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ABSTRACT: We systematically studied temperature-dependent emission kinetics in solid
ﬁlms of solution-processed CdSe nanoplatelets (NPLs) that are either intentionally stacked
or nonstacked. We observed that the steady-state photoluminescence (PL) intensity of
nonstacked NPLs considerably increases with decreasing temperature, whereas there is only
a slight increase in stacked NPLs. Furthermore, PL decay time of the stacked NPL ensemble
is comparatively much shorter than that of the nonstacked NPLs, and this result is
consistent at all temperatures. To account for these observations, we developed a
probabilistic model that describes excitonic processes in a stack using Markov chains, and
we found excellent agreement between the model and experimental results. These ﬁndings
develop the insight that the competition between the radiative channels and energy transferassisted hole trapping leads to weakly temperature-dependent PL intensity in the case of the
stacked NPL ensembles as compared to the nonstacked NPLs lacking strong energy
transfer. This study shows that it is essential to account for the eﬀect of NPL stacking to
understand their resulting PL emission properties.

S

transport along the NPL stacks was found to lead to strong PL
quenching through charge trapping in the defected NPL
subpopulations.6 In another study, stacked NPLs have been
reported to exhibit a newly emerging PL peak at the lowerenergy tail of the emission at cryogenic temperatures, which
was attributed to the phonon-line replica.2 However, temperature-dependence of transient and steady-state PL emission
properties of the stacked NPL ensembles have not yet been
systematically studied or understood; neither has the eﬀect of
stacking on the temperature-dependent PL emission kinetics of
NPLs been elucidated to date, although stacking alters the
excitonic processes in NPLs in a substantial way.
In this work, we systematically investigated and comparatively studied time-resolved and steady-state emission of
stacked versus nonstacked NPL ensembles as a function of
the temperature. We reveal that the temperature-dependent
evolution of steady-state PL intensity and transient PL decay
fundamentally diﬀers between nonstacked and stacked NPLs.
We show that these diﬀerences can be accounted for by exciton
transfer-induced charge trapping in the stacked NPLs. We
model the exciton transfer among the NPLs within a stack as a
Markovian process to estimate the quantum yield (QY) and PL
lifetime in stacked NPL ensembles, which shows excellent

emiconductor nanoplatelets (NPLs), also known as
colloidal quantum wells (QWs), have been most recently
introduced as a new class of solution-processed nanocrystals.
These NPLs are atomically ﬂat nanostructures with a magic
sized vertical thickness and relatively large lateral dimensions,
which generally vary in the range of 10−100 nm.1−3 Because
the lateral dimensions are typically larger than the exciton Bohr
radii,4 the quantum conﬁnement in the NPLs is tight in only
one dimension. To date, NPLs have been shown to exhibit
giant oscillator strength transition (GOST)1 accompanied by
very narrow photoluminescence (PL) emission line width as
narrow as 8 nm (<40 meV).5,6 These favorable properties make
NPLs highly attractive for device applications including lightemitting diodes7 and lasers.8−10
One important issue related to the NPLs, however, is their
self-assembly in solid ﬁlms, commonly regarded as stacking,
that is believed to result from van der Waals forces building
because of large and ﬂat surface area of the NPLs, favoring
parallel alignment of the ﬂat faces in the long needlelike NPL
chains.11 The phenomenon of stacking in NPLs has been
observed and reported by several diﬀerent studies.2,6,11,12 It has
been demonstrated that the optical properties of the stacked
NPL ensembles diﬀer from those of nonstacked ones. For
instance, NPL stacks were shown to emit polarized light.11
Also, ultrafast exciton transfer in the stacked NPL assemblies
enabled by eﬃcient Förster resonance energy transfer (FRET)
was uncovered in a previous study of ours.6 The exciton
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Figure 1. HAADF-STEM images of (a) nonstacked and (b) stacked 4 ML NPLs and their schematic representation. (c) Room-temperature
absorption (dot−dashed line) and emission spectra (solid line) of the nonstacked 4 ML CdSe NPLs dissolved in hexane.

