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ABSTRACT: Using time-resolved photoluminescence spectroscopy, we show that two-exciton
Auger recombination dominates carrier recombination and cooling dynamics in CdSe
nanoplatelets, or colloidal quantum wells. The electron-hole recombination rate depends only on
the number of electron-hole pairs present in each nanoplatelet, and is consistent with a two-
exciton recombination process over a wide range of exciton densities. The carrier relaxation rate
within the conduction and valence bands also depends only on the number of electron-hole pairs
present, apart from an initial rapid decay, and is consistent with the cooling rate being limited by
reheating due to Auger recombination processes. These Auger-limited recombination and
relaxation dynamics are qualitatively different from the carrier dynamics in either colloidal

quantum dots or epitaxial quantum wells.
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The suite of semiconductor nanomaterials that can be synthesized by colloidal chemistry has
recently expanded to include nanoplatelets (NPLs)"2. NPLs have thicknesses of only a few
monolayers, but lateral dimensions of 10 — 100 nm, so that carriers are quantum-mechanically
confined in only one dimension®* NPLs thus have the potential to combine the advantages of
quantum wells (QWSs)>, which have for several decades been produced using epitaxial crystal-
growth techniques, with the low cost and solution processability of a colloidal system. A key
factor that will determine the performance of NPLs in any device is the dynamics of electrons
and holes in the NPLs. For photonic devices, in particular, relaxation and recombination of
electron-hole pairs will be of central importance. For example, the ability to use colloidal
nanocrystals as the gain medium in lasers® has been limited by rapid Auger recombination: an
exciton can recombine non-radiatively by transferring its energy to the kinetic energy of carriers
in another exciton’. Recently, NPLs have been used to demonstrate record-low gain thresholds®
and lasing’, including room-temperature, continuous-wave lasing!®, suggesting that Auger
recombination limits gain less for NPLs than for other colloidal semiconductor nanocrystals.

Here, we systematically investigate multi-exciton carrier dynamics in CdSe NPLs using time-
resolved photoluminescence spectroscopy (PL). Using similar measurements, we previously
found that photoexcited carriers in NPLs rapidly reach internal thermal equilibrium at an
elevated temperature and then cool to the lattice temperature, with a relaxation time on the order
of 25 ps''. The formation of a thermal energy distribution and picosecond-scale cooling are
characteristic of one-dimensional carrier confinement, but the detailed dynamics are different
than typically observed in epitaxial quantum wells'?. In this Letter, we show that these dynamics

are dominated by two-exciton Auger processes.



As a model colloidal quantum-well system, we study CdSe NPLs with a thickness of 1.2 nm,
equivalent to 4 complete monolayers of CdSe with an additional layer of Cd atoms. The NPLs
are synthesized as described in Ref. 13 (see Supporting Information for details). Figure 1(A)
shows the optical absorption and photoluminescence spectra for the NPLs that we studied, and
Figure 1(B) shows a representative transmission-electron-microscope (TEM) image. The stacks
seen in the image form only when the NPLs are deposited on the TEM grid: the colloidal
solutions are stable, and the NPLs in solution show bright luminescence with long average

lifetimes, indicating the absence of significant stacking'®.
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Figure 1. (A) Absorption and photoluminescence (PL) spectra of 4-monolayer-thick (4-ML)
CdSe nanoplatelets (NPLs). The inset is a photograph of a suspension of the NPLs under an
ultraviolet lamp. (B) A representative transmission-electron-microscope (TEM) image of the
NPLs. (C) PL spectra at various times after excitation by a pulsed laser with a fluence of 18.4

mJ/cm?.

