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ABSTRACT: We present time-resolved photoluminescence
(PL) spectroscopy of a series of colloidal CdSe/CdS core/
shell nanoplatelets with different core and shell thicknesses.
Exciton numbers are determined from the integrated PL
intensities, and carrier temperatures are determined from the
high-energy exponential tail of the PL spectra. For times
between 10 and 1000 ps, the measured carrier relaxation
dynamics are well described by a simple model of Auger
reheating: biexcitonic Auger recombination continually
increases the average energy of the carriers (while decreasing their number), and this reheating sets a bottleneck to cooling
through electron−phonon coupling. For times between 1 and 10 ps, the relaxation dynamics are consistent with electron−
phonon coupling, where the bottleneck is now the decay of the longitudinal optical phonon population. Comparison of
relaxation dynamics to recombination dynamics reveals changes in the carrier−phonon coupling for shell thicknesses greater
than 4 monolayers.

■ INTRODUCTION

The relaxation of carriers in semiconductor nanomaterials,
from high-energy states within the conduction and valence
bands down to the band-edge states, plays an important role in
determining the potential optoelectronic applications of such
materials. For example, rapid relaxation is favorable for light-
emitting devices,1 so that band-edge emitting states are quickly
filled, and high-energy carriers are not lost to traps. On the
other hand, slow relaxation is favorable for the extraction of
high-energy carriers, enabling the hot carriers to be used for
photocatalysis2 or in hot carrier solar cells.3 Relaxation
dynamics are determined both by the intrinsic properties of
the materials that make up the nanostructures as well as the
size and shape of the nanostructures themselves. The
dimensionality of the carrier confinement plays an especially
important role in determining the relaxation dynamics in
nanostructures; in particular, quasi-two-dimensional (quantum
well) nanostructures exhibit qualitatively different carrier
relaxation properties than quasi-zero-dimensional (quantum
dot) nanostructures.4

II−VI semiconductor nanoplatelets (NPLs)5 have properties
that make them outstanding model systems for experimental
studies into the relaxation dynamics in two-dimensional
semiconductors.6 Perhaps most important is that they can be
synthesized colloidally with atomic-level monodispersity in
their thicknesses, providing bulk samples with nearly zero
inhomogeneous broadening. In addition, shells of different
semiconductor materials can be grown epitaxially on NPLs
using solution-phase techniques that preserve this single-
monolayer (ML) monodispersity, enabling the relaxation

dynamics to be probed in such heterostructures in a highly
controlled manner.
We have previously examined relaxation dynamics in CdSe

NPLs7 and found that they were dominated by the effects of
Auger recombination.8 Specifically, we showed that the
continuous density of states and rapid internal thermalization
mean that the carrier energy distribution can be described in
terms of an instantaneous temperature, T(t), that decreases
from a high initial value (determined by the amount of optical
energy absorbed by a given NPL) to a lower temperature
through an exchange of heat with the crystal lattice; this is in
contrast with the sequential relaxation through discrete states
that is characteristic of quantum dots.9 However, at the same
time as the carriers cool, they also undergo biexcitonic Auger
recombination, which has been shown to dominate the
recombination dynamics in CdSe NPLs and in CdSe/CdS
core/shell NPLs.10,11 This means that the carriers are
constantly reheated at the same time as they cool: the
biexcitonic Auger process involves one exciton recombining by
transferring its energy to a second exciton, the excess energy of
the second exciton being rapidly redistributed among the other
excitons in the NPL. The competition provided by this
reheating process sets the timescale of the carrier cooling.12

The Auger reheating mechanism has also been observed to
govern carrier relaxation dynamics in CdSe nanorods13 and
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metal halide perovskites14−16 and is thus of broad interest in
the development of optoelectronic nanomaterials.
Here, we systematically study carrier relaxation on pico-

second to nanosecond timescales in CdSe/CdS core/shell
NPLs over a range of core and shell thicknesses. We find that
the Auger reheating mechanism dominates relaxation dynamics
for timescales greater than approximately 10 ps. For shorter
timescales, relaxation dynamics are dominated by phonon
emission processes.