agreement with the experimental results. These ﬁndings
uncover the strong competition between exciton trapping and
radiative recombination processes as a function of the
temperature leading to the observed diﬀerences in PL dynamics
of the stacked and nonstacked NPL ensembles. This understanding will be crucial for tailoring NPL ensembles in highly
eﬃcient light-emitting diodes and lasers.
In this study, we synthesized and used CdSe NPLs with a
vertical thickness of 4 monolayers (MLs) of lattice unit. The
detailed synthesis procedure of the NPLs is explained in the
Experimental Section. To induce stacking in the NPL
ensemble, a cleaning procedure with ethanol was applied after
the synthesis. The diﬀerent conﬁgurations of NPLs in two
diﬀerent ensembles were veriﬁed via high-angle annular darkﬁeld scanning transmission electron microscopy (HAADFSTEM) images shown in panels a and b of Figure 1, which
display the CdSe NPLs in the nonstacked and stacked
formation, respectively. As seen in Figure 1a, the nonstacked
NPLs are ﬂat-lying on the TEM grid and are well-separated,

and there is no indication of stacking. However, the stacked
NPLs are aligned face-to-face and standing on their edges
instead of lying ﬂat as seen in Figure 1b. It was observed that
the length of a NPL stack can be as long as 1 μm, which
corresponds to about 230 NPLs in a stack. Longer stacks are
also possible (see Figure S2 for a histogram of the number of
NPLs in stacks). The absorbance and PL spectra of 4 ML CdSe
NPLs in solution are shown in Figure 1c. Two peaks observed
at 480 and 512 nm in the absorption spectrum correspond to
the electron−light hole and electron−heavy hole transitions,
respectively. The PL emission peak is at 514 nm, and the full
width at half-maximum (fwhm) of the PL emission spectrum is
9 nm (∼42 meV) at room temperature (RT).
To carry out the temperature-dependent time-resolved
ﬂuorescence (TRF) and steady-state PL measurements, we
prepared solid ﬁlms of NPL ensembles on quartz substrates,
which are 1.2 × 1.2 cm2 in size. We used a time-correlated
single-photon-counting (TCSPC) system (PicoHarp 300) to
make transient ﬂuorescence measurements and a spectrometer
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Figure 2. Photoluminescence (PL) emission spectra of the (a) nonstacked NPLs and (b) stacked NPLs at diﬀerent temperatures. The slight
distortion in the PL signal is due to noise in the spectrometer. (c) Change in PL intensity relative to that at room temperature for the nonstacked
(black circles) and stacked (red triangles) NPL ensembles. Time-resolved photoluminescence decays of the (d) nonstacked and (e) stacked NPL
ensembles. Black lines show the ﬁts to the decay curves. Insets show the same decay curves in a shorter time window. Scales of the y axes of the inset
are from 100 to 10 000. (f) Amplitude-averaged lifetimes (τavg) of the nonstacked (blue squares) and stacked (red squares) ensembles.

to record the steady-state PL spectrum. The temperaturedependent TRF measurements were performed using a closedcycle He cryostat, at temperatures ranging from room
temperature to 150 K. Figure 2 depicts the results of
temperature-dependent PL measurements of both the nonstacked and stacked NPL ensembles. The steady-state PL
spectra at diﬀerent temperatures for the nonstacked and
stacked ensembles are shown in panels a and b of Figure 2,
respectively.
The PL emission peak of the nonstacked NPL ensemble at
RT is 2.41 eV (∼514 nm) and it blue-shifts by about 8 nm to
2.45 eV (∼506 nm) at 150 K. In addition, the fwhm of the PL
emission narrows to 25 meV (5.1 nm) at 150 K, whereas it is
41 meV (8.8 nm) at RT. In the case of stacked NPLs, the PL
emission peak shifts from 2.40 to 2.44 eV while the fwhm of the
PL emission decreases from 47.3 to 35.1 meV as the
temperature is decreased from RT to 150 K. The slight red
shift of the PL peak and wider fwhm in the stacked NPL
ensemble might be caused by diﬀerent eﬀective dielectric
medium seen by the NPLs due to the dense packing of NPLs in
stacks. On the other hand, at temperatures below 180 K, we
observe an additional PL emission feature, which is red-shifted
as compared to the main emission peak (see Figure S1). The
diﬀerence between the maxima of these two features is 26 meV.
The contribution of this second peak to the bandgap emission

