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ABSTRACT: The most recent class of semiconductor nano-

crystal to be synthesized colloidally is the quantum well, in which >
carriers are confined quantum mechanically in only one
dimension. Electrons and holes in colloidal quantum wells
undergo different dynamics than in either colloidal quantum dots
or epitaxially grown quantum wells, providing new opportunities
for applications. The opportunities presented by cadmium
chalcogenide nanoplatelets are particularly exciting, because they can be grown with control over their thickness down to the
single atomic layer and with all nanoplatelets in an ensemble having the same thickness. This Feature Article reviews the
relaxation and recombination dynamics of electrons and holes, which are tightly bound into excitons, in nanoplatelets. These
dynamics are favorable for optical gain and lasing, and this Article reviews the progress that has been made toward practical
realization of nanoplatelet lasers, including the demonstration of low thresholds for room-temperature gain and lasing. Looking
forward, the engineering of nanoplatelet heterostructures provides new opportunities to control carrier dynamics, opening up in
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particular the possibility of observing strong multiexcitonic effects at room temperature.

1. INTRODUCTION

Since the first demonstrations that the energy states of carriers
in semiconductor nanocrystals are quantized,"”” the nanocryst-
als have been studied for their tunable photophysical properties
and their potential applications. A wide range of applications
have been investigated,” such as nanocrystal-based field-effect
transistors and solar cells,” but the most intensively studied
involve using the nanocrystals as light-emitting materials.”
Light-emitting applications were enabled by the development
of robust methods to synthesize monodisgperse, luminescent
nanocrystals as colloids in organic solvents” and the extension
of these methods to produce highly luminescent core/shell
nanocrystals.” The nanocrystals synthesized by these methods,
and the majority of the nanocrystals studied since then, are
quasi-spherical particles of II-VI semiconductors, most
commonly CdSe, in which carriers are confined quantum
mechanically in all three dimensions. These spherical nano-
crystals, or quantum dots (QDs), have several advantages over
other solution-processable light emitters, including the ability to
broadly tune emission wavelength by changing nanocrystal
dimension and composition, high photoluminescence quantum
yield (QY), and high photostability. Because of these
advantages, colloidal QDs have found laboratory applications
in labeling for fluorescence microscopy,” commercial applica-
tions in displays,” and emerging applications in light-emitting
diodes (LEDs).'%"!

These successes make it natural to consider colloidal QDs as
gain materials for lasers. Their wavelength tunability means a
broad range of laser frequencies could be accessed, and their
solution processability means that lasers could be integrated
onto arbitrary substrates, including CMOS-compatible sub-
strates, flexible substrates, and lab-on-a chip platforms.
However, achieving practical lasing with colloidal QDs has
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proved challenging. Early attempts to demonstrate optical gain
and stimulated emission resulted in high threshold energy
densities,'* and until recently, lasing was observed only under
pulsed excitation and generally at low temperature.'”'* The
suitability of QDs for displays and LEDs, and the challenges
involved in using them in lasers, ultimately arise from the
different dynamical processes that electrons and holes in the
materials undergo, as illustrated in Figure 1.

Nearly all applications of QDs as light emitters involve, as a
first step, exciting electrons and holes into high-lying states in
the conduction and valence bands, either optically or
electrically. A high luminescence QY is achieved if the carriers
relax from the high-energy states to the lowest-energy states in
the bands through a series of discrete intermediate states'> and
subsequently recombine radiatively by emitting a photon.
Relaxation competes with carrier trapping at defect sites and
with carrier ejection, or ionization, from the QD. Radiative
recombination competes with nonradiative recombination and
carrier trapping. Achieving efficient light emission is thus a
matter of ensuring that the rates of desired relaxation and
radiative recombination processes outstrip the rates of
competing processes.

Trapping of band-edge carriers and nonradiative recombina-
tion are the most significant factors affecting luminescence QY
of II-VI QDs, because intraband relaxation rates in the QDs
are generally much faster than interband recombination rates. It
was originally hypothesized that intraband relaxation in QDs
would be slow: in bulk semiconductors, relaxation occurs
primarily through emission of acoustic phonons, but the energy
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Figure 1. Schematic of key dynamical processes in semiconductor nanocrystals. Filled circles represent electrons, and hollow circles represent holes.
The representation is illustrative, rather than quantitative; in particular, the energy structure of the nanocrystals is simplified, and processes are

illustrated as occurring sequentially although they can occur simultaneously.

separation between confined states in QDs does not match
available phonon energies. However, this predicted “phonon
bottleneck” is usually not observed, because several new
relaxation mechanisms become available in QDs, including an
Auger-like process where an electron relaxes by transferring its
energy to a hole,*®"” coupling of carriers to defect states,'® and
coupling of carriers to vibrational modes in capping
molecules."”*® As a result, relaxation typically occurs on
picosecond time scales.”’

Radiative recombination in II-VI QDs, by contrast, occurs
on time scales of the order of 10 ns at room temperature,
significantly slower than in bulk semiconductors. This slow
recombination is a consequence of the fact that the lowest-
energy electron—hole state in the QDs is a “dark exciton” with
low oscillator strength, due to strong electron—hole exchange
interaction in the QD.*” At room temperature, recombination
occurs primarily through the fraction of the population that is
thermally excited into a higher-lying “bright exciton” state.””
High luminescence QY thus requires that trapping and
nonradiative recombination rates are much slower than the
already slow radiative recombination rate, and a major focus of
efforts to improve QY has been the elimination of defects that
are responsible for trapping. Isolating carriers, especially holes,
from surface trap states by growing a shell of a high-bandgap

semiconductor significantly improves QY,”** with recent
syntheses giving QYs in solution of 97% or better.”®

However, these high QYs apply only for low densities of
excitons in the QDs, corresponding to the low excitation levels
that are typically experienced in displays and LEDs. Lasers, by
contrast, require high exciton densities to achieve population
inversion and gain. At these high excitation levels, fast
multiexciton nonradiative recombination processes occur,
leading to fast optical gain decay.’ Specifically, biexcitons in
QDs undergo rapid Auger recombination, where one exciton
recombines and its energy is transferred to one of the carriers in
the other exciton, promoting it to a higher-energy level in its
band.”® This process is slow in bulk semiconductors because of
the need to conserve momentum and energy among the
carriers involved; in QDs, however, quantization of energy
levels relaxes the constraint of momentum conservation.
Moreover, Coulomb interactions among carriers in QDs are
strong, because of their small spatial separation and because of
the near absence of electronic and dielectric screening. The
result is an Auger recombination time on the order of 10—100
ps, significantly faster than radiative recombination times.