■ METHODS

NPL Synthesis. CdSe/CdS core/shell NPLs are synthe-
sized as described in ref 10, following refs 17, 18. For the
synthesis of 4.5 ML NPLs, we briefly degas 170 mg of
cadmium myristate in 15 mL of 1-octadecene (ODE) at 80 °C
in a three-necked flask and then cool the solution to room
temperature. In a nitrogen glovebox (GB), we weigh out 12 mg
of Se powder and add it to the degassed solution outside the
GB. We then degas the resulting mixture (cadmium myristate
and Se in ODE) at 90 °C for 30 min. After this, we heat up the
mixture rapidly, at a rate of 20 °C per min. When the
temperature reaches 190 °C and the solution turns orange-
reddish, we introduce 40 mg of freshly finely ground cadmium
acetate dihydrate. We continue to rapidly heat the mixture to
215 °C, at which point we lower the heating rate to let the
mixture reach 240 °C without overshooting. We keep the
reaction mixture at 240 °C for 5 min. Then, we cool the
mixture down to 150 °C, allow it to cool down slowly to 70
°C, inject a solution of 2 mL of oleic acid in 10 mL of
anhydrous hexane stored inside the GB, and allow the reaction
mixture to cool down to room temperature. In the GB, we
transfer the reaction mixture to a centrifuge tube and
centrifuge it at 5000 rpm for 10 min (in an Eppendorf 5804
centrifuge) to isolate the NPLs from the quantum dots and
other species in the solution. We collect the precipitate,
disperse it in 4 mL of anhydrous hexane, and filter the solution
through a 0.2 μm polytetrafluoroethylene filter.
For the synthesis of 5.5 ML NPLs, we degas 170 mg of

cadmium myristate in 14 mL of ODE at room temperature.
We then heat the reaction mixture under nitrogen until it
reaches 240 °C and then inject 12 mg of Se powder
predispersed in 1 mL of ODE by sonication. In 20 s, we
introduce 60 mg of freshly finely ground Cd(OAc)2 and run
the reaction for 10 min. Next, we cool the reaction mixture
until it reaches 80 °C and then inject 2 mL of oleic acid in 15
mL of ODE. When the suspension reaches room temperature,
we centrifuge it without a nonsolvent (using an Eppendorf
5804 centrifuge) and then redisperse the NPLs in 4 mL of
hexane.
We note that here we label the thicknesses of the cores as

4.5 and 5.5 ML, rather than the 4 and 5 ML identifications
used in our previous publications.7,8,10 Recent work has shown
that both faces of the CdSe NPLs are terminated with Cd
layers; our new labeling more accurately reflects these core
thicknesses.6

To grow CdS shells, we first precipitate CdSe NPLs out of
the stock solution with ethanol (the amount varies between 2
and 2.5 mL), centrifuge the resulting suspension at 9000 rpm
for 2 min (in an Eppendorf 5804 centrifuge), discard the
supernatant, and redisperse the precipitate in 4 mL of hexane.
We perform two such washing cycles to remove excess Cd
acetate from the synthesis.

A typical cycle of the shell growth starts with either CdSe
NPLs capped with oleic acid or CdSe/CdS NPLs capped with
oleylamine, dispersed in 4 mL of hexane in either case. To this
solution, we add 1 mL of N-methylformamide (NMF),
introduce 50 μL of 40−48% aqueous ammonium sulfide to
the NMF layer, and stir the mixture for 1 min. After the
complete phase transfer from hexane to NMF, we discard the
hexane layer, add 4 mL of pure hexane, stir the mixture, and
discard the hexane layer again. Our next step is to remove
excess S2− from the NMF solution of the thus formed S-capped
NPLs. To the solution, we add 1 mL of acetonitrile and 1 mL
of toluene to precipitate the NPLs. We centrifuge the solution
at 3800 rpm for 3 min (in a Thermo Electron Corporation
Centra CL2 centrifuge with a swinging rotor), discard the
solution, and disperse the precipitate in 1 mL of NMF. Then,
we repeat this washing procedure one more time using 5 mL of
toluene as a nonsolvent. This modification to the original
recipetwo washing steps after introducing S2−is essential
to prevent the secondary nucleation of CdS in the next step.
After the second precipitation, we redisperse the solution in
0.25 mL of NMF, introduce 1.75 mL of 0.2 M of cadmium
acetate in NMF, and stir the solution for 1 min. Then, we
precipitate the NPLs with 4 mL of toluene, centrifuge the
suspension (as in the previous step), and redisperse the
precipitate in 1 mL of NMF. To the solution, we add 4 mL of
hexane and 200 μL of dried oleylamine. We stir the mixture for
1 min and centrifuge it to complete the phase separation.
Secondary nucleates of CdS remain in the NMF solution. We
collect the upper hexane layer with oleylamine-capped CdSe/
CdS NPLsthe product of one cycle of the shell growth. We
either run this solution in the next round of the shell growth or
store it if it is complete. The synthesized samples are stored in
ambient conditions in the dark.