Time-resolved PL spectra are measured as described in Ref. 11 (see the Supporting
Information for details); Figure 1(C) shows representative data. The number of photons emitted

at a particular time after the excitation pulse is proportional to the number of electron-hole pairs
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recombining at that time, and the energy of an emitted photon is equal to the energy difference
between the electron and hole that recombine to produce that photon. Assuming that the
transition matrix elements and the joint density of states are approximately independent of
energy over the measured energy range, then, the number of counts at a given time and photon
energy is proportional to the number of electron-hole pairs in the NPL at that time and with that
energy separation. Only the lowest-energy exciton peak is observed in the PL spectra, so that the
time-dependent carrier energy distribution can clearly be resolved; this is in contrast to transient-

absorption spectra, which are dominated by a number of discrete exciton peaks!!.
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Figure 2. Spectrally integrated PL intensity from 4-ML CdSe NPLs. (A) PL intensity as a
function of time after excitation by laser pulses with different fluences, normalized to the peak
value. Each time point represents the total PL intensity at that time, integrated over all measured
wavelengths. (B) Time-dependent PL intensity, shifted in time so that all data fall onto a single

curve (apart from some deviations for the highest pump fluence).

Summing the total number of counts over the measured spectral range gives the spectrally
integrated PL intensity, /(t), proportional to the total number of electron hole pairs at time £. We

note that this reflects only luminescent NPLs: if a certain fraction of the NPLs in the sample do



not emit light, they do not contribute to the dynamics that we measure. Normalized results for
I(¢) are shown in Figure 2(A). The decay is non-exponential, and becomes more rapid as the
excitation fluence increases. Since the pump-pulse fluence is proportional to the number of
electron-hole pairs initially excited in the NPLs, this indicates the contribution of a multi-carrier
recombination process. Although the kinetics appear to have a complicated dependence on the
pump fluence, all of the data falls onto a single curve when the data for different pump fluences
are shifted along the time axis, as shown in Figure 2(B). (See the Supporting Information for
details on the time shifting). The fact that the shifted curves all have the same functional form
indicates that the recombination kinetics at a given time depend only on the number of electron-
hole pairs present in the NPLs at that time, within the range of delay times and pump fluences
that we measure. Higher pump pulse fluences excite a higher initial number of electron-hole
pairs within each NPL. Recombination reduces the number of electron-hole pairs until is equal,
after a certain time delay, to the number of electron-hole pairs initially excited by a lower pump-
pulse fluence; the subsequent recombination dynamics for the two fluences are then identical.

After a certain time delay, recombination of electrons and holes brings the number of electron-
hole pairs down to be equal to the initial number of electron-hole pairs excited by a lower pump-
pulse fluence; at this point, the recombination dynamics for the two excitation fluences become
identical.

The values of the shifted PL intensities, /(¢), at any given time should thus be proportional to
the average number of electron-hole pairs in each NPL, N(¢), at that time. In particular, the
number of electron-hole pairs initially created by the pump pulse, Ni, is proportional to the
maximum intensity for each shifted PL intensity curve. Figure 3 shows that values follow a

saturation curve with fluence, F:



= (F/hw)ogps
L 1+(F/F,) ’

where F is the incident fluence, Aiw is the energy of the excitation photons, g, is the optical
absorption cross-section of the NPLs, and F, is the saturation fluence. A fit to the experimental
data, as shown in Figure 3, gives F, = 0.09 mJ/cm?. Using this value and the measured value of
O4ps» WE obtain the overall proportionality constant needed to convert the measured values of PL
intensity into electron-hole pair number (see the Supporting Information for details). These

numbers are reflected on the vertical axes of Figure 2(b) and Figure 3.
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Figure 3. Average number of electron-hole pairs created in each NPL by the incident laser pulse,

as a function of the pump-pulse fluence. The points are values determined from the shifted

photoluminescence-intensity curves in Figure 2(b), and the line is a fit to a saturation curve

(excluding the point for highest fluence).

The inferred value of N; for the highest experimental pump fluence of 18.4 mJ/cm? deviates
from the saturation-curve fit in Figure 3. It can also be seen in Figure 2(b) that the PL intensity
for this high fluence deviates somewhat from the single curve followed by the data for all other

fluences. The conclusion that the recombination rate depends only on the number of electron-



hole pairs thus seems to hold only up to a maximum fluence between 6 and 18 mJ/cm?. This
corresponds to a maximum number of 8 to 24 electron-hole pairs in each nanocrystal, or an
electron-hole pair density between 3.5 X 10?2 and 1.0 X 10'3cm™2 . At higher densities,
screening effects likely become strong enough that excitons, which are normally bound in the
NPLs at room temperature,® begin to dissociate into an electron-hole plasma, altering the
recombination dynamics.