The understanding that has been achieved of carrier
dynamics in semiconductor nanocrystals opens up the
possibility of engineering the dynamics by controlling the
nanocrystal structure. For example, growing a wider-bandgap
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shell around a narrower-bandgap core can modify not only
trapping rates but also recombination rates. In CdSe/CdS core/
shell nanoparticles, the electron wave function extends into the
shell, but the hole is confined within the core; thick shells thus
lead to decreased electron—hole overlap and thus decreased
radiative recombination rates.”” Auger recombination rates
depend on the overlap between the initial and final wave
functions of the electron or hole that is excited to higher energy
and can thus also be modified by appropriate core/shell
structures.”””” More dramatic changes in carrier dynamics can
be obtained by growing nonspherical nanocrystals, such as rods
that confine carriers in two dimensions rather than three.** In
colloidal nanorods, carrier relaxation occurs through a
continuum of states®’ and is thus qualitatively different from
the sequential relaxation through discrete states that is observed
for QDs. Auger recombination rates have also been observed to
be slower in nanorods than in QDs, most likely due to greater
spatial separation of the carriers that are involved.”” Even more
complexity is introduced through the growth of branched
structures’ or core/shell structures”*® that provide a
combination of two-dimensional and three-dimensional con-
finement; for example, measurements imply that carrier-
relaxation rates in these mixed-confinement structures are
slowed to the point where they are comparable to radiative
recombination rates.’”**

Despite great progress in controlling nanocrystal structure,
the remaining geometry, in which carriers are confined
quantum mechanically in only one dimension, was not realized
until the past decade. Such nanocrystals can be referred to as
“colloidal quantum wells (QWs),” in analogy to the QWs that
have been produced in III-V semiconductors since the 1980s
using epitaxial deposition techniques such as molecular beam
epitaxy and metal—organic chemical vapor deposition.”” (These
colloidal quantum wells should not be confused with the earlier
synthesized “quantum dot quantum wells,” nanocrystal
heterostructures that consist of a low-bandgap inner shell
sandwiched between a high-bandgap core and outer shell, but
in which carrier confinement is still fully three dimensional.*”)
Colloidal QWs provide a complementary system to epitaxial
QWs, with the same basic electronic structure but with several
significant differences: (1) colloidal synthesis can produce
macroscopic quantities of QWs, each with submicron lateral
dimensions, whereas epitaxial QWs are grown one at a time on
wafers with lateral dimensions of several inches; (2) colloidal
QWs can be synthesized and processed using benchtop
solution-based methods, whereas epitaxial QWs are grown
using high-cost deposition systems on lattice-matched sub-
strates; (3) colloidal QWs are most commonly made of II-VI
semiconductors, whereas epitaxial QWs are most commonly
made of III—V semiconductors; and (4) colloidal QWs are free-
standing nanoscale structures capped with organic molecules,
whereas epitaxial QWs are embedded coherently in a
semiconductor matrix. These different characteristics enable
different applications and lead to qualitatively different carrier
dynamics in the two classes of materials. Carrier dynamics in
colloidal QWs are similarly qualitatively different from those in
colloidal QDs. This Article reviews the novel carrier dynamics
that have been observed in colloidal QWs and the applications
that these dynamics enable, particularly the use of colloidal
QWs as gain materials for lasers.

3,34
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2. SEMICONDUCTOR NANOPLATELETS

Colloidal QWs were discovered by modifying the synthesis
methods that are used to produce colloidal QDs. The first
colloidal QWs to be produced were cadmium chalcogenide
nanoribbons with a wurtzite crystal structure.””** CdSe
nanoribbons are synthesized through the Lewis acid—base
reaction of CdClL(n-octylamine), with octylammonium
selenocarbonate or cadmium acetate with selenourea;** other
chalcogenide nanoribbons are produced using corresponding
precursors. Shortly afterward, the synthesis of zinc-blende
cadmium calcogenide nanoplatelets (NPLs) was demonstra-
ted;*"** Figure 2 shows an example of the structures that can

Figure 2. Top-down transmission-electron-microscope (TEM) image
of CdSe nanoplatelets (NPLs) with thickness of 4.5 monolayers (ML).
Reprinted from ref 72. Copyright 2012 American Chemical Society.

be produced. NPLs are produced through the high-temperature
reaction of a mixture of Cd precursors with short-chain and
long-chain carboxylates (such as cadmium myristate and
cadmium acetate) with a chalcogenide precursor (as a complex
with trioctyl phosphate or as a powder in a solvent such as
octadecene).