increases further at lower temperatures (see Figure S1). A
similar feature in the PL emission spectrum of NPLs has been
reported by Tessier et al. for the stacked NPLs, with the
additional peak appearing only at cryogenic temperatures and
25 meV diﬀerence between the two peaks.2 The occurrence of
this second peak was attributed to the phonon-line emission. In
this study, however, we have observed this additional spectral
feature only for the nonstacked ensemble and not for the
stacked one. The investigation of the emergence of this second
peak is in progress and beyond the scope of this current work.
Figure 2c shows the change in the PL emission intensity for
the nonstacked and stacked NPLs as a function of the
temperature. For the nonstacked NPL ensemble, the bandgap
emission increases by more than 40% when the temperature is
reduced from 300 to 150 K, whereas the increase is only 8% in
the stacked ensemble over the same temperature range. The
increase in PL emission of the nonstacked ensemble when the
temperature is reduced is in agreement with the literature, and
it has been attributed to GOST.1 In addition, panels d and e of
Figure 2 depict the transient PL decays for the nonstacked and
stacked NPL ensembles, respectively. The feature at about 30
ns in the decay curves is due to the afterpulsing in the detector
and is accounted for by ﬁtting the decays in the reconvolution
mode. The decays were numerically ﬁtted with four exponential
decay functions due to their complex decay kinetics. The
550
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Figure 3. (a) Illustration of an exemplary NPL stack with some of its NPLs defected (shown in black) while the rest are nondefected (shown in
green). (b) Part of the Markov chain used to model excitonic transition probabilities in the NPL stack drawn in and a. States 1 to k represent an
exciton being in a corresponding NPL in the stack (only m − 1, m, and m + 1 are shown here). k is the number of NPLs in the stack. Black circles
represent states corresponding to defected NPLs. The system will eventually end up in either R (radiative) or NR (nonradiative) state,
corresponding to radiative and nonradiative recombination, respectively. Transition probabilities are determined by the transition rates and the time
step, Δt.

the likelihood of exciton quenching is much higher. In general,
mathematical models for the kinetics of excitation transport in
excitation lattices have been studied for various applications,
including excited molecule dynamics in the photosynthetic
units, dye solutions composed of monomers and dimers, and
closely packed quantum dot ensembles.17−19 In these systems,
some of the excitation sites in the lattice that can quench the
excitation alter the excitation dynamics. Apart from the
aforementioned studies, purely theoretical models have also
been previously developed to understand excitation kinetics in
a lattice having traps.20−22 Here, we developed a mathematical
model, which regards the exciton transport within the NPL
stack as a random walk and uses Markov chains to estimate the
changes in the PL lifetime and QY of the NPLs in stacked
conﬁguration. Figure 3 schematically illustrates how we model
the excitonic transitions in a NPL stack as a Markov chain. For
each NPL ensemble, such as the one illustrated in Figure 3a, we
deﬁne a Markov chain as in Figure 3b. We use the states of the
Markov chain to deﬁne the position of an exciton as well as the
associated recombination events. Given the QY of NPLs in
nonstacked form; the locations of defected NPLs; and rates for
radiative and nonradiative recombination, charge trapping, and
FRET, we can estimate the probability and duration of survival
of an exciton in the stack using the transition probability
matrices, Pi, for stacks in the ensemble. We use the
temperature-dependent experimental data on the nonstacked
NPLs as an input to our model to semiempirically determine
the temperature-dependent QY and rates for exciton
recombination and FRET. Locations of the defected NPLs
are determined randomly in the simulations, and the trapping
rate is used as a variational parameter.
Once the transition probability matrices are determined, the
calculations yield (see Supporting Information for the detailed
derivation) that the QY of the stacked NPL ensemble can be
expressed as