For all fluences below this maximum value, Figure 2(B) indicates that the rate of electron-hole
recombination in the NPLs depends only on the number of electron-hole pairs present, and we
can assume that these electron-hole pairs are bound as excitons. The time dependence of the PL
decay tells how the recombination rate depends on the number of excitons in the NPLs.
Specifically, if we assume that the kinetics are determined by a two-exciton recombination
process, then the recombination rate will be proportional to the square of the number of excitons

present:

dN(t)

o2 o =N (82, (1)

If there are several excitons present in each NPL, then N can be treated as a continuous variable,

and Eq. (1) can be solved as a differential equation to give

N(t) = N;/(at + 1). (2)

The only unknown fitting parameter in Eq. (2) is a. As shown in Figure 2(B), good agreement
with experiment is obtained for @ = 0.019 + 0.002 ps™1; this validates the assumption of two-
exciton recombination. Single-exciton recombination times are much longer than the measured
delay times, and thus do not need to be included in the fit. Even though Eq. (2) is based on the
assumption that the exciton number can be treated as a continuous variable, it appears to fit the

data well even for low fluences and for long times after excitation, when the average exciton



number is small. We can therefore estimate the two-exciton recombination rate from the slope of

dAN(t) _
at In(t)=2

the kinetic curve when the number of excitons is equal to 2: R(N = 2) = —

5.00 +£ 0.15ns™ 1,

Our results are consistent with the previous report of Kunemann et al.'> of second-order
kinetics for carrier recombination in 5-ML-thick CdSe NPLs. The two-exciton recombination
rate that we find is approximately 8 times larger than reported in this previous work; this is most
likely due primarily to the larger lateral dimensions of the thicker platelets studied in the
previous work.?

Although the time-dependent luminescence intensity indicates the dominance of a two-particle
recombination process, it does not by itself indicate what two-particle process is involved. In
order to determine what mechanism dominates the carrier recombination, we examine the
relaxation of carriers within the conduction and valence bands. This is accomplished by
monitoring the shape of the high-energy tail on the time-dependent luminescence spectra, which
corresponds to the energy distribution of carriers above the bandgap in the NPLs. Since the
carriers rapidly reach internal thermal equilibrium, this energy distribution can be approximated
as the exponentially decaying tail of a Boltzmann distribution, with the exponent corresponding
to the temperature of the carriers!!. By fitting this tail, then, we can extract the carrier

temperature as a function of time after excitation; results are shown in Figure 4(B).
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Figure 4. Comparison of recombination dynamics and cooling dynamics for excited carriers
within 4-ML CdSe NPLs. (A) Number of electron-hole pairs remaining within the platelets, for
different pump-pulse fluences, as a function of time after excitation. (B) Carrier temperature, for

different pump-pulse fluences, as a function of time after excitation.

In order to determine whether the cooling dynamics are correlated with the recombination
dynamics, we shift the curves of time-dependent carrier temperature, 7(t), for each pump fluence
by the same amounts as the PL intensity curves, I(¢), are shifted in Figure 2(B). The curves all
approach different final temperatures, Tr, at times longer than the measured time scale; this
temperature corresponds to the temperature of the electrons and the lattice when they reach
mutual thermal equilibrium, but before the NPLs have dissipated heat to their environment.
Since this final temperature depends on the amount of energy initially deposited by the laser
pulse, we subtract it from the measured curves in order to compare carrier cooling kinetics for

different pump-pulse fluences. As shown in Figure 5, the shift and offset cause all of the data to
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collapse on a single kinetic curve, apart from a rapid decay that lasts less than 10 ps. Moreover,
the functional form of this common curve for 7(¢) is identical to the functional form, from Eq.
(2), for N(f). Indeed, the curve in Figure 5 is fit with the same function, using the same value of
the a parameter, as the curve in Figure 2(B).