Lateral dimensions of the NPLs are generally on the order of
10—100 nm and are determined by the reaction time.*® The
NPL thicknesses range from 2.5 to 5.5 monolayers (ML), and
are determined by the reaction temperatures and the length of
the aliphatic chains on the Cd precursors. (In this Article, one
ML refers to a single unit cell, or one lattice constant.) Perhaps
the most remarkable aspect of the NPL synthesis is that control
over the reaction conditions can control the thickness of the
resulting NPLs with single-ML precision.”’” That is, not only
can the reaction be tuned to increase or decrease the NPL
thickness by one monolayer, but all the NPLs in the ensemble
have the same thickness to within a single atomic layer. This is
reflected in the narrow ensemble PL and absorption line
widths, shown in Figure 3, which are nearly identical to the
measured line width for a single NPL.** Although there is
variation in the lateral dimensions of the NPLs, these
dimensions are much larger than the Bohr diameter of excitons
in the NPLs, so that only the thickness of the NPLs has a
significant effect on their transition energies. The lack of
inhomogeneous broadening is thus a result of all NPLs having
exactly the same thickness. It is also worth noting that the
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Figure 3. Room-temperature photoluminescence spectra (dashed
lines) and absorption spectra (solid lines) for colloidal CdSe
nanoplatelets synthesized under different conditions. The nano-
platelets have thicknesses of (a) 3.5, (b) 4.5, and (c) S.5 monolayers
(ML). Reprinted from ref 44. Copyright 2008 American Chemical
Society.

narrow absorption and emission lines suggest that there is little
variation in thickness across any individual NPL: monolayer
thickness fluctuations, as are typical for epitaxial QWs, would
lead to varying lateral confinement of excitons at different
positions in the NPL and would thus broaden the transitions.
The narrow emission lines also indicate that the observed
luminescence arises entirely from the NPLs and does not
include any measurable contribution from small nanocrystals or
other byproducts than may be present in the solution.

The spectra in Figure 3 were acquired at room temperature,
illustrating another remarkable property of the NPLs: bound
excitons dominate optical absorption and emission from NPLs,
even at room temperature.“"w’49 Two low-energy exciton
peaks are clearly resolved in the absorption spectra, one
involving a heavy hole and an electron (labeled “hh1 — el” in
Figure 3a), and the other involving a light hole and an electron
(labeled “Ihl — el” in Figure 3a). The exciton binding energy
must therefore be large compared to room-temperature thermal
energy. The strong exciton binding energy is a result of the
confinement of carriers within the colloidal QWs, including
both quantum-mechanical confinement (leading to greater
electron—hole wave function overlap) and dielectric confine-
ment (ie., reduced screening of the Coulomb interaction
between the electron and the hole).”® In the limit of perfect
two-dimensional confinement, the binding energy would be a
factor of 4 larger than in the bulk.”" For real colloidal QWs, the
factor is somewhat smaller because of the finite thickness of the
QWs and because the surrounding medium has a finite
dielectric constant and partially screens Coulomb interactions
within the QWSs. The dielectric constants of the organic
molecules and solvents that typically surround colloidal QWs
are significantly smaller than those of the semiconductor
materials that typically surround epitaxial QWs.”” The binding
energies in colloidal QWs are thus significantly higher than in

epitaxial QWs and have been calculated to be in the range of
100—400 meV, depending on the QW thickness."”** Few
direct measurements of binding energies have been made for
colloidal QWs, but measurements of exciton polarizability when
a DC electric field is applied to NPLs indicate a binding energy
of approximately 170 meV for S5.5-ML-thick CdSe NPLs
embedded in a polymer film, in reasonable agreement with
calculations.>

Quantitative comparison of experimental and calculated
exciton binding energies is difficult, because the dielectric
constant of the material surrounding NPLs is generally not well
known. For NPLs in solution, the packing density and
conformation of capping molecules is difficult to characterize;
for NPLs deposited as films, the surface configurations are even
more complex, and the density and arrangement of the NPLs
themselves can have significant effects on the effective dielectric
constant of the film. These challenges led to an initial
misidentification of NPL thickness based on comparison
between calculated and measured transition energies.”” This
misidentification was aided by distortion of the NPL crystal
lattice as compared to bulk™ so that dividing the apparent NPL
thickness in transmission-electron-microscope (TEM) images
by the bulk lattice constant gave an incorrect number of
monolayers. Later studies suggested the need for reinterpreta-
tion of NPL thickness,** which was confirmed bgf high-
resolution cross-sectional TEM images of NPLs.>>*® These
images also verified the expectation that both faces of the NPLs
are terminated with planes of Cd atoms. The cross-sectional
thickness of the NPLs thus consists of a half-integer number of
unit cells, and this Article refers to thicknesses in this way (e.g.,
“2.5 ML,” “3.5 ML”).

Following the examples of colloidal-QD and nanorod
heterostructures, the synthesis of NPLs was soon followed by
the growth of colloidal-QW heterostructures. The most
straightforward heterostructures to synthesize are “core/
crown,” or in-plane heterostructures, which can be produced
by continuing the lateral growth of NPLs with a different
anionic precursor.””*® The growth of core/shell structures,
where the entire NPL is coated by an epitaxial shell of a
different semiconductor, was also demonstrated using a
different one-pot procedure, but the resulting shells had
uneven thicknesses.”> As in the case of core/shell QDs, the
growth of the shell increased PL QYs, but the reproducibility of
this synthesis was limited.”” A more complex but better-
controlled shell growth method, named “colloidal atomic layer
deposition (c-ALD),” was shown to reproducibly result in high-
QY samples with uniform shells (see Figure 4).°° This method
was developed in analogy to gas-phase ALD, in which thin films
are deposited with single-ML precision through an alternating
series of self-limiting half-reactions.’’ In c-ALD, NPLs or
reagants are transferred sequentially between immiscible polar
and nonpolar phases, with the growth of a single, complete
atomic layer (half a ML) upon each transfer.

Because the shells are grown one atomic layer at a time, the
c-ALD process preserves the single-ML monodispersity of the
NPL ensembles. Inhomogeneous broadening due to variations
in NPL thickness is thus expected to still be absent. This was
confirmed by measuring photoluminescence excitation (PLE)
spectra for core/shell NPL ensembles at different emission
wavelengths.***° For inhomogeneously broadened QDs,
monitoring emission at a particular wavelength selects a
subensemble of the QDs whose emission overlaps most
strongly with the monitored wavelength. PLE spectra for
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Figure 4. Cross-sectional image of a CdSe/CdS core/shell NPL with
core thickness of 4.5 monolayers (ML) and shell thickness of 6 ML.
Reprinted from ref 67. Copyright 2017 American Chemical Society.

different emission wavelengths thus correspond to different
subensembles of the QDs and are different from one
another.”®* For NPLs, including core/shell NPLs grown by
c-ALD, PLE spectra are independent of emission wavelength,
indicating that all NPLs in the ensemble have the same
emission spectrum.