multiexponential decay behavior for either a single NPL or an
ensemble of NPLs was previously reported.1,5,10 Owing to their
complex decay dynamics, here we used amplitude-averaged
lifetimes to analyze the transient PL kinetics of the NPL
ensembles, which is appropriate in the energy-transfer studies
when the emission of the donor alone or the emission of the
donor in the presence of acceptor has a complex decay.13
Figure 2f exhibits the amplitude-averaged PL lifetimes (τavg) of
the decays for the nonstacked and stacked NPL ensembles as a
function of temperature. The τavg of the nonstacked NPL
ensemble was found to be 1.8 ns at RT and 0.58 ns at 150 K,
whereas it is only 270 ps at RT and reduces to 47 ps at 150 K
for the stacked NPL ensemble. The TRF measurements have
been conducted by collecting the emission at the peak
wavelength at each temperature. However, the decays at red
and blue tails of the bandgap emission feature also have similar
average lifetimes (see Figure S3), suggesting the absence of
inhomogeneous broadening. The decays get progressively faster
with decreasing temperature, and it becomes unfavorable to
perform a thorough and reliable lifetime analysis for the stacked
NPLs below 150 K because the fwhm of the decay becomes
comparable to that of the instrument response.
Here, we have observed that the increase in PL intensity of
stacked NPL ensembles at lower temperatures is suppressed to
a great extent, in contrast to the increase of PL intensity of
nonstacked NPLs at lower temperatures. To explain the
diﬀerences between the temperature-dependent PL evolution
of the stacked and nonstacked NPL ensembles, we consider
homo-FRET14 along with occasional charge trapping in the
NPLs. As we have previously revealed, homo-FRET can take
place at a very high rate between the neighboring NPLs in
stacks.6,15 It has also been reported by previous studies on
NPLs that a certain fraction of a NPL population contains hole
traps that causes exciton quenching.3,16 As a result, some of the
excitons in a NPL chain, which are initially in a NPL with no
trapping sites (nondefected NPLs), may transfer their energy
via FRET to a NPL having a trap site (defected NPL), in which
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Figure 4. Estimated lifetimes and quantum yields of stacked NPL ensembles for a defected PL subpopulation fraction of f = 0.4 and QYRT = 10%.
Estimation of the QY evolution with temperature for (a) lower bound and (b) upper bound of the QY. (c) Estimation of PL lifetimes for the
assumed values of room-temperature QY of the stacked NPLs in panels a and b. The experimental data (black squares) is also given together with
the upper (red triangles) and lower bound (red squares) estimations. (d) Estimations for the trapping time for the assumed values of the roomtemperature QY of stacked NPLs in panels a and b. The trapping time versus temperature curve is estimated to lie within the shaded area in panel d.

QY =

∑i ki lim (Pin)0, R

estimate the rate of energy transfer between neighboring NPLs
in a stack.24 The calculated FRET rates vary between (23.8
ps)−1 and (3.0 ps)−1, which are in agreement with recently
reported FRET times of 6−23 ps.25 Therefore, for a total of 8
possible QYRT values and 9 possible f values, i.e., a total of 72
cases tested, we carried out the computational simulations for
the stacked ensemble PL lifetime and QY. As an example, the
results for one of those cases, in which QY of the nonstacked
NPLs at RT is taken as 0.1 and f as 0.4, are shown in Figure 4.
In this case, the QYRT for the stacked NPLs has been estimated
to be between 1.09% and 1.68%. The calculated QY at lower
temperatures based on the estimation that the QYRT = 1.09 is
presented in Figure 4a and that for QYRT = 1.68% is given in
Figure 4b. The corresponding PL lifetime calculations, based on
the stacked QYRT estimations, are plotted in Figure 4c, together
with the experimentally determined PL lifetimes. As can be
seen in the ﬁgure, the experimental PL lifetimes stay inside the
region bounded by the upper and lower bound estimations for
the temperature-dependent PL lifetime. Finally, in Figure 4d,
we show the trapping times, τtrap, that are used in our
mathematical model to calculate the PL QY and emission
lifetimes. τtrap is used as an adjustable parameter that is allowed
to vary with temperature. When f = 0.2−0.3, the roomtemperature values of τtrap are in agreement with the reported
values of trapping time for CdSe NPLs16,26 (see Figure S4),
which suggests that the actual fraction of defected NPLs in an
ensemble is close to these percentages.
The results summarized in Figure 4 can be obtained and
plotted for diﬀerent starting combinations of the parameters f
and nonstacked QYRT. Except the cases with f = 0.1, for which
the calculations did not converge to the experimental data, we
are able to estimate the upper and lower bounds for the
temperature-dependent PL lifetime and show that the
experimentally determined PL lifetimes indeed stay inside the
range determined by the bounds. This mathematical model
thus provides a tool to calculate the PL lifetimes at a given

