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ABSTRACT: Spectroelectrochemical experiments on wide-gap
semiconductor nanocrystals (ZnSe and Mn2+-doped ZnSe) have
allowed the influence of trap electrochemistry on nanocrystal
photoluminescence to be examined in the absence of semi-
conductor band filling. Large photoluminescence electrobrighten-
ing is observed in both materials upon application of a reducing
potential and is reversed upon return to the equilibrium potential.
Electrobrightening is correlated with the transfer of electrons into
nanocrystal films, implicating reductive passivation of midgap
surface electron traps. Analysis indicates that the electrobrightening magnitude is determined by competition between electron
trapping and photoluminescence (ZnSe) or energy transfer (Mn2+-doped ZnSe) dynamics within the excitonic excited state, and
that electron trapping is extremely fast (ktrap ≈ 1011 s−1). These results shed new light on the complex surface chemistries of
semiconductor nanocrystals.

■ INTRODUCTION
The photoluminescence (PL) of colloidal semiconductor
nanocrystals (or quantum dots, QDs) is strongly influenced
by surface chemistry. Surface states within the semiconductor
optical gap may introduce effective nonradiative decay
pathways that reduce PL quantum yields.1−6 In some cases,
surface traps can be passivated by judicious selection of capping
ligands2,7,8 or by growth of conformal inorganic shell layers,9−15

increasing PL quantum yields. Trap passivation can even occur
photochemically (“photobrightening”),16−18 which has been
proposed to involve photoinduced annealing,19−21 photo-
oxidation or reduction,22 ligand chemistry,23 photoinduced
adsorption of small molecules,24−26 or photoelectrifica-
tion.27−29 Photobrightening is influenced by reducing agents,30

and in nanowires it has been enhanced by low levels of electron
injection using an AFM tip.31 Collectively, these data provide
circumstantial evidence that QD PL may be manipulated by
controlling the charge states of surface traps. Spectroelec-
trochemical studies of the relationship between surface-trap
redox chemistry and QD PL are needed to test the validity of
this hypothesis.
Previous spectroelectrochemical studies of colloidal QDs

have focused primarily on charge injection into quantum-
confined band levels of easily reduced QDs with relatively
positive conduction-band (CB) potentials (e.g., CdSe, CdS,
ZnO, PbSe).32−52 It is now established that electron injection
into the CBs of colloidal chalcogenide QDs bleaches the first
excitonic absorption (1Sh → 1Se), introduces new absorption
due to intra-conduction-band (1Se → 1Pe) electronic excitation,
and substantially diminishes excitonic PL quantum yields
through electron-exciton Auger recombination.33−36,38,40−48

To date, however, there have been no reports of the

spectroelectrochemistry of semiconductor nanocrystals with
very negative CB potentials, for which CB filling is deliberately
avoided (e.g., ZnSe, ZnS). In such QDs, midgap surface states
are exposed and readily accessible to electrochemical
manipulation, making them particularly attractive for inves-
tigation of the influence of surface redox chemistry on
nanocrystal photophysics.
Here, we describe the spectroelectrochemistry of ZnSe QDs.

A remarkably large (∼40-fold) enhancement of steady-state PL
is observed when ZnSe QDs are held under a cathodic bias. In
agreement with recent blinking results,51 this electrobrightening
implicates elimination of a fast nonradiative channel for exciton
deactivation via reductive surface electron-trap passivation.
Incorporation of Mn2+ dopants into the ZnSe QDs introduces a
well-defined fast exciton-deactivation pathway that allows the
electron trap kinetics to be clocked. Analysis of the difference in
PL electrobrightening magnitudes with and without Mn2+

yields an effective electron trapping rate constant of ∼1011
s−1, comparable to that for energy transfer to Mn2+, and much
greater than that for excitonic PL. These findings provide new
insight into the roles of surface trap states on QD photo-
luminescence.