The absence of any inhomogeneous broadening that arises
from differences in the NPL thicknesses simplifies the job of
the optical spectroscopist. For most nanoparticles, ensemble
measurements result in complex, weighted averages of the
optical properties being measured. For NPLs, spectral
variations among nanoparticles have been eliminated, and
ensemble measurements can thus be used to determine
quantitative structure—property relationships.

3. CARRIER RECOMBINATION

The most common optical-spectroscopy measurement per-
formed on colloidal QWs is PL, in which a short-wavelength
light source is used to excite carriers in the QWs well above the
bandgap. Light is emitted from the QWs when these carriers
bind into excitons, relax to the band edge, and recombine
radiatively, with relaxation and radiative recombination
competing with carrier trapping and nonradiative recombina-
tion. (See Figure 1.) Time-resolved PL measurements thus
provide access to the various dynamical processes that carriers
experience in the nanoparticles; this Article focuses on the
results of such measurements.

Specifically, a measurement of the total PL intensity emitted
by an NPL sample as a function of time after excitation by a
laser pulse tracks the population of excitons in the luminescent
NPLs in the sample. If the sample is weakly excited, so that the
average number of excitons produced by the laser pulse in each
NPL is much less than one, then a time-resolved PL
measurement provides information about single-exciton
recombination dynamics—that is, the combination of radiative
and nonradiative recombination. Such measurements give
average room-temperature exciton recombination times in
CdSe NPLs of approximately 200—300 ps. As in CdSe QDs,
the ground state is expected to be a dark exciton, and room-
temperature emission is expected to come primarily though
thermal excitation of the bright-exciton state.”””’ These
expectations were confirmed through temperature-dependent
and magnetic-field-dependent time-resolved PL measurements,
and average bright-exciton and dark-exciton lifetimes were
inferred from the measurements.

It is difficult, however, to ascribe a great deal of physical
meaning to measured average lifetimes, because the PL decay
curves in all measurements are far from single-exponential
decays. Multiple decay times in ensemble measurements could
in principle be a result of heterogeneity of NPLs in the
ensemble, with different populations of NPLs having different
decay dynamics; however, this cannot explain the nearly
identical multiexponential decay observed on nanosecond time
scales for single NPLs, as illustrated in Figure 5a.*® Another
possible source of complex dynamics is “dynamical,” rather than
structural, heterogeneity: the recombination rate inside
individual NPLs can fluctuate over time, leading to multi-
exponential decay in a time-averaged measurement. This is
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Figure S. (a) Photoluminescence (PL) intensity from S.S-monolayer (ML)-thick CdSe nanoplatelets (NPLs) at room temperature, as a function of
time after excitation by a laser pulse. Results are shown for an ensemble of NPLs and for a single NPL. Reprinted from ref 48. Copyright 2012
American Chemical Society. (b) PL intensity from an ensemble of 4.5-ML CdSe NPLs as a function of time after excitation. Data are plotted on a
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at different time resolutions. Reprinted from ref 71. Copyright 2016 American Chemical Society.
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commonly observed in colloidal QDs®* and is connected to PL
intermittency, or “blinking.”*> The emission from individual
QDs turns “off” and “on” because of jumps in the nonradiative
recombination rate, with the “off” state corresponding to fast
nonradiative recombination and the “on” state corresponding
to slow nonradiative recombination. Blinking has been
observed in the emission from single NPLs;*® if the mechanism
is similar to that in QDs, then the measured PL dynamics
would represent a weighted average over the lifetimes in the
“on” and “off” states. This would result in biexponential decay,
with the shorter time constant corresponding approximately to
the nonradiative lifetime and the longer time constant
corresponding to the radiative lifetime. Analyzing time-resolved
PL measurements according to this model yielded a radiative
lifetime of 220 ps for CdSe NPLs and 230 ps for CdSe/CdS
core/shell NPLs.%

Other time-resolved PL measurements, however, have
required three®” or four®® exponential components to fit the
decay curves. The fastest decay component, with a lifetime of
approximately S0 ps, can still be attributed to nonradiative
recombination, and the decay component with a lifetime of
200—300 ps can still be attributed to radiative recombination.
However, slower decay components have also been observed,
with lifetimes in the ranges of 1-3 ns, 15—25 ns, and 80—100
ns. Since the PL QY from the NPLs is, in the absence of
significant trapping, given by the ratio of the radiative
recombination rate to the total recombination rate, QY
measurements can give insight into the nature of the measured
decay constants; such an analysis is consistent with all of the
decay times except the very shortest corresponding to radiative
processes.”® The interpretation of the longer decays as being
radiative is further supported by the observation that they are
all modified by approximately the same factor when the NPLs
are coupled to an optical cavity.”” Placing an emitter inside an
optical cavity enhances its spontaneous emission rate, because
spontaneous emission is a result of interaction between the
emitter and its local electromagnetic environment.”’ Since this
emission enhancement affects only radiative processes,
modification of the NPL lifetimes indicates that they
correspond to radiative recombination. It is not yet clear,

10664

however, what the physical explanation is for the existence of
multiple radiative lifetimes in individual NPLs.

Even more complex PL dynamics are observed on longer
time scales.”’ As illustrated in Figure Sb, the nanosecond-scale
multiexponential decay is followed by a power-law decay that
extends to time scales up to 10 ys. The PL spectrum at these
long time delays is nearly identical to the spectrum at short
time delays, indicating that the same transition is involved in
both cases. The slow dynamics were therefore attributed to
transfer of one of the charge carriers from the emissive state to
a trap state, followed by its transfer back to the emissive state
some time later.

