The microscope was config-
ured to operate in a objective-type total internal reflection
fluorescence (TIRF) mode with the spatially filtered, circularly
polarized beam of a krypton�argon ion laser (Spectra Physics,
BeamLok 165) as the excitation source. The laser was directed
off a dichroic mirror (FF562-Di01, Semrock) through a high
numerical aperture, oil-immersion objective lens (Plan Apoc-
hromat 100�, NA 1.4, Nikon) to the sample coverslip. Total
internal reflection was achieved by focusing the laser at the
back focal plane of the objective, off axis, such that the
emergent beam at the sample interface was near-collimated
and incident at an angle greater than the critical angle θc∼ 67�
for a glass/water interface. This generated a 30 μm diameter
TIRF footprint with power densities in the typically in the range
of 1.2�12.5 kW cm�2 at the coverslip, accounting for near-field
enhancement. Fluorescence was collected by the same objec-
tive and spectrally filtered from the excitation source, first by the
long-pass dichroic mirror and second by a high transmission
band-pass filter (FF562-Em, Semrock). The fluorescence image
was finally projected onto the ICCD and captured using a
PC-based frame grabber (AG-5, Scion Image Corp.).

Image Acquisition and Processing. Images were recorded as a
175 � 175 pixel stack of 3000 frames at 10 frames per second
(fps) using Scion Image (Scion Image Corp.) and processed
using ImageJ (http://rsb.info.nih.gov/ij/). Individual QD trajec-
tories were averaged over a 3 � 3 grid of stacks spatially
separated by 100 μm using a programmable scanning stage
(Proscan II, Prior Scientific). Autofocusing, using a low-powered
reference beam, was performed prior to the acquisition of each
stack. The intensifier and video gain settings on the camera
were optimized for minimum noise, maximum dynamic range,
and fixed for all excitation intensities and wavelengths to allow
direct comparisons.

Single QD Counting. A bespoke counting macro was designed
to process the 8-bit grayscale image stacks in ImageJ. The
algorithm initially establishes a background threshold for each
image in a stack based upon the modal count and standard
deviation of an end frame (photobleached) in a stack and the
shot noise (I1/2) in each frame. Counts above threshold are then

considered fluorescence signal. For each frame in the stack, the
intensity threshold is lowered sequentially from the maximum
grayscale value in the image to the background threshold.
Fluorescence peaks are positively identified and counted when
a negative gradient exists between the peak pixel and >90% of
pixels in the surrounding 5 � 5 array. The algorithm provides
rapid identification of QDs, even where fluorescent peaks are
not wholly resolved. A typical raw movie showing QD fluores-
cence activation and the corresponding movie of processed
and binarized peaks are presented as Supporting Information.

QD Colocalization. To investigate the reversibility of PLE on QD
populations and individual QD fluorescence trajectories, fluo-
rescent peaks were colocalized between the image stacks
accumulated for each cycle of illumination. In a first step
following QD counting and image binarization, all QDs in each
frame of each movie were projected onto a single image
representing all detectable QDs in a single cycle. To account
for the possibility of stage drift in xy between cycles, accumu-
lated QD projections from consecutive cycles were system-
atically displaced relative to each other, pixel-by-pixel ((3 in x
and y) to optimize particle overlap, as measured by the logical
AND operation between images. The AND image is then used to
colocalize QDs of a third cycle. Thus, QD populations common
to cycles 1 AND 2, 2 AND 3, 1 AND 3, and 1 AND 2 AND 3 can be
readily identified.
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