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Abstract: Colloidal semiconductor nanocrystals display remarkably bright, strongly size-dependent
photoluminescence properties. Following photoexcitation of thesematerials, temporary charge carrier separation
can occur where one or both charge carriers are trapped. Charge detrapping can reform the emissive state on
long time scales up to seconds, causing delayed luminescence. This delayed luminescence has not yet been
thoroughly explored, and appears to be closely associated with a phenomenon observed at the single particle
level, i.e. photoluminescence intermittency (blinking). Here, some of our recent work on the delayed luminescence
properties of nanocrystals of different chemical composition is reviewed. These results provide insight into the
mechanism of carrier detrapping, and are discussed in the context of photoluminescence blinking.
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Introduction

Semiconductor nanocrystals (NCs)
are promising materials for a wide range
of technological applications, spanning
solar energy conversion, photocatalysis,
bioimaging, nanophotonics, nanoelectro
nics and spintronics.[1] Typically com
posed of an inorganic semiconducting
lattice capped with organic ligands, and
only several nanometers in diameter,
these materials often experience quantum
confinement effects and exhibit very
specific properties that differ from the
analogous bulk inorganic semiconductor
material. In particular, these materials
often show strong photoluminescence
(PL), where the energy can be changed
by altering the size and/or the shape of
these nanocrystals, thus providing a high
degree of tunability. Another important
characteristic of colloidal semiconductor
nanocrystals is their high surface area
to volume ratio. Because of the large
number of atoms that are located at the
surface, the optical properties of colloidal
semiconductor nanocrystals are extremely
sensitive to surface chemistry. Following
photoexcitation, processes such as charge
trapping at the surface can potentially
negatively affect the quantum yield of
these materials, offering additional path

ways for nonradiative recombination.
The situation is further complicated by
the dynamic nature of the surface, where
passivating ligands and surface atoms can
rearrange over time, leading to fluctuations
in the microscopic structure and energy of
the trap states.[2,3]

A previously overlooked phenomenon
has recently been recognized to play a
significant role in the photophysics of
semiconductor nanocrystals. ‘Delayed
luminescence’, or the observation of very
low intensity PL on timescales much
longer than the intrinsic luminescence
lifetime of the material, has been observed
in various types of NCs.[4–10] In these
systems, delayed luminescence has been
attributed to temporary charge separation,
where one or both of the excitonic charges
can be trapped, and eventually recombine
by emission of a photon (Fig. 1).[6,7,10]
Our recent work on Cu+doped CdSe
NCs suggests that the trapped carrier in
the metastable chargeseparated state is
an electron,[6] but this mechanistic scheme
presented in Fig. 1 could also be applied
in the case of a trapped hole. One of
the intriguing aspects of this delayed
luminescence is the distributed kinetics
spanning from nanoseconds up to seconds.
It has been shown that delayed PL decay
dynamics do not follow simple exponential
kinetics, but instead display distributed
kinetics[4–9] that can in some cases be cha
racterized by power law distributions.[4,8]
This chargeseparated state has important
implications for the emission properties of
the materials, as it will result in an overall
decrease of the timeaveraged brightness
of the nanocrystals. On the other hand,
it also offers the possibility of tuning the

duration and the magnitude of the delayed
luminescence.

Many questions remain pertaining to
the mechanistic pathway giving rise to
the delayed luminescence component.
Here, I review some of our work aimed
at understanding the nature of the delayed
emissive state as well as the mechanism of
this process.

Delayed Luminescence Kinetics

Fig. 2 shows PL decay traces on
a doublelog plot for three different
samples, CdSe, Cu+:CdSe and CuInS

2
nanocrystals.[10] All three materials show
distributed decay kinetics extending over
eight orders of magnitude in time and two
clearly separable time regimes. The first
component (ns to subµs forCdSe,ns to tens
ofµsforCu+:CdSeandCuInS

2
)corresponds

to a prompt luminescence decay, where
the majority of the PL decay occurs. The
prompt luminescence at 20 K can be fitted
to a single exponential and yields a lifetime
of ca. 70 ns for undoped CdSe, 1 µs for
Cu+:CdSe and 2 µs for CuInS