4. CARRIER RELAXATION

Information about relaxation of electrons and holes can also be
obtained from time-resolved PL measurements if the spectrum,
and not only the total intensity, of the emitted light is measured
as a function of time after excitation.”” Figure 6a shows
representative results from a sample of CdSe NPLs; a high-
energy tail is apparent on the spectra for short time delays.
Since the energy of emitted photons corresponds to the energy
difference between the recombining electron and hole, the
shape of this tail corresponds to the distribution of carrier
energies (assuming that the transition matrix elements and the
joint density of states are approximately independent of energy
over the measured energy range). On a logarithmic scale, the
tail is a straight line, corresponding to a Boltzmann distribution
of carrier energies

I(hw) « exp(—h—w)

kyT (1)
where @ is the photon frequency, T is the effective carrier
temperature, and ky is Boltzmann’s constant. This indicates that
the carriers reach internal thermal equilibrium on a time scale
fast compared to the few-picosecond time resolution of the
measurement. They initially equilibrate at a high effective
temperature, and their temperature gradually reduces as they
relax toward the band edges. This is qualitatively different from
the case of QDs, where carriers cascade downward sequentially
through discrete quantum-confined states,'”* and demon-
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Figure 7. (a) Photoluminescence (PL) intensity as a function of time after pulsed excitation from CdSe/CdS core/shell nanoplatelets (NPLs) with
CdSe core thickness of 4.5 monolayers (ML) and CdS shell thickness of 4 ML. Data are shown for different excitation-pulse fluences and are
normalized so that they approach the same intensity at long delay times. (b) Average number of excitons per NPL, N(t), as a function of time after
excitation. Results are obtained by shifting the luminescence intensities, without normalization, in time so that they fall onto the same curve. Also
shown is a fit (black line) to a model of biexcitonic Auger recombination. Reprinted from ref 67. Copyright 2017 American Chemical Society.

strates that a continuous density of states is indeed available for
carriers in NPLs. It is also worth noting that emission is
observed only for energies near the exciton transition energy,
indicating that the electron—hole pairs that are excited by the
incident laser pulse bind into excitons on subpicosecond time
scales, and the carriers are already bound into excitons as they
relax.

The carrier temperature at a given time after excitation can
be determined, following eq 1, from the slope of the high-
energy tail of the corresponding PL spectrum; representative
results are shown in Figure 6b. An initial fast decay is observed
but is not well resolved by these measurements. Time-resolved
two-photon photoemission measurements on CdSe and CdSe/
CdS NPLs have shown electron cooling with time constants
below 2 ps,* which was explained as being due to rapid
emission of LO phonons. Rapid LO-phonon cooling has been

75 and in

observed in bulk semiconductors, including CdSe,
epitaxial quantum wells.”® In these materials, the rapid cooling
is followed by a slower cooling phase, because LO phonons are
generated more quickly than they can decay into acoustic
phonons or diffuse away from the excitation region.”””® The
resulting population of LO phonons returns heat back to the
carriers, and the carrier cooling rate is limited by the rate at
which the LO-phonon population decays. As shown in Figure
6b, the initial rapid cooling of carriers in CdSe NPLs is followed
by a slow relaxation, and it may initially seem that this could be
explained by the same “hot-phonon” effect. However, the
observed cooling time in the NPLs is on the order of 100 ps,
much longer than the approximately 10 ps LO-phonon lifetime.
Instead, the slow relaxation is a consequence of Auger
heating,”” as previously observed in colloidal nanorods.” As the
carriers cool through the emission of phonons, they are heated
through the Auger recombination of other carriers. When an
exciton undergoes Auger recombination, the energy it releases
is transferred to a carrier in another exciton; this high-energy
carrier rapidly exchanges its energy with the other carriers in
the NPL, increasing their effective temperature. This Auger
reheating competes with cooling through phonons, thereby
determining the overall dynamics of carrier relaxation.
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5. AUGER RECOMBINATION

The importance of Auger heating illustrates the overall
significance of Auger recombination in colloidal QWs. Auger
recombination dynamics can be studied more directly by
returning to the total time-dependent PL intensity but now
making measurements at high excitation powers, so that each
incident laser pulse excites multiple excitons into each
NPL.”*% Representative results are shown in Figure 7a.
These decay curves have been normalized to their values at 650
ps to emphasize the subnanosecond decay component that
increases in relative magnitude and becomes faster as the
energy in the pump pulse increases. This is a sign of a
multicarrier process; more specifically, since the -carrier-
relaxation experiments have shown that excitons are created
on the subpicosecond time scale and are highly stable at room
temperature, the high-excitation dynamics correspond to
multiexciton recombination.

In experiments involving colloidal QDs, multiexciton
recombination is most commonly analyzed by including an
exponential term for each combination of excitons that can
undergo recombination.” In NPLs, where the number of
excitons can become large, this becomes impractical. Instead,
we approximate the exciton number as a continuous variable,
N(t), and we consider only biexcitonic Auger recombination,
ignoring both single-exciton recombination and processes such
as trapping that involve free carriers.”” We further assume that
the rate of biexcitonic Auger recombination is proportional to
the square of the exciton number. With these approximations,
which should hold for N(t) > 2, we can write

dN(t) N2
- AN 2)

where we call coefficient A the Auger recombination rate.
Solving eq 2 gives

_ N(0)
N = 1 + AN(0)t (3)

Eq 3 indicates that the Auger recombination dynamics at time ¢
depend only on the exciton number, N(t), at that time.” In
other words, exciting the sample with a high pump fluence
leads to a large initial number of excitons per nanoplatelet,
N(0); once the exciton population decays from this initial value
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Figure 8. (a) Auger recombination rate as a function of shell thickness for CdSe/CdS core/shell nanoplatelets with core thicknesses of (a) 4.5
monolayers (ML) and (b) 5.5 monolayers (ML). Reprinted from ref 67. Copyright 2017 American Chemical Society.

to a lower value, N, the subsequent dynamics are the same as
the dynamics obtained when the sample is excited with a lower-
fluence pulse that produces N excitons to begin with. Since the
measured PL decay intensity is proportional to N(t), it should
thus be possible to shift the PL decay curves for different
excitation fluences along the time axis and make them all
overlap, resulting in a “universal” decay curve that reflects the
underlying Auger recombination dynamics. This is demon-
strated for a representative data set in Figure 7b. In this figure,
biexcitonic Auger recombination dominates the exciton
dynamics for time scales less than approximately 300 ps. At
longer times, the average exciton number is less than or equal
to 1; in this regime, no NPL is likely to be occupied by more
than one exciton, and the dynamics are independent of pump
fluence.