n →∞

(∑i ki)

(1)

where (Pni )0,R is the probability of radiative recombination in
the ith NPL stack in n time steps. The amplitude-averaged PL
lifetime of the stacked NPL ensembles can be estimated by
τavg =

∑i ki lim (Pin)0, R
n →∞

(∑i ki)(∑i (Pi2)0, R )

Δt
(2)

where Δt is the small time step between two discrete time
instants.
Our mathematical model assumes that there is at most one
exciton in a NPL stack at any time instant. To ensure the
validity of this assumption, we used a suﬃciently low laser
intensity with a large incidence spot with an area of ∼3.5 ×
10−3 cm2. Our calculations yield that the excitation laser has
about 2.91 × 107 photons per pulse. Using ⟨N⟩ = f p × σ, where
f p is the per-pulse ﬂuence and σ = 3.1 × 10−14 cm2 is the
absorption cross section of the 4 ML CdSe NPLs at 400 nm,23
we calculate the average exciton density per NPL as 2.90 ×
10−4. Even for the longest stacks observed in the TEM images
(stacks with ∼280 NPLs, see Figure S2), the average number of
excitons in a stack is smaller than 0.08, which justiﬁes our
assumption. Moreover, the repetition period of the laser is at
least 12.5 ns, which is a suﬃciently large duration for an exciton
in a NPL stack to decay, so consecutive laser pulses cannot
create multiple excitons in a stack.
There are two important parameters in our model that
govern the dynamics; these are the room-temperature QY
(QYRT) of nonstacked NPLs and the fraction of the defected
NPLs in the NPL ensemble ( f). We test our model by carrying
out a parametric study for possible values of QYRT for
nonstacked NPLs as well as diﬀerent f values. The tested QYRT
values for the nonstacked NPLs range from 2% to its maximum
possible value, 16% (see Supporting Information). f has been
swept between 10% and 90%. We employ Förster’s theory to
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explain major modiﬁcations observed in the emission kinetics
resulting from stacking.