■ EXPERIMENTAL SECTION
Colloidal ZnSe and Mn2+:ZnSe QDs were synthesized and
characterized as detailed previously.53,54 QDs made by cluster
thermolysis53 and hot-injection54 routes gave essentially identical
results. QD films were prepared by depositing QD suspensions in
toluene onto a 3-mercaptopropyl-trimethoxysilane treated fluorine
doped tin oxide (FTO) surface, cross-linking the QDs with 1,7-
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heptanediamine, and curing under vacuum at 70 °C for 1 h.42,45,47

Absorption measurements were performed using a Cary 500 (Varian)
spectrometer. Continuous-wave PL spectra were collected using either
363 nm excitation and a 0.5 m monochromator and CCD for
detection, or 405 nm excitation and an Ocean Optics USB2000
spectrometer for detection. Time-resolved PL measurements were
performed with excitation at 360 nm and PMT detection at 590 nm
(25 nm spectral band-pass). Electrobrightening was independent of
excitation wavelength. Photoluminescence quantum yields were
measured on QD films using an integrating sphere and were assumed
to be the same in the electrochemical cell at the equilibrium potential.
The electrochemical cells consisted of silver pseudo-reference

electrodes, platinum counter electrodes, and films of QDs on FTO as
the working electrodes. The cells were assembled under N2
atmosphere, with 0.1 M tetrabutylammonium perchlorate (TBAP) in
dimethylformamide (DMF) as the electrolyte. The electrochemical
experiments were conducted using a μ-autolab II potentiostat. All
measurements were performed at room temperature in cuvettes sealed
under anaerobic atmosphere. Care was taken to avoid illumination of
the Ag0 electrode. For estimation of the number of electrons added per
QD, the number of QDs per unit area in a given film was estimated by
absorption spectroscopy using an empirical ZnSe QD molar extinction
coefficient of 4.6 × 105 M−1cm−1,55 and the total number of electrons
added to a QD film was estimated by integrating the time-resolved
current obtained during a potential-step experiment after subtracting a
baseline determined by the steady-state current at the applied
potential.32

As observed previously,50,56 the equilibrium potentials of these QD
films drifted over the course of many hours, and differed for
measurements performed on the same films on different days, or on
different films of the same QDs. The drifting equilibrium potentials
likely reflect the use of Ag0 pseudo-reference electrodes. With the
exception of such variations in equilibrium potential, however, all
measurements yielded very similar results. Over 25 different films from
four different QD syntheses were examined, and all showed essentially
the same electrobrightening as reported here. The electrobrightening
results are therefore always reported together with PL measured at or
near the equilibrium potential. Within a given experiment, this drift
was negligible and the electrobrightening was stable, reversible, and
reproducible, as illustrated by the data reported here.

■ RESULTS AND ANALYSIS

Electrobrightening. Figure 1a illustrates the electro-
chemical cells used to introduce charge carriers into ZnSe
QD films. Starting at the equilibrium potential (Veq), a cathodic
bias was applied (Vapp) while monitoring the QD PL. The ZnSe
QD CB potentials are very negative (∼−2.0 V vs Ag0),
allowing selective reduction of midgap traps without injection
of electrons into the CB.
Figure 1b plots absorption and PL spectra of a ZnSe QD film

at the equilibrium potential (Veq = −0.2 V) and after
electrobrightening at Vapp = −1.5 V. The absorption spectrum
of the colloidal ZnSe QDs shows the first excitonic maximum at
∼385 nm, consistent with d ≈ 3.2 nm nanocrystals. The PL
spectrum of the same QDs in a film on FTO shows a weak
excitonic feature at ∼415 nm and broad trap emission centered
at ∼500 nm. Application of a cathodic bias leads to electron
transfer into the QD film and increases the total PL quantum
yield (including both excitonic and trap PL) from Φ ≈ 0.7% to
Φ ≈ 11%. The excitonic PL intensity at 385 nm changes by
IEB/I0 ≈ 40. Trap PL at 500 nm also increases with applied
potential, by IEB

tr /I0
tr ≈ 10. Both exciton and trap PL

electrobrightening are completely reversed when the cell is
returned to its equilibrium potential and the electrons are
removed (vide infra). There is no discernible change in QD
absorbance over this potential range. These observations are

consistent with electrochemical passivation of surface electron
traps.
An impurity can be used to create well-defined midgap