2
. A second

longlived decay component is observed
after the prompt luminescence decay.
This emission is referred to as delayed
luminescence and remarkably, extends up
to seconds. Previous reports on delayed
luminescence of CdSe nanocrystals[8] and
CdSe nanoplatelets[9] have shown similar
distributed kinetics spanning over several
orders of magnitude in time as well as
power law kinetics (i.e. a straight line on
a double log plot) for these samples. It is
interesting to note that the decay kinetics
presented in Fig. 2 deviate from power
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the two phenomena.[6,8] Work performed
in our group showed for the first time
overlapping timescales of the blinking ‘off’
dynamics and of the ensemble delayed
luminescence.[7] Fig. 3 plots delayed
luminescence decay at room temperature
for CuInS

2
nanocrystals, together with

the nonemissive (‘off’) blinking statistics
collected on many single nanocrystals
from the same ensemble. Although the
quantitative intensity scaling is arbitrary
(due to the conditions of the two different
experiments), we observe that delayed
luminescence and blinking both show
remarkably similar distributed kinetics,
extending over many orders of magnitude
in time.

Overlapping timescales for both pro
cesses were not experimentally reported
previously, and this observation supports
the proposal of a mechanistic link between
the delayed ensemble PL and the single
particle PL blinking. Additionally, photo
excitation powerdependence measure
ments showed saturation of the delayed
luminescence intensities starting at rela
tively low powers.[7] This observation
indicates that photoexcitation of NCs
already in the metastable state leads to
efficient nonradiative decay (Fig. 1).

periods at the single particle level under
continuous excitation. This phenomenon
is not specific to nanocrystals, and has
also been observed in molecular[11] and
biological systems.[12] As a result, PL
intermittency is characterized by dark
‘off’ states and bright ‘on’ states.[13] The
statistics of these ‘on’ and ‘off’ states in
single semiconductor NCs have previously
been described by distributed kinetics,
most commonly by fitting to a power
law.[14,15] This PL intermittency in NCs
has been studied extensively and several
models have been proposed to explain this
phenomenon.[16–20] Many of them explain
the ‘off’ state in terms of charge carrier
localization.[21,22] This charge carrier loca
lization leaves the NC in a charged
state, thus favoring Auger or other non
radiative processes during the successive
photoexcitation event (Fig. 1).The idea that
the delayed luminescence phenomenon
might be related to PL blinking at the
single particle level was first proposed
in 2008.[4] Based on the observations
of similar power law dynamics in
fluorescence ensemble measurements
and single particle measurements, it was
hypothesized that fluorescence blinking
on single semiconductor nanocrystals
and fluorescence decay in an ensemble
originate from the same charge trapping
event.[4] Several successive reports
suggested a mechanistic link between

law for all samples. This deviation from
power law behavior was first reported by
our group and not observed previously,
possibly due to the data being collected on
a shorter time window.[10]

From these results, another important
observation can be made: under similar
measurement conditions, CdSe NCs
exhibit substantially less delayed
luminescence than Cu+:CdSe or CuInS

2
NCs. We proposed that this difference
arises from the competition between
prompt luminescence and formation of a
metastable chargeseparated state, and is
directly related to the prompt lifetime of the
material. Indeed, NCs with longer lifetime
will have increased trapping probability to
a metastable chargeseparated state.

The data presented in Fig. 2 reveal a
common feature in the photophysics of
colloidal chalcogenidebased semicon
ductor nanocrystals. Such delayed
luminescence is likely to be a characteristic
occurrence amongcolloidal semiconductor
nanocrystals, and could serve as a versatile
experimental tool to investigate the nature
of trap states in these materials.

Delayed Luminescence and
Relationship to Blinking

Blinking,or fluorescence intermittency,
refers to the observation of nonemissive

a b c

Fig. 1. Schematic illustration of the processes involved in the delayed
luminescence of semiconductor nanocrystals. a) An exciton can
recombine radiatively by emission of a photon. Alternatively, one
of the charge carriers is trapped. For purposes of illustration, only
electron trapping is depicted here, but the mechanistic scheme would
be equally viable in the case of a trapped hole. Electron detrapping
eventually occurs to reform the emissive state. This process takes place
with very distributed kinetics. b) and c) illustrate various non-radiative
recombination processes: photoexcitation of a nanocrystal already
in its metastable charge-separated state can lead to nonradiative
recombination, where the nanocrystals appears dark. b) shows a
generic Auger non-radiative process, c) illustrates a Shockley-Read-
Hall recombination mechanism to return to the original state. Similar
a, b and c) processes occurring at the single-nanocrystal level could
explain photoluminescence blinking behavior observed in colloidal
semiconductor NCs. A single NC appears dark until charge carrier
detrapping occurs. Repetitive photoexcitation of the same single
nanocrystals in a charge-separated state leads to non-radiative
recombination.
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Fig. 2. Double-log plot of PL intensity decay for CdSe, Cu+:CdSe, and
CuInS2 NCs collected at 20 K. The data show two separate time regimes
associated to prompt and delayed luminescence regimes at short and
long times, respectively. Distributed decay kinetics extending up to
seconds is observed for all three materials. The CdSe NCs exhibit faster
prompt decay, and as consequence, less delayed luminescence than
either the CuInS2 or Cu