Apart from the initial rapid cooling, then, the carrier temperature is directly proportional to the
average number of excitons present within each platelet. The mechanism for the initial rapid
cooling remains unclear; it may be due to coupling between carriers and acoustic phonons, but it
is significantly slower than the rapid cooling phase observed in CdSe nanorods, which was also
attributed to carrier-phonon coupling'®. On the other hand, it is much faster than reported rates
for exciton quenching due to hole trapping on NPL surfaces!’. Resolving this mechanism will be

the subject of future work.
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Figure 5. Carrier temperature, for different pump-pulse fluences, as a function of time after
excitation, shifted in time so that all data fall onto a single curve (apart from an initial, rapid

decay).

Leaving aside the initial rapid decay, the observation that the carrier cooling rate is

proportional to carrier number is consistent with the carrier cooling being limited by Auger-
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induced heating. During a two-exciton Auger recombination process, one exciton loses its
recombination energy directly to a second exciton. The energy transferred to the second exciton
is subsequently distributed among the free carriers in the NPL, thereby raising their temperature.
This Auger-induced heating is the rate-limiting factor that determines how carriers cool within
the NPL over the entire range of carrier densities and times after excitation that we have
measured experimentally.

In summary, our experimental results show that the dynamics of carrier recombination and of
carrier relaxation in colloidal CdSe nanoplatelets are dominated by two-exciton Auger
recombination. This holds as long as there is more than one exciton in each NPL, and until the
point when the exciton density is so large that the excitons begin to dissociate into an electron-
hole plasma. The only other nanoparticles in which similar Auger-dominated carrier kinetics
have been observed are long CdSe nanorods. A direct proportionality between carrier
temperature and PL intensity, similar to what we observe in NPLs, was observed by Achermann
et al.'® in nanorods, and was likewise attributed to the dominant influence of two-exciton Auger
recombination in the nanorods. Moreover, the two-exciton recombination rate that we observe in
CdSe NPLs is comparable to or even shorter than the two-exciton Auger rates observed in

18,19,20

colloidal CdSe nanorods with comparable volumes The reduced influence of Auger

89.10 is therefore most

recombination in CdSe NPLs, which enables their application in lasers
likely due to their large size.

The carrier kinetics in NPLs are qualitatively different from those that have been observed in
either colloidal quantum dots or epitaxial quantum wells. In colloidal QDs, multiexciton

dynamics are dominated by Auger recombination’, but relaxation occurs between discrete

quantum-confined states with time constants that are independent of carrier populations. These
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time constants are typically in the range of 1 — 10 ps, and are attributed to energy transfer from
electrons to holes, carrier transitions through localized states, and coupling to vibrational modes
in organic capping molecules on the QD surfaces®'. In epitaxial CdSe QWs, by contrast, carrier
lifetimes are limited primarily by recombination of individual electron-hole pairs??, and carrier
relaxation is attributed primarily to electron-phonon coupling, with the rate-limiting factor being

energy transfer from optical phonons to acoustic phonons***,

The relative unimportance of
Auger recombination in epitaxial QWs may be partially due to the isolation of excitons from one
another due to localization by interface fluctuations®. It is also likely important that these QWs
are embedded in a wider-bandgap semiconductor matrix, whereas NPLs are surrounded by
organic molecules and solvent; the abrupt semiconductor-dielectric interface for NPLs leads to
strong multi-carrier interactions. It may therefore be possible to reduce the influence of Auger
recombination by growing a thick shell of a wider-bandgap material around the CdSe

nanoplatelets!>>2°,

This approach has successfully reduced Auger rates in colloidal CdSe
QDs?”? particularly when combined with alloying of the core-shell interface?. Applying these

strategies to colloidal NPLs may allow them to enter the regime where single-exciton processes

dominate the carrier dynamics.
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