electronic states that introduce new very fast nonradiative
exciton deactivation channels. If fast electron trapping
diminishes excitonic PL quantum yields as suggested by the
above results, then less PL electrobrightening should be
observed in Mn2+-doped ZnSe QDs, where nonradiative
exciton-to-Mn2+ energy transfer within a few tens of pico-
second57−60 competes with electron trapping, and the resulting
luminescent Mn2+ 4T1 excited state is not susceptible to
electron trapping. To test this hypothesis, similar spectroelec-
trochemical measurements were performed on films of Mn2+-
doped ZnSe QDs (Mn2+:ZnSe). Figure 1c plots absorption and
PL spectra of Mn2+:ZnSe QDs. The absorption spectrum of the
colloidal QDs (dotted) shows the first excitonic feature at ∼412
nm, consistent with d ≈ 5.0 nm nanocrystals. At the
equilibrium potential (Veq = −0.3 V), the PL spectrum of the
same QDs in a film on FTO (dashed) is dominated by the
Mn2+ 4T1 →

6A1 d−d transition centered at 595 nm,
61 with Φ ≈

Figure 1. Spectroelectrochemistry of ZnSe QD films. (a) A schematic
of an electrochemical cell (right) with a silver pseudo-reference
electrode, platinum counter electrode, and a film of QDs on FTO as
the working electrode. For Vapp above the equilibrium potential of the
working electrode, Veq, midgap electron traps are filled (left). (b) The
excitonic PL spectra at Veq = −0.2 V (dashed) and after
electrobrightening at Vapp = −1.5 V (solid) vs Ag0 for a ZnSe QD
film. λex = 363 nm. The absorption of the same ZnSe QDs as colloids
is shown as a dotted line. (c) The Mn2+ PL spectra at the equilibrium
potential of Veq = −0.3 V (dashed), and after electrobrightening at Vapp
= −1.5 V (solid). λex = 405 nm. The absorption of the colloidal
Mn2+:ZnSe QDs is shown as a dotted line.
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9.5%. Under cathodic bias (Vapp = −1.5 V), electrons are
transferred into the QD film and the Mn2+ PL quantum yield
increases to Φ ≈ 29.5% (solid curve), that is, IEB

Mn/I0
Mn ≈ 3. The

Mn2+:ZnSe QDs thus show an order of magnitude smaller PL
electrobrightening than observed in comparable ZnSe QDs.
From over 25 different films prepared from four different QD
syntheses, IEB

Mn/I0
Mn ≈ 2.5 ± 0.5 and IEB/I0 ≈ 40 ± 10. We note

that conduction band filling in Mn2+-doped CdS QDs yields
exceptionally efficient Mn2+ PL quenching,50 opposite from the
PL enhancement observed here. Also noteworthy is the fact
that the Mn2+/+ potential resides >1.5 eV above the ZnSe CB
edge62,63 and hence well outside the experimental potential
window. These data thus support the interpretation that
electrobrightening is linked to surface electron-trap passivation.
Figure 2a plots the Mn2+ PL intensity and the electro-

chemical current density measured simultaneously as a function

of applied potential (Vapp) for the Mn2+:ZnSe QDs. As Vapp
becomes more negative, both the current density and the PL
intensity increase in concert. The onset potential for charging is
∼−0.8 V vs Ag0, below the potentials at which conduction-
band filling occurs in CdSe-based QDs (∼−1.0 V)42 and CdS
QDs (∼−1.3 V)50 using similar electrochemical cells, and ∼1.2
V below the potential for ZnSe QD conduction-band filling
(∼−2.0 V vs Ag0) estimated from the bulk offset potentials of
CdSe, CdS, and ZnSe.64,65 This observation and the correlation
between charging and PL strongly support the interpretation
that electron trap reduction increases PL intensities. Figure 2b
plots the PL intensity versus time for a measurement in which
the potential was alternated between Veq (−0.3 V) and Vapp
(−1.5 V), as indicated by the dashed line. The electro-
brightening is reversible, and in both directions, the PL reaches
steady state slowly after a few hundred seconds. These kinetics

are attributed to slow diffusion of charge carriers through the
QD film. Previous work has demonstrated extremely low
electron mobilities in QD films at potentials below the CB edge
potential,41,44,66,67 consistent with the added electrons occupy-
ing localized QD surface states. Importantly, the electro-
brightening of Figure 2b appears to be accompanied by transfer
of multiple electrons/QD, not just one or fewer. From the
experimental coulometry and the number of QDs on the
working electrode, a value of >10 electrons/QD is estimated at
IEB
Mn/I0