+:CdSe NCs. A longer prompt lifetime is likely
to increase the trapping probability to the metastable state, overall
increasing the total amount of delayed luminescence. Adapted with
permission from ref. [10]. Copyright 2016 American Chemical Society.
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on the timescale of delayed luminescence,
and the polarization ratio on a 20 µs
window is reported for both Cu+:CdSe
and CuInS

2
NCs (Figs 4C,D). The

delayed luminescence shows a significant
polarization ratio for both samples, ruling
out a donor–acceptor pair recombination
mechanism. In such a situation, a smaller
electron–hole exchange coupling would
be expected, thus reducing the magnitude
of the MCPL signal for the delayed
luminescent component. Furthermore,
the polarization ratio for the delayed
luminescence was plotted as a function of
temperature, and follows identical trend
as the polarization ratio of the prompt
luminescence (Figs 4E,F). As the prompt
luminescence MCPL ratio is known to
increase with decreasing temperature (as
a direct consequence of the triplet state
being stabilizedat lower temperature),[23]a
similar trend in the delayed luminescence
is indicative of the original emissive state
being reformed to give rise to the delayed
component.

by the total intensity (i.e. the polarization
ratio), can be monitored and both
Cu+:CdSe and CuInS

2
show a significant

polarization ratio in their prompt emission.
The same experiment has been performed

Delayed Luminescence Mechanism

It was initially unclear if the emission
originated directly from recombination of
the trapped carrier, i.e a donor–acceptor
pair type of mechanism, or if the emission
involved release of the trapped carrier
and successive reformation of the prompt
emissive state. The nature of the emissive
state for thisdelayed luminescencewas first
investigated in Cu+:CdSe.[6] The spectrum
associated with the delayed luminescence
was found tobesimilar to theoneassociated
to the prompt luminescence, suggesting
that the same luminescent excited state
is reformed after the metastable charge
separated state. However, in that case
the spectral signals were partly beyond
the detection range of our instruments.[6]
In a recent study, the authors compared
prompt and delayed excitonic emission
spectra of an ensemble of CdSe NCs and
found essentially identical spectra for
luminescence collected during the prompt
lifetime of the material and luminescence
collected and long time delays after
excitation.[8] A small (10 meV) redshift
was observed and attributed to particle size
inhomogeneity. Smaller NCs have shorter
lifetime, thus contributing to a lesser extent
to the delayed luminescence observed on
long timescales.

Recent timeresolved magnetoPL
(MCPL) measurements in our group
support these conclusions for different
samples.[10] Figs 4A,B show magnetic
circularly polarized luminescence spectra
of Cu+:CdSe and CuInS

2
at 20 K and

6 T. We reported previously singlet
triplet excitedstate exchange splittings
for both Cu+:CdSe and CuInS

2
NCs.[23]

At low temperature and presence of a
magnetic field, the triplet state is split into
its Zeeman components, giving rise to a
partially circularly polarized emission.
The difference between the left and right
circularly polarized emission, normalized
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Fig. 3. Double-log plot
of PL intensity decay
for CuInS2/ CdS NCs
(blue squares) and
histogram of blinking
‘off’ statistics (red
crosses). The dashed
line is a guide to the
eye. All data were
collected at room
temperature. Adapted
with permission from
ref. [7]. Copyright
2016 American
Chemical Society.
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Fig. 4. Magnetic circularly polarized photoluminescence (MCPL) spectra of (A) Cu+:CdSe and (B)
CuInS2 NCs measured at 1.6 K, with an applied magnetic field of 6 T. Solid line: right circularly
polarized, σ+. Dashed line: left circularly polarized, σ–. (C,D) MCPL polarization ratio at 6T (∆I/I,
measured at the prompt luminescence maximum) plotted vs luminescence decay time measured
at 1.6 K (blue squares), 10 K (green triangles), and 20 K (red circles) for (C) Cu+:CdSe and (D)
CuInS2 nanocrystals. (E,F) ∆I/I plotted vs temperature for prompt (black) and delayed (red)
luminescence. The delayed luminescence values represent ∆I/I averaged between 10 and 20 µs
after the end of the excitation pulse, well after the decay of the prompt luminescence. Adapted
with permission from ref. [10]. Copyright 2016 American Chemical Society.
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the delayed luminescence occurs through
detrapping and reformation of the original
emissive state, rather than through a
donor–acceptor mechanism. Temperature
independence of the delayed luminescence
kinetics points to a tunneling mechanism
for the charge carrier detrapping. A kinetic
model involving a lognormal distribution
of tunneling rates reproduces the data well,
overall corroborating the analogy between
blinking at the single particle level and
delayed luminescence in ensemble mea
surements. Delayed luminescence is pro
posed as a complementary approach to
blinking measurements to investigate
charge trapping and detrapping dynamics
in colloidal semiconductor nanocrystals.
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of the charge separated state’s potential en
ergy surface relative to the emissive state’s
surface along the tunneling coordinate.