Time-Resolved Photoluminescence Measurements.
Measurements are also performed as described in ref 10.
The NPLs are diluted in a hexane solution to the point that
reabsorption of photoluminescence (PL) within the sample is
negligible. The diluted sample is subsequently excited with 35
fs pump laser pulses, focused within the sample to a spot with a
diameter of approximately 540 μm. The pulses are derived
from an amplified Ti:sapphire laser system (Spectra-Physics
Tsunami and SpitFire Pro), operating at a repetition rate of 2
kHz, and are frequency-doubled to a photon energy of 3.0 eV
(wavelength of 400 nm). The PL is separated from the
scattered laser light using a long-pass filter and is resolved as a
function of wavelength using a grating spectrometer (Acton
SP2150) and as a function of time using a streak camera with
photon-counting detection (Hamamatsu C5680). All measure-
ments are made at room temperature while stirring the samples
using a magnetic stir bar in the cuvette that holds the sample.
Pump-pulse fluences are determined by measuring the average
power using a calibrated power meter and normalizing by the
repetition rate of the laser and the measured focal area. A
variable neutral density filter before the spectrometer is
adjusted for each measurement to avoid the saturation of the
detector. The measured PL spectra for each time delay after
excitation are integrated over the range of wavelengths that
corresponds to the PL peak from the NPLs in order to obtain
the total PL intensity as a function of time delay. The
background because of dark counts is determined by averaging
over all negative time delays, and the obtained value is then
subtracted from the measured data for all time delays.
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Data Smoothing. Data smoothing is required to create the
log−log plots used in the inversion analysis of carrier
dynamics. Producing log−log plots of −dI(t)/dt as a function
of I(t) requires the numerical differentiation of I(t); if this
differentiation is done directly on the experimental data, the
measurement noise is amplified and this obscures the results.
We therefore follow ref 20 and smooth the data by fitting them
to a multiexponential function; this multiexponential fit is done
simply to reduce the experimental noise and does not have any
physical significance in its own right. The smoothed data are
then differentiated numerically. For the log−log plots of T(t)
− Tf as a function of N(t), numerical differentiation is not
required. We therefore simply smooth the data by using a
moving average filter in this case.

■ RESULTS

Auger-Limited Recombination Dynamics. In our
previous work, we showed that biexcitonic Auger recombina-
tion dominates the recombination dynamics in CdSe NPLs
and in CdSe/CdS core/shell NPLs.10 The primary evidence
for this is that the measurements of time-resolved PL are
consistent with the expectation for a biexciton recombination
process; that is,

= − [ ]N t
t

A N t
d ( )

d
( ) 2

(1)

where N(t) is the average number of excitons in an NPL at
time t and A is a constant that determines the rate of Auger
recombination, which we call the Auger recombination rate.
This description, based on a continuous differential equation,
has been shown to be a good approximation for N(t) > 2.19

We begin with a new analysis of time-resolved PL
measurements, adapting the “inversion analysis” method of
ref 20. The measured total PL intensity, I(t), is proportional to
N(t). Accordingly, from eq 1, it is seen that a log−log plot of
−dI(t)/dt as a function of I(t) should yield a straight line with
a slope of 2. Figure 1a shows representative results; smoothing
is performed as described in the Methods section. The plot is
shown in terms of N(t) and −dN(t)/dt, using the scaling
between N(t) and I(t) based on our time-shift analysis
(described below); however, this scaling affects the x- and y-
axis scales equally and thus does not change the slope of the
line of the corresponding log−log plot. Figure 1a also shows a
fit to a straight line with a slope of 2, as is expected for
biexcitonic Auger recombination dynamics; good agreement is
seen for N > 2. Deviations are seen for N < 1.5; this is to be
expected because at least two excitons must be present in any
given NPL in order for biexcitonic Auger recombination to be
possible.
The values of A obtained by this analysis can be compared