Mn ≈ 2.5, albeit with sizable uncertainty (see Experimental
Section). It is also interesting to note the inflections in both
current density and PL at ∼−1.4 V, suggesting a rapidly
changing trap density of states in that region.
Given that photoexcitation may itself induce PL brightening,

it is necessary to address the dependence of this electro-
brightening on photons. Figure 3 plots data intended to

distinguish dark from photoinduced contributions to the
electrobrightening shown in Figures 1 and 2. In these
experiments, Vapp = −1.5 V was applied at time = 0 with the
QD film in the dark, and photons were turned on following a
delay time ranging from 10 to 200 s. For comparison, the PL
response obtained with continuous photoexcitation is also
plotted. From these data, photoexcitation following application
of a potential in the dark yields a large initial brightening
followed by continued brightening on a much slower time scale.
The magnitude of the initial brightening increases with
increasing dark time (Figure 3, inset), converging to a value
of ∼2.5 times the PL intensity at Veq with an apparent time
constant of τeff ≈ 36 s. Because this time constant reports on a
dark process that occurs prior to photoexcitation, it is
interpreted as reflecting slow electron diffusion through the
QD film without assistance from photons, which may relate to
spectral diffusion of reducible traps (see Discussion).
The data in Figure 3 also show slow additional brightening

after photoexcitation is initiated. To probe the role of photons
more thoroughly, the dependence of electrobrightening on
photoexcitation power density was investigated. Figure 4a
shows electrobrightening results for the sample from Figure 3,

Figure 2. Electrobrightening of a Mn2+:ZnSe QD film. (a) The current
density (dashed) and the normalized PL intensity (solid) measured at
590 nm both increase as Vapp is swept from −0.3 to −1.65 V at 0.01 V/
s. (b) The normalized Mn2+ PL intensity (solid) and the applied
potential vs Ag0 (dashed) plotted versus time during a potential step
experiment. λex = 405 nm.

Figure 3. A cathodic bias (Vapp = −1.5 V) is applied to a Mn2+:ZnSe
QD film for 250 s while the “dark time” is varied. The PL intensity at
590 nm versus time for dark periods of 0 s (black), 10 s (red), 50 s
(green), 125 s (blue), and 200 s (purple), normalized at time = 0. An
excitation power density of 150 mW/cm2 (405 nm) was used. The
dashed line represents the applied potential vs Ag0 for all curves. Inset:
The PL intensity at 590 nm measured within 1 s of photoexcitation,
plotted versus dark time. The dotted curve shows a single-exponential
fit to these data. This curve is reproduced in the main figure. λex = 405
nm.
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measured as a function of time at various photon power
densities and plotted as ΔI = IEB − I0, where I0 is the PL
intensity at Veq. Overall, the trend in ΔI is largely due to the
trend in excitation power, with more PL at higher powers as
expected. At all excitation powers, ΔI increases quickly after
Vapp is stepped to reducing potentials, followed by a slower
increase over the course of several minutes, and is describable
using a double exponential function with apparent time
constants τ1 and τ2 (see Supporting Information). Both time
constants decrease with increasing photoexcitation power
density (Figure 4b). Figure 4c plots the amplitudes of the
fast and slow electrobrightening components versus photo-
excitation power density. Both amplitudes increase with
increasing power density as expected, but both also show
saturation at high powers. From the QD extinction coefficient
at the excitation wavelength, the highest experimental power
density (100 mW/cm2) corresponds to a per-QD excitation
rate of only ∼285 s−1, below where Mn2+ saturation occurs.