Figure 7b also shows a fit of the multiexciton dynamics to eq
3. Values of the Auger coeflicient A determined from this and
equivalent fits are summarized in Figure 8 for CdSe/CdS core/
shell NPLs with different core and shell thicknesses.”” It can be
seen that, for both core thicknesses, the Auger coefficient
initially decreases as shell thickness increases, reaching a
minimum for shell thickness of 3—4 ML, and then increases
again with further increases in shell thickness. This non-
monotonic behavior contrasts with the previous observation of
a monotonic dependence of Auger rate on thickness of CdSe-
only NPLs®' and also contrasts with previous observations of a
monotonic decrease in Auger rate with increasing shell
thickness for CdSe/CdS core/shell QDS.82 However, the QD
measurements involved ensembles of nanocrystals that
necessarily had a distribution of core and shell thicknesses;
since Auger rates are sensitive to small changes in the
nanocrystal dimensions, it is possible that an underlying
nonmonotonic dependence exists for QDs, but could not be
observed because of the averaging effects of this polydispersity.

6. OPTICAL GAIN

The ability to reduce the Auger recombination coefficient in
NPLs by growing a shell of appropriate thickness implies that it
should be possible to engineer NPL structures in order to
minimize threshold power densities for optical gain and lasing.
Indeed, reducing Auger rates has been an important strategy for
the reduction of thresholds for colloidal QDs.**** An
alternative strategy is to engineer the QD structure so that
population inversion can be obtained at a lower exciton density;
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the total Auger recombination rate will thus be lower at
threshold, even if the Auger constants in the QDs remain high.
This was accomplished by designing QD heterostructures so
that optical absorption by an unoccupied QD and emission by a
QD that contains a single exciton occur at significantly different
energies; a single exciton is thus sufficient to invert a QD.*>*
Recently, even lower thresholds were obtained by growing QDs
with strong anisotropic strain that lifts the degeneracy of the
valence band; these QDs enabled CW gain and lasing at room
temperature.”” The QW electronic structure of NPLs presents a
similar advantage: because of the large density of states at the
band edge, population inversion can be obtained without
requiring the high exciton densities that are required in
conventional QDs.

Aside from reduced Auger rates at the exciton densities
required for inversion, NPLs have two additional advantages
over conventional colloidal QDs in terms of reducing gain and
lasing thresholds. The first is their large optical absorption cross
section, which is simply due to their large physical volumes.
This reduces the threshold under optical pumping, as
previously observed for colloidal nanorods.*® More signifi-
cantly, there is essentially no variation in the emission energies
among the NPLs within an ensemble, because they all have the
same thickness. For an ensemble of QDs in a laser cavity, only
the fraction of nanocrystals whose emission overlaps with the
cavity line will contribute to gain; for an ensemble of NPLs, all
the nanocrystals will contribute. These advantages are obtained
while retaining the fast intraband relaxation, relatively slow
interband recombination, and high luminescence QY that are
required for a high-quality optical gain material.

The optical gain properties of semiconductor materials are
often characterized using measurements of amplified sponta-
neous emission (ASE).* Most commonly, the gain material is
deposited as a thin film on a substrate, and the film is excited
from normal incidence using a laser beam that is focused into a
stripe. Spontaneous emission occurs along the length of the
stripe, and some of the emitted light is trapped in the film by
total internal reflection and guided along the stripe. This guided
emission can then produce stimulated emission, resulting in
optical gain. ASE occurs when the gain due to stimulated
emission exceeds the losses due to absorption and scattering,
and the emitted intensity increases exponentially along the
stripe. For a given stripe length, this occurs at a particular

threshold pump power density. Experimentally, the threshold
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can be identified through the emergence of a narrow-line width
stimulated-emission peak on the broader spontaneous-emission
background and an increase in the slope in a graph of the
output power as a function of the input power.

Both of these ASE properties are illustrated, for representa-
tive films of CdSe NPLs and CdSe/CdS core/shell NPLs, in
Figure 9.5 As shown in the inset of Figure 9¢, measurements
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Figure 9. (ab) Photoluminescence (PL) spectra from films of
nanoplatelets (NPLs), for pulsed excitation with different pump
fluences. Results are shown for (a) 4.5-monolayer (ML)-thick CdSe
NPLs and (b) CdSe/CdS core/shell NPLs with 4.5-ML cores and 3-
ML shells. (c) Normalized integrated emission intensity from the film
of core/shell NPLs as a function of pump fluence. The dots are
experimental data, and the red lines are two linear fits for different
regions of pump fluence. The inset shows a histogram of the amplified
spontaneous emission (ASE) thresholds for different films of core/
shell NPLs with 4.5-ML cores and 3-ML shells. Reprinted from ref 56.
Copyright 2014 American Chemical Society.

on several films produced from the same sample of NPLs
showed significant variations in threshold. The thresholds were
also observed to be sensitive to the film preparation conditions,
particularly the concentration of capping molecules in the NPL
solution that was used. If the capping-molecule concentration
was too high, the films showed significant optical scattering,
most likely due to phase segregation of the excess capping
molecules. For low capping-molecule concentrations, on the
other hand, NPLs are known to form face-to-face stacks;”
energy transfer among NPLs in the stacks quenches
luminescence,” and large stacks can contribute to optical
scattering. Thresholds are thus minimized for optically
transparent but microscopically disordered films. The trade-
off for this random ordering is a lower packing density for the
NPLs in the film, and thus a lower gain coefficient. Despite this
trade-off, the optimized films showed low ASE thresholds, with
the lowest observed threshold of 6 yJ/cm? bein§ lower than any
previous reports using colloidal nanocrystals,””*® and equiv-
alent to the lowest reported threshold at that point using any
solution-processed material.”>” Similar ASE thresholds were
obtained in an independent report,”* and ASE from NPLs has
also been observed under two-photon pumping and for CdSe/
CdTe core/crown NPLs.”