to the values that we obtain by the “time-shift” analysis that we
developed in refs 8, 10. In this analysis, we combine the I(t)
data, obtained for different excitation pump fluences, by
shifting each of the traces along the time axis so that they all
align with one another. At low fluences, the curves fall on top
of one another without being shifted in time; this corresponds
to fluences for which one or less exciton is excited, on average,
in each NPL. The maximum fluence for which this is the case
is used to determine the point at which the average exciton
population N(t) = 1, and this point is used to calibrate the
proportionality factor between N(t) and I(t).

The portion of the resulting universal decay curve
corresponding to N(t) > 1 is then fit to the solution to eq 1:

=
+

N t
N
AN t

( )
(0)

1 (0) (2)

Figure 1. (a) log−log plot of the negative rate of change in the
number of excitons per NPL following laser excitation, −dN/dt, as a
function of the number of excitons, N. Data are shown for CdSe/CdS
core/shell NPLs with a core thickness of 4.5 ML and a shell thickness
of 4 ML, for three different excitation fluences. The fit is to a straight
line with a slope of 2, as expected for a biexcitonic Auger
recombination process. (b) Plot of N as a function of time after
excitation, using a superset of the data considered in (a). Plots for
different excitation fluences are shifted in time to give a universal
decay curve. The fit is to eq 2, as expected for biexcitonic Auger
recombination. (c) Values of the Auger recombination coefficient, A,
obtained for NPLs with a core thickness of 4.5 ML and different shell
thicknesses. Results are shown for fits of the type illustrated in (a,b).
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Figure 1b shows the results of this time-shift analysis and
fitting for the superset of the data analyzed in Figure 1a. The
only adjustable fitting parameters in this fitting method are A
and N(0).
The values of A obtained by this time-shift analysis are

compared in Figure 1c to the values obtained by the inversion
analysis. We note that the values obtained by this method
correspond to those reported in ref 10; the error bars, however,
are recalculated based on the fittings employed in the current
analysis. The good agreement between the results of the two
analyses, particularly the reproducibility of the nonmonotonic
dependence of the Auger recombination rate on shell
thickness,10 validates the analytical methods employed. We
note that the proportionality factor between I(t) and N(t)
obtained from the time-shift analysis is also used for the
inversion analysis. In this sense, the two analysis methods are
connected; however, the effect of using a different proportion-

ality factor would only be to change all values of A by a
constant factor but would not affect their dependence on the
shell thickness. The agreement between the results obtained
using the two methods thus shows that the values of the Auger
coefficients are reliable and are not dependent only on the
details of the data analysis.

Auger-Limited Relaxation Dynamics. So far, we have
verified through an independent analysis method our previous
claims of Auger-dominated recombination dynamics in CdSe/
CdS core/shell NPLs.8,10 We have also previously examined
the relaxation dynamics in CdSe (core-only) NPLs7 and found
that they too were dominated by the effects of Auger
recombination.8 Specifically, reheating of carriers because of
Auger recombination results in a cooling bottleneck that
determines the relaxation dynamics on timescales of 10−1000
ps.

Figure 2. (a) Representative PL spectra from NPLs after excitation by a laser pulse. Data are shown for CdSe/CdS core/shell NPLs with a core
thickness of 4.5 ML and a shell thickness of 4 ML. (b) Average rise in the temperature of the carriers inside the same NPLs following laser
excitation, T(t) − Tf, as a function of time after excitation. Also plotted is the square of the average number of excitons in each NPL, N2, scaled by a
factor to make the two curves overlap at long delay times.