The observation of two components in the electrobrighten-
ing (Figure 4b,c) may reflect inhomogeneity in the contact
between the QDs and the FTO. For example, QDs in direct
contact with the FTO may participate in rapid electron transfer
and hence show fast electrobrightening, whereas QDs separated
from the FTO by additional QD layers may show electro-
brightening that is subject to slow electron percolation. The
excitation power dependence is very complex, however.
Although additional experiments would be necessary to fully
unravel this power dependence, it is clear that both
components are accelerated by photons (Figure 4b), consistent
with observations of photoconductivity in QD solids.68 Not
only does photoexcitation improve electron mobility, but it also
introduces a photobias that allows additional charging of the
QD film, increasing electrobrightening. From comparison of
the photoassisted and dark electrobrightening magnitudes in
Figure 3, Vphotobias ≈ −0.1 to −0.4 V at 100 mW/cm2 excitation.
Figure 5 shows semilog plots of Mn2+ PL decay data

measured at Veq, at Vapp, and after return to Veq. The inset plots

the electrobrightening in a potential step experiment as in
Figure 2b. Although these are different samples, it is
noteworthy that the electrobrightening is essentially indistin-
guishable with 360 nm (Figure 5) and 405 nm (Figure 2)
excitation. The Mn2+ PL decay dynamics in these three
measurements are superimposable when normalized at ∼2.0 ms
(see the Supporting Information), indicating that the Mn2+

excited state is unaffected by the applied potential. Instead, the
cathodic bias leads to more Mn2+ excitation. This result
confirms that electrobrightening stems from elimination of
exciton nonradiative decay pathways, which compete with the
exciton-to-Mn2+ energy transfer. Exciton-to-Mn2+ energy trans-
fer is extremely fast in these and related doped semiconductor
nanocrystals, with typical rate constants of kET ≈ 1011 s−1,57−60

and the data thus imply a similarly large rate constant for the
relevant exciton nonradiative decay process that is eliminated
under cathodic bias.

Kinetic Model. The electrobrightening data presented
above can be understood using a simple kinetic model. Figure
6 depicts the decay pathways that are active following
photoexcitation of ZnSe and Mn2+:ZnSe QDs. In the ZnSe

Figure 4. Dependence of PL electrobrightening on photoexcitation
power density. (a) Change in Mn2+ PL intensity (ΔI) at 590 nm
during electrobrightening measured at excitation power densities of
100, 50, 25, 11, and 5.3 mW/cm2. The dashed line represents the cell
potential vs Ag0. (b) Time constants of the fast (τ1) and slow (τ2)
contributions to the IEB

Mn rise, plotted versus excitation power density.
(c) Amplitudes of the fast (●) and slow (⧫) components of the PL
electrobrightening plotted versus excitation power density. The
multiple data points represent results from independent measure-
ments. The dashed curves are guides to the eye. λex = 405 nm.

Figure 5. Mn2+ PL decay (590 nm) measured at various potentials for
a film of Mn2+:ZnSe QDs. The decay at Veq = −0.3 V (black), Vapp =
−1.5 V (red, measured 190 s after Vapp), and after the potential has
been returned to Veq = −0.3 V (blue, measured 480 s after return to
Veq). Inset: Mn2+ PL intensity at 590 nm (solid), normalized at 0 s.
The dashed line represents the cell potential vs Ag0. λex = 360 nm.
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QDs, kPL is the rate constant describing excitonic PL and has a
value of 108−109 s−1,69 kt1 describes nonradiative relaxation via
the set of electron traps that can be reduced at Vapp, and kt2
describes nonradiative relaxation via traps that are inaccessible
at Vapp (e.g., hole traps, or electron traps at too negative a
potential). For the Mn2+:ZnSe QDs, kET describes exciton-to-
Mn2+ energy transfer and has a value of ∼1011 s−1.57−60 kMn
describes decay of the Mn2+ 4T1 excited state. For simplicity,
nonradiative 4T1 decay is neglected, but the same conclusions
are reached if it is treated explicitly. From these schemes, the
observation that IEB/I0 ≈ 40 for the ZnSe QDs whereas IEB

Mn/I0
Mn

≈ 3 for the Mn2+:ZnSe QDs can be attributed to the
introduction of kET in the latter, as detailed below.
For the ZnSe QDs, the quantum yield for excitonic PL is

given by eq 1.

Φ =
+ +

k
k k kPL

0 PL

PL t1 t2 (1)

The Mn2+ PL quantum yield in the Mn2+:ZnSe QDs is
governed by the energy transfer quantum efficiency (i.e., the
branching ratio of the exciton decay), as described by eq 2.