temperature, as well as to estimate the temperature-dependent
exciton trapping rates in the defected NPLs.
One important observation about the temperature dependence of the trapping time, τtrap, is that it is monotonically
reduced with the decreasing temperature. This can be explained
by the reduction of the thermal energy of charge carriers at low
temperatures.27 With smaller thermal energy, excitons become
more likely to get trapped in the defected NPLs. Over 5-fold
increase from RT to 20 K across the wide emission feature
coming from the trap sites also suggests faster charge trapping
at lower temperatures (see Figure S1 and Table S1). Moreover,
the increasing GOST might cause faster charge trapping at
lower temperatures. It has been veriﬁed by previous studies on
core/crown NPLs that the passivation of the peripheral surfaces
with the growth of a crown along the lateral directions increases
the QY to a great extent.28−30 This indicates that the surface
traps mostly originate from the peripheral surfaces rather than
wide ﬂat surfaces. As a result, these trapping sites are more
likely to trap charges when the excitonic motion is faster and
the wave function spreads across the NPL. Because the giant
oscillator strength is proportional to the area covered by the
center of mass motion of the exciton,31 excitons should be
more easily trapped when their GOST is larger at lower
temperatures.
It should also be noted that the radiative recombination rate,
which increases at lower temperatures as veriﬁed by the TRF
measurements, are in competition with the charge trapping
assisted by FRET along the NPL stacks. In the nonstacked
ensemble, FRET is negligible and the radiative recombination
becomes more and more dominant compared to nonradiative
processes, resulting in PL enhancement at lower temperatures.
In the stacked ensembles, however, the charge trapping is
strongly assisted by FRET; therefore, there is a strong
competition between the radiative recombination and charge
trapping at each temperature, which explains why the
temperature-dependent trends in the steady-state PL emission
and the transient PL lifetimes diﬀer for the nonstacked and
stacked NPLs. The charge-trapping time, QY, and PL lifetimes
of the NPLs are diﬀerent at each temperature. Even though the
QY of the nonstacked NPLs monotonically increase with
decreasing temperature, the FRET-assisted charge trapping
tends to suppress the increase in the QY, which results in the
observed nonmonotonic dependence on temperature of the QY
in stacked NPLs.
In summary, we systematically investigated the temperaturedependent time-resolved emission kinetics of stacked NPL
ensembles at temperatures ranging from RT to 150 K and
compared them with the nonstacked NPL ensembles. The PL
decay of the stacked NPLs is observed to be much faster than
those of the nonstacked NPLs at all temperatures. Moreover,
the nonstacked NPLs display a clear enhancement of more than
40% in their PL emission at 150 K, while the increase in the PL
emission for the stacked NPL ensembles is only about 8%. To
explain the stark diﬀerence between the changes in PL lifetime
and intensity of the stacked and nonstacked NPL ensembles
with respect to temperature, we developed a model that takes
fast FRET between neighboring NPLs and exciton trapping in
the defected NPLs into account. We used this model to
estimate the evolution of PL lifetime and steady-state PL
intensity of NPL stacks over temperature, which show excellent
agreement with the experimental data, and predicted the
charge-trapping rates. These ﬁndings shed light on the
temperature-dependent excitonics of the stacked NPLs and

■

EXPERIMENTAL SECTION
Synthesis of 4 ML CdSe NPLs. Cadmium myristate Cd(Mry)2
(340 mg), selenium (Se) powder (24 mg), and octadecene
(ODE) (30 mL) were loaded into a 100 mL three-neck ﬂask.
The mixed solution was degassed under vacuum at RT for 1 h,
and it was heated to 240 °C under argon (Ar) atmosphere.
Cadmium acetate dihaydrate Cd(OAc)2 (20 mg) was
introduced swiftly into the reaction at 195 °C. After 10 min
of growth of CdSe NPLs at 240 °C, the reaction was stopped
and cooled to RT with the injection of 1 mL of oleic acid (OA).
The resulting 4 ML CdSe NPLs were separated from other
reaction products with successive puriﬁcation steps upon
addition of hexane. First, the resulting mixture was centrifuged
at 14 500 rpm for 10 min, and the supernatant was removed
from the centrifuge tube. The precipitate was dried under
nitrogen and dissolved in hexane and centrifuged again at 4500
rpm for 5 min. In the second step, the supernatant was
separated into another centrifuge tube and ethanol was added
into supernatant solution until it became turbid. In the last step,
after the turbid solution was centrifuged at 4500 rpm for 5 min,
the precipitate was dissolved in hexane and ﬁltered with 0.20
μm ﬁlter.
Steady-State Photoluminescence Spectrum and Time-Resolved
Fluorescence Measurements. Nonstacked NPL solution was spincoated onto a 1.2 × 1.2 cm2 quartz substrate at 1000 rpm for 30
s. Stacked NPL solution was drop-cast onto quartz with the
same dimensions. The ﬁlms were placed into a close-cycle He
cryostat from Oxford Instruments. A 375 nm pulsed laser with
a repetition rate of 2.5 MHz was used to excite the samples.
The excitation was coupled to the photodetector of the TCSPC
device for TRF measurements and a ﬁber-optical cable
connected to a Maya 2000 Pro spectrometer for the PL
measurements at the same time. The lifetime decays have been
numerically ﬁt by multiexponential decays using FluoFit
software in deconvolution mode.
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