The good agreement between this
tunneling kinetic model and the tempera
tureindependent delayed luminescence
decay dynamics supports the hypothesis of a
tunnelingmechanism for charge detrapping.
Interestingly, a tunneling mechanism has
been proposed to describe blinking ‘off’
statistics. ‘Off’ statistics, which reflect
detrapping dynamics analogous to the
delayed luminescence decay dynamics, also
appeartobetemperatureindependent.[14,15,24]
strengthening the link between the two
phenomena presented above.

Conclusion

Delayed luminescence is observed
across a variety of colloidal semiconductor
NC materials. This longlived emission is
observed on timescales from microsecond
to seconds and is attributed to temporary
charge carrier trapping in a metastable
state. Delayed luminescence decay
traces show very distributed kinetics
and deviation from power law behavior.
Ensemble delayed luminescence dynamics
are shown to overlap in time with blinking
‘off’ statistics at the single particle level,
suggesting a similar microscopic origin for
the two phenomena. Our data reveal that

These results conclusively eliminate
the possibility of photoluminescence being
due to donor–acceptor pair recombination.
If delayed luminescence occurs through
charge detrapping, what mechanism is
responsible for charge detrapping to reform
the emissive state? In order to answer this
question, temperaturedependent mea
surements were performed on CdSe,
Cu+:CdSe and CuInS

2
.[10] Figs 5A,B show

delayed luminescence decay kinetics for
Cu+:CdSe and CuInS

2
. The longtime

dynamics for the delayed luminescence
do not appear to change with increasing
temperature up to 200 K, as observed
on a double log plot (Figs 5A,B) and on
linear plots.[10] Above 200 K, the decay
kinetics does start changing, indicating
a new thermally activated nonradiative
decay channel. Interestingly, the delayed
luminescence amplitude decreases sub
stantially with increasing temperature. We
attribute this trend to the change in lifetime
of the excited state. Figs 5C,D show the
integrated delayed luminescence (all the
photons integrated after termination of
the excitation pulse and after complete
decay of the prompt luminescence) as a
function of temperature, and the prompt
luminescence lifetime is plotted for
comparison. Cu+:CdSe shows increased
prompt luminescence lifetime with dec
reasing temperature, consistent with a
stabilization of a triplet state at lower
temperatures.The temperature dependence
of the integrated delayed luminescence
shows similar trend, indicating that longer
lifetimes lead to larger amounts of delayed
luminescence. This observation confirms
the trend observed in Fig. 2 for different
samples, where the amount of delayed
luminescence is determined by the prompt
luminescence lifetime, specific to each
material.

Several important observations can be
made on the delayed luminescence dy
namics. As already illustrated in Fig. 2,
the doublelog plots of the delayed lu
minescence decay data show significant
curvature, suggesting that the underlying
distribution of rate constants cannot be de
scribed accurately by powerlaw expres
sions. Moreover, the dynamics of delayed
luminescence are temperature independent
from 20 K to 200 K. This implies that the
ratelimiting step for detrapping must in
volve electron (or hole) tunneling. Using
a simple kinetic model where the delayed
luminescence is described by a tunneling
process with a Gaussian distribution of
barrier widths, which is equivalent to use
a lognormal distribution of tunneling rate
constants, we showed that the data can be
fitted remarkably well (solid lines in Fig.
5A).[10] From a physical perspective, such a
distribution in barrier widths would corre
spond to a distribution in the displacement
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