Φ =
+ + +

k
k k k kMn

0 ET

ET PL t1 t2 (2)

Under a cathodic bias of Vapp, the accessible traps are reduced
and kt1 = 0. The PL quantum yields for the ZnSe and
Mn2+:ZnSe QDs are then described by eqs 3 and 4,
respectively.

Φ =
+

k
k kPL

EB PL

PL t2 (3)

Φ =
+ +

k
k k kMn

EB ET

ET PL t2 (4)

Solving eq 1 for kt2, substitution into eq 3, and rearrange-
ment gives eq 5. Similarly, solving eq 2 for kt2 and substitution
into eq 4 yields eq 6.

=
Φ − Φ
Φ − Φ

k
k

t1

PL

PL
EB

PL
0

PL
EB

PL
0

(5)

=
Φ − Φ

Φ Φ
k
k

t1

ET

Mn
EB

Mn
0

Mn
EB

Mn
0

(6)

Equations 5 and 6 illustrate that large electrobrightening
occurs when kt1 is large relative to the competing rate constant
that leads to luminescence (kPL in ZnSe QDs, and kET in
Mn2+:ZnSe QDs). The difference in electrobrightening

between ZnSe and Mn2+:ZnSe QDs is thus primarily due to
the large difference between kET and kPL (∼1011 s−1 vs ∼109
s−1).
Experimentally, the electrobrightening ratios can be meas-

ured more reliably than absolute quantum yields. Recasting eq
6 solely in terms of electrobrightening ratios yields eq 7.

=
− −

−
k
k

I I I I
I I I I

( / 1)( / 1)
/ /

t1

ET

EB 0 EB
Mn

0
Mn

EB 0 EB
Mn

0
Mn

(7)

From eq 7, it is evident that in the limit of small Mn2+:ZnSe
electrobrightening relative to ZnSe electrobrightening, kt1/kET
≈ (IEB

Mn/I0
Mn − 1). Inserting the experimental electrobrightening

ratios from Figure 1 into eq 7 yields kt1 ≈ 2kET, or also ∼1011
s−1. Using the average electrobrightening ratios of all films of
each given type yields kt1 ≈ 1.5 kET. Although any precise value
of this ratio should be interpreted cautiously because of the
arbitrariness of the potentials at which electrobrightening was
measured, the fact that kt1 and kET are on the same order of
magnitude allows the firm conclusions that (i) electron
trapping is fast relative to excitonic PL in ZnSe QDs, and (ii)
electrobrightening is suppressed by Mn2+ doping because
energy transfer to Mn2+ is comparably fast.

■ DISCUSSION
The data presented here show that electrobrightening of QD
photoluminescence can be large. By changing from CdSe (or
other shallow-CB materials) to ZnSe, the CB potential is
shifted ∼1.0 V more negative, exposing many more electron
traps within the semiconductor gap. ZnSe QDs are thus more
susceptible to electron trapping than CdSe-based QDs, and
hence also show more pronounced and recognizable electro-
brightening.
The results here also relate to the proposed “B-type” blinking

process deduced from recent single-particle spectroelectro-
chemical measurements on CdSe/CdS QDs.51 In these studies,
blinking could be suppressed by application of cathodic
potentials below the band reduction potential, and hence was
associated with surface electron traps. The data here indicate
that trapping of photogenerated electrons is extremely fast in
ZnSe QDs, and additionally that hot electrons are not integral
to this process, as they are in CdSe/CdS QDs.51 The very
negative CB potentials of ZnSe QDs make electron trapping
efficient even from the low-energy excitons generated by
resonant excitation (λ = 405 nm, see Figure 2). This negative
CB potential leads to much more pronounced electro-
brightening in ZnSe QDs (IEB/I0 ≈ 50) as compared to that
estimated from the B-type blinking data of the CdSe/CdS QDs
reported in ref 51 (IEB/I0 ≈ 4), consistent with a greater density
of reducible midgap traps in the ZnSe QDs. The data presented
here are thus broadly consistent with the interpretation of
electrochemically suppressed blinking proposed in ref 51.
Moreover, our data show that electrobrightening is due to

addition of multiple electrons per ZnSe QD; that is, there must
be several reducible midgap traps per QD. This observation is
important because the reported B-type blinking is a binary
phenomenon (“ON” and “OFF” states),51 and the absence of
intermediate PL therefore suggests that even just one active
electron trap is sufficient to place a QD in its OFF state. These
two considerations may be reconciled if the electron trap
population is itself fluxional, for example, through interconver-
sion between different surface ligation modes or related
mechanisms of trap spectral diffusion.70 In this scenario, traps