Figure 3. (a) log−log plot of the average rise in the temperature of the carriers inside NPLs following laser excitation, T(t) − Tf, as a function of
the number of excitons. Data are shown for CdSe/CdS core/shell NPLs with a core thickness of 4.5 ML and a shell thickness of 4 ML, for two

different excitation fluences. (b) Plot of −T t T( ) f as a function of time after excitation, using the superset of the data considered in (a). Plots for
different excitation fluences are shifted in time to give a universal relaxation curve. The fit is to eq 5, as expected for a cooling process that is limited
by Auger reheating. (c) Values of the Auger recombination coefficient, A, obtained for NPLs with a core thickness of 4.5 ML and different shell
thicknesses (black points), compared to the values for the cooling coefficient, B, obtained for the sample NPLs (red points). (d) Values of B
obtained for NPLs with different shell thicknesses, for core thicknesses of 4.5 ML (red points) and 5.5 ML (black points).
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Here, we examine whether Auger reheating still dominates
the carrier relaxation dynamics for CdSe/CdS core/shell
NPLs. The carrier temperature, T(t), is obtained from the
same time-dependent PL measurements as that for the exciton
number, N(t); in this case, however, rather than integrating the
PL spectra over all wavelengths, we examine the spectra as a
function of time after excitation by a laser pulse. Representative
spectra are shown in Figure 2a on a log plot, showing the high-
energy tails characteristic of Boltzmann distributions. Fitting
these tails to a decaying exponential provides the time-
dependent temperature, T(t).7,21

This carrier temperature decays following the initial
excitation, corresponding to the relaxation of carriers within
the energy bands. The time dependence of this decay provides
insight into the mechanisms that dominate the carrier
relaxation dynamics. In the case of Auger-limited relaxation
dynamics, T(t) is determined by a competition between Auger
reheating and electron−phonon cooling. Achermann et al.
showed that this competition leads to the following temper-
ature scaling for the carriers:13

− =T t T CN t( ) ( )f
2

(3)

where Tf is the temperature reached after the carriers and
lattice have reached mutual thermal equilibrium, before the
slower exchange of energy between the NPL lattice and its
surroundings, and C is a constant that depends on the rate at
which the carriers lose energy to phonons and the rate at which
they gain energy because of Auger recombination.13

Figure 2b shows a plot of T(t) − Tf and CN
2(t) on the same

graph, where C and Tf are adjusted to give the best overlap
between the two curves at long times. It can be seen that there
is a rapid, initial decrease in temperature that is not reflected in
the exciton number dynamics. At some time, to, the two curves
meet, and they overlap for all subsequent times.
We can also adopt an approach similar to the inversion

analysis used above to analyze the recombination data, making
a log−log plot of T(t) − Tf as a function of N(t). If Auger
reheating is dominant, then the graph is expected to be a
straight line with a slope of 2. The representative results are
shown in Figure 3a. The expected linear relation is seen for
larger values of N(t). The slope of the curve increases for high
N(t), corresponding to the faster decay process that dominates
for high exciton numbers, at short times after excitation.
The fast initial decay can also be seen by applying a time-

shift analysis to the relaxation data, similar to the time-shift
analysis applied above the recombination data (see Figure
1b).8 Figure 3b shows representative results, in which the data
sets for T(t) have been shifted along the time axis by the same
amounts as the corresponding data for N(t). The shifted curves
can be seen to reduce to a single, universal relaxation curve
over a wide range of times, t, but there is an initial rapid decay
in each curve that is not universal. That is, the initial decay
depends explicitly on the time after excitation and not only on
the instantaneous exciton number, N(t).
To check whether Auger reheating indeed dominates the

carrier dynamics after this initial rapid decay, we derive an
expression for the time dependence of the carrier temperature,
T(t). Specifically, we combine eqs 1 and 3 to give

ττ = − [ ]t
t

B t
d ( )

d
( ) 2

(4)

where τ = −t T t T( ) ( ) f and B is the corresponding Auger
carrier relaxation rate. Solving eq 4 gives

− ∝
+ − · −

T t T
B T t T t t

( )
1

1 ( ) ( )
f

f o (5)

where to is the time at which the Auger reheating process

begins. Plots of −T t T( ) f as a function of t show the
relaxation dynamics limited by Auger reheating for timescales
longer than the initial rapid decay, for all samples studied; the
representative results are shown in Figure 3b.
Fits of these plots to eq 5 can be used to obtain the constant

B. Because this constant depends on the competition between
Auger reheating and phonon cooling, it is expected to be
proportional to A and to additionally depend on the carrier−
phonon coupling. Figure 3c compares the values of B obtained
from the fits of eq 5 to the values of A obtained above. For
shells up to 4 ML thick, these two constants are in good
agreement with each other, within a scaling factor. For thicker
shells, however, the two constants no longer track one another,
indicating that additional factors in B that depend on
electron−phonon interactions change for shell thicknesses
greater than 4 ML. Similar results are obtained for NPLs with
different core thicknesses (see Figure 3d).