For a given pump power, there is also a threshold stripe
length for ASE. For stripe lengths, ], greater than this threshold,
the output intensity increases as e, where G is the modal gain
coefficient. Of course, the output power cannot increase

indefinitely and eventually saturates with increasing stripe
length or pump power. For pulsed excitation of the gain
material, this saturation corresponds to the point where
stimulated emission fully depletes the gain medium. Measure-
ments of ASE as a function of stripe length thus provide a
straightforward means of determining modal gain and
saturation threshold; both of these characteristics were
observed to be higher for NPLs than previously reported best
values for colloidal QDs."***?° The lowest ASE thresholds and
highest modal gains were observed for CdSe/CdS core/shell
NPLs with 4.5-ML cores and 3-ML shells. This shell thickness
also gives the lowest Auger coefficient (see Figure 8a),
validating the importance of minimizing Auger rates in
optimizing NPLs as gain materials.

7. LASING

Integration of NPLs into laser cavities followed quickly on the
initial demonstration of low ASE thresholds. Using CdSe and
CdSe/CdS core/shell NPLs with different core and shell
thicknesses, ASE in thin films and lasing in Fabry—Pérot
cavities were demonstrated across the entire visible spec-
7= using one-, two-, and three-photon excitation.'’
Moreover, lasing was reported at room temperature under
continuous-wave excitation;101 this important practical mile-
stone had not previously been realized using solution-processed
materials.

These successes raised the prospect of producing NPL lasers
with very low thresholds. Minimizing laser threshold requires
optimizing not only the NPLs as a gain material but also the
optical cavity into which they emit. Reducing the mode volume
of the cavity reduces laser threshold by reducing the amount of
active material that must be inverted and by increasing the rate
at which the active material emits photons into the cavity
mode:”° this increases the fraction, 3, of spontaneously emitted
light that is coupled into the mode, thereby decreasing the
number of photons that must be emitted before stimulated
emission overcomes spontaneous emission.

The lowest mode volumes are obtained using plasmonic
metal nanoparticles as optical resonators.'”” However, plasmon
resonances unavoidably suffer from strong damping'® so that
the resonators have low photon storage times or low optical
quality factors, Q. The optimal trade-off between small mode
volume and high Q is obtained using photonic-crystal (PC)
cavities.'”* A PC is a structure in which the refractive index is
modulated periodically on a length scale comparable to the
wavelength of light.'’” Interference among multiple reflections
in the periodic structure prevents light propagation within a
certain frequency range, known as a stop band or photonic
band gap. Around a localized defect in the PC lattice, a
localized photonic state is formed within the stop band. The
localized defect is a type of optical cavity, with the surrounding
PC acting as a mirror.

To produce a low-threshold NPL laser, we used a PC cavity
fabricated in a suspended nanobeam of silicon nitride.'"
Silicon nitride is chosen as the cavity material because it has a
high refractive index, it is transparent at NPL emission
wavelengths, and it can be processed into high-quality
microstructures using standard semiconductor fabrication
tools. The nanobeam geometry is chosen because of the ease
of integration of NPLs. The beam acts as a single-mode optical
waveguide for light emitted by the NPLs. A one-dimensional
PC is formed by milling a line of air holes in the nanobeam, and
the cavity is formed by reducing the spacing and radius of holes
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Figure 10. (a) Photoluminescence (PL) spectra from CdSe/CdS core/shell nanoplatelets (NPLs) with 4.5-monolayer (ML)-thick cores and 4-ML-
thick shells, deposited on top of a silicon-nitride photonic-crystal nanobeam cavity, for continuous-wave excitation with different pump powers.
Symbols indicate the measured data, and the lines are Lorentzian fits. (b) Top: integrated output intensity as a function of pump power. Red squares
are measured data, and the solid curve is a fit to the laser rate equation, corresponding to a spontaneous emission coupling efficiency f = 0.81.
Dashed curves are calculation results for different values of . Bottom: emission line width as a function of pump power. The vertical dashed line
indicates the laser threshold. (c) Output intensity after subtracting a linear fit to the data points below threshold. Reprinted from ref 69. Copyright

2017 Springer Nature.

in the center of the beam. NPLs are then simply drop-cast on
the top surface of the nanobeam; those that are deposited in
the center of the cavity are located at the maximum electric
field of the cavity mode, and thus couple optimally to the cavity.

Lasing was demonstrated at room temperature by exciting
the completed device from the normal direction by using a
continuous-wave laser.”” As shown in Figure 10a, the emission
spectrum for NPLs coupled to the cavity is very narrow, even
below threshold, because emission into the cavity mode is
enhanced above all other emission.”” The result is a high
spontaneous emission coupling factor, f, and thus a “soft”
threshold in the plot of output power as a function of input
power,'”” as shown in Figure 10b. Lasers with large cavity
mode volumes and low  show a dramatic change at threshold
in the slope of the input—output curve on a linear scale (similar
to the ASE threshold shown in Figure 9c), corresponding to a
pronounced “S” shape on a log—log plot, with an inflection
point where round-trip gain overcomes loss in the cavity. For
microscopic lasers, the inflection becomes less pronounced and
eventually disappears as # —> 1, as illustrated by the theoretical
curves in Figure 10b. The inflection is nonetheless still present,
as can be seen by subtracting a straight line from the data (see
Figure 10c).