Figure 6. Depiction of the relaxation pathways active following
photoexcitation of ZnSe and Mn2+-doped ZnSe QDs. For ZnSe QDs,
the photogenerated exciton can decay radiatively (kPL), nonradiatively
through an electron trap that is filled at Vapp (kt1), or nonradiatively
through a trap that is unaffected by Vapp (kt2). For Mn2+-doped ZnSe
QDs, the exciton can additionally decay via energy transfer to Mn2+

(kET), which is followed by Mn2+ PL (kMn).
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would be electrochemically reduced when such fluctuations
cause them to appear below Vapp, and PL of a given QD would
become progressively less intermittent as more traps are
reduced. It should be noted that precisely the opposite effect
(PL quenching) from surface trap filling has also been
concluded from spectroelectrochemical studies of CdSe/CdS/
ZnS nanocrystals,46 which obviously cannot be due to the same
mechanism as active in the electrobrightening reported here
and therefore serves as a reminder of the diversity of QD
surface chemistries.
This discussion highlights the fact that little is known about

the microscopic identities of surface traps in colloidal QDs.
Indeed, the microscopic origins of B-type blinking (i.e., the
actual cause of the transition between ON and OFF states in
the absence of any applied potential) were not explicitly
addressed in ref 51. Electron paramagnetic resonance spectros-
copy (data not shown) rules out the presence of unpaired
electrons at the surfaces of our ZnSe nanocrystals prior to
electrochemical reduction, and simple one-electron reduction
(“trap filling”) of any lattice ion to generate a radical is unlikely.
For example, the instability of CB electrons in ZnSe QDs is
generally rationalized by comparison of the CB edge potential
(∼−1.5 V vs SHE, pH 1) with the two-electron reduction of
Zn2+ to Zn0 (∼−0.8 V vs SHE, pH 1) because the one-electron
reduction (Zn2+ to Zn+) is unattainable. The relevant surface
electrochemistry here likely entails reduction coupled with
surface reconstruction involving exogenous ligands. At this
time, however, these interesting microscopic issues remain
unresolved. Nevertheless, the demonstration here of large
electrobrightening in ZnSe QDs reveals a promising and
accessible approach to characterization of redox-active surface
traps in QDs, with important implications for improving our
understanding and control of QD photophysics.

■ SUMMARY
Large photoluminescence electrobrightening has been observed
upon application of a cathodic bias to ZnSe and Mn2+-doped
ZnSe QD films in electrochemical cells. The electrobrightening
is stable and reversible and can be augmented by photoassisted
electrobrightening via a photobias effect. The electrobrighten-
ing is attributed to reductive passivation of surface traps at
potentials well positive of the ZnSe conduction band potential.
The magnitude of the electrobrightening reflects the kinetic
competition in the excitonic excited state between electron
trapping and processes leading to luminescence. In ZnSe QDs,
electron trapping is much faster than radiative electron−hole
recombination, and electrobrightening is large. In Mn2+:ZnSe
QDs, fast exciton-to-Mn2+ energy transfer competes effectively
with electron trapping, and consequently the electrobrightening
is smaller. These results complement recent observations of
reduced blinking in single CdSe-based QDs under cathodic
bias49,51,52 by providing new insight into three aspects of
electron-trap-mediated nonradiative decay: (i) electron trap-
ping is fast (ktr ≈ 1011 s−1 at Veq); (ii) multiple electrons per
QD are needed to suppress this nonradiative decay channel;
and (iii) hot electrons are not integral to the electron-trapping
mechanism (even though they may be in specific cases).
Overall, the large electrobrightening observed here highlights
the attractive possibilities that ZnSe and related semiconductor
nanocrystals with very negative conduction-band potentials
offer for investigating the trap-related photophysics and
spectroelectrochemistry of colloidal QDs. By improving our
understanding of how to control QD surface redox chemistries,

such investigations may ultimately contribute to improvement
of QD-based photovoltaics, light-emitting devices, and
bioimaging technologies.
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