Initial Rapid Carrier Cooling. As a final stage in our
analysis of the carrier dynamics in core/shell NPLs, we isolate
the initial rapid decay that occurs on timescales less than 10 ps,
by taking the difference between T(t) − Tf and CN2(t) in
Figure 2b (and similar graphs for other samples). We fit this
residual to a single exponential; only the data for the highest
excitation powers provide enough points for the fits to provide
reliable time constants. The time constants for the fast decay
are 28 ± 2 ps for all samples, regardless of the core or shell
thickness.
The measured time constant is consistent with earlier

measurements in bulk CdSe,22 where initial cooling was
attributed to the generation of longitudinal optical (LO)
phonons by hot carriers and the cooling rate was limited by the
decay of the LO phonon population.23,24 This model is
consistent with the insensitivity of the initial decay to shell
thickness, as the cooling rate depends only on the LO phonon
lifetime and is largely insensitive (unlike Auger recombina-
tion10) to the details of the carrier wave function. This cooling
stage, where the rate is limited by the LO phonon decay, is
expected to occur only after a large LO phonon population has
been created and is thus expected to be preceded by an even
faster decay, on single-picosecond timescales, whose rate is
determined by the electron−phonon coupling strength.25 This
ultrafast cooling has previously been observed using two-
photon photoemission spectroscopy25 but is beyond the time
resolution of our experimental apparatus.

■ DISCUSSION
Although the carrier relaxation dynamics and recombination
dynamics in CdSe/CdS core/shell NPLs are both dominated
by the effects of Auger recombination, the proportionality
constants describing the two dynamics diverge for shell
thicknesses greater than 4 ML. The constant for recombination
dynamics, A, depends only on the Auger recombination rate,
whereas the constant for relaxation dynamics, B, also depends
on electron−phonon interactions.13 The different scaling with
shell thickness thus indicates a change in these interactions.
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Previous work has shown qualitative changes in the Raman
scattering spectra for CdSe/CdS core/shell NPLs as the shell
thickness increases.26 In particular, CdS bulk-like modes
appear in addition to interface modes, and changes in peak
positions, widths, and intensities are seen with increasing shell
thickness. The corresponding changes in the phonon spectral
density and phonon lifetimes could account for the change in
the relaxation dynamics that we observe for the thicker shells.

■ CONCLUSIONS
We have shown that Auger processes dominate the
recombination dynamics of CdSe/CdS core/shell NPLs for
all shell thicknesses and dominate the relaxation dynamics for
times between 10 and 1000 ps. For shells thinner than 4 ML,
the coefficients describing the recombination and relaxation
dynamics track one another, indicating that they both depend
only on the Auger recombination coefficient. For thicker shells,
however, the coefficients diverge, indicating a change in
relaxation dynamics because of changes in the phonon density
of states and phonon lifetimes.26 Quantitative, microscopic
modeling of phonon properties and their effects on relaxation
dynamics is a subject for future work.
We have also observed, for all CdSe/CdS core/shell NPLs

studied, an initial, rapid carrier relaxation that is not limited by
Auger reheating. The time constant for this relaxation is
approximately 28 ps, regardless of the shell thickness,
consistent with an electron−phonon cooling process whose
rate is limited by the LO phonon lifetime. However, the
dynamic range of the data corresponding to this initial decay
was limited by the time resolution of the streak camera
measurements that we performed. Further insight into this
process will require time-resolved measurements with reso-
lutions on the order of 100 fs, such as PL upconversion
spectroscopy27 or transient absorption spectroscopy.7,28

The results presented here complement and extend the
previous measurements of carrier dynamics in colloidal
semiconductor NPLs,6 showing in particular how these
dynamics are qualitatively different from those in colloidal
semiconductor quantum dots. The crucial role of dimension-
ality is expected to hold for other quantum-confined
nanomaterials. The results obtained here thus have the
potential to provide broader insight into carrier recombination
and relaxation in a wide array of two-dimensional nanostruc-
tures, including perovskite NPLs29−31 and transition-metal
dichalcogenides.32,33
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