The conventional definition of laser threshold is the point at
which gain overcomes loss and is commonly found by
extrapolating a linear fit to the above-threshold input—output
curve. However, for lasers with high $, a more appropriate
definition of the threshold is the point at which the rate of
stimulated emission equals the rate of spontaneous emission,
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which corresponds to the point where the average photon
number in the cavity is unity.'”® This threshold can most
accurately be found by fitting the input—output curve to the
results of a rate equation,'”” as illustrated in Figure 10b. The
threshold is also apparent in the characteristic line width
behavior in Figure 10b. Below threshold, the output line width
decreases with increasing pump power due to absorption
saturation and reduced spontaneous-emission noise. Just below
threshold, the line width increases due to gain-index coupling,
indicating a dynamic phase transition to lasing.'”” Above
threshold, the line width shows characteristic Shawlow—
Townes narrowing, due to continued suppression of sponta-
neous emission noise. This narrowing does not continue
indefinitely; rather, the line width appears to approach a
minimum value, likely due to heating of the device.

The threshold of this device corresponds to 0.97 yW of
incident pump power, lower than previous reports for lasers of
any kind operating at room toe,mperature.l10’lll We estimate
that 210 nW of this incident power is absorbed by the NPLs at
threshold; this threshold in absorbed power is equivalent to the
best previous reports for a room-temperature laser.''’ In
contrast to many other lasers based on colloidal nanocrystals,
the PC-cavity NPL laser is stable under CW operation at room
temperature for several hours in a nitrogen environment, with a
decrease of only 5% in the measured output power over 2 h of
uninterrupted operation.
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8. CONCLUSIONS

Semiconductor nanoplatelets confine carriers strongly in only
one spatial dimension, thereby acting as colloidal quantum
wells. Ensembles of NPLs can be synthesized with thicknesses
that are identical to within a single ML, and Auger
recombination rates can be minimized by growing core/shell
NPLs. The NPLs can thus serve as optical gain materials with
low gain thresholds and high gain coefficients. Incorporating
the NPLs into a photonic-crystal cavity with small mode
volume results in a laser that operates stably under continuous-
wave excitation at room temperature, with a threshold lower
than that of any previously demonstrated room-temperature
laser. The measured threshold is limited almost entirely by the
quality factor of the cavity and could be reduced further by
improving the fabrication process to provide higher cavity Q.""

As well as providing a low threshold, the small mode volume
of the PC-cavity NPL laser should enable the laser to have a
high modulation bandwidth. The SiN material used for the
cavity is compatible with standard photonic processing tools,
and the solution processability of the NPLs means that they can
readily be incorporated into any materials platform. The lasers
thus have the characteristics that are needed to serve as light
sources for low-power on-chip optical communication. "’
Realizing this or other practical applications of the lasers will
require improvements in the fabrication process to provide
higher yields of successful devices, treatment of the NPL
surfaces, or encapsulation of the devices to provide long-term
stability in ambient operating conditions and to find a route
toward electrical injection rather than optical pumping.

PC cavities are not the only ones that can be used for NPL
lasers: the NPLs have the potential to provide low-threshold
lasing at nearly arbitrary wavelengths, in nearly arbitrary cavity
configurations. The broad tunability of the NPL emission
enables laser operation in wavelength ranges that are currently
difficult to access using semiconductor and solid-state lasers.
The solution processability of the NPLs means that the lasers
could be integrated onto flexible substrates, into CMOS-
compatible substrates and processes, into lab-on-chip diagnostic
systems, and into chemical sensing systems. Many of these
configurations would likely employ films of NPLs similar to
those used for the ASE measurements described above. These
films can likely be further improved, using ligand-exchange
strategies that have been successful for colloidal QDs, %' 5o
that scattering losses are lower and packing densities of NPLs
(and thus gain coefficients) are higher.

Minimization of gain and laser thresholds was achieved, in
part, by controlling the core/shell structure of NPLs to
minimize Auger rates. Minimization of Auger rates can benefit
other potential applications of NPLs, as well. For example,
Auger recombination is understood to be at least partially
responsible for limiting the efficiency of nanocrystal-based
LEDs at high currents.''''® Auger recombination can also
compete with energy or charge transfer from NPLs to other
light emitters. It has already been shown that energy transfer
between NPLs can be much faster than energy transfer between
QDs and can be efficient, because it is faster than Auger
recombination.''” Further reducing Auger rates could poten-
tially allow the efficiency of energy or charge transfer from
NPLs to approach 100%. If NPLs, with their large absorption
cross sections, can efficiently transfer charge to high-QY
emitters with small absorption cross sections, the result will be
a photoluminescent material with minimal reabsorption of

emitted light. Such a material could provide an alternative route
toward low-threshold optically pumped lasers,"'® and could be
used to produce luminescent solar concentrators with high
concentration factors and high efficiencies."' ">’

The first step toward minimizing Auger recombination in
NPLs has been provided by the observation that the Auger
coefficient in core/shell NPLs has a minimum as a function of
shell thickness. This minimum may also exist for colloidal QDs
but has been obscured by polydispersity in the QD ensembles
that were studied experimentally. Indeed, calculations have
predicted oscillations in the Auger recombination rate for core/
shell QDs with increasing shell thickness."*"'** A quantitative
understanding of Auger rates in NPLs will require adapting
these calculations to the two-dimensional geometry of colloidal
QWs, including the challenging task of taking into account the
strong electron—hole correlations that are present in these
materials. With such an understanding, it may be possible to
engineer NPL heterostructures with even smaller Auger
coefficients. For example, graded interfaces between the core
and the shell have been shown to reduce Auger rates in core/
shell QDs,*>'**~"** and a similar approach may be effective for
NPLs. Growing a shell with type-II band alignment has also
been shown to have a strong effect on Auger recombina-
tion.”*'*® So far, type-Il NPL heterostructures have been
demonstrated only in the core/crown configuration,'”” where
the interfacial area between the two materials is small; gain
thresholds using these NPLs have been comparable to those
achieved using CdSe/CdS core/shell NPLs.'?® It should be
possible to extend the c-ALD technique to produce type-II
core/shell NPLs, potentially leading to further reductions in
gain threshold. Moreover, these type-II colloidal QWs should
support spatially indirect excitons with long lifetimes, without
requiring the low temperatures that have been required to
observe spatially indirect excitons in epitaxial quantum
129,130 Long exciton lifetimes, together with the strong
carrier—carrier interactions that are the result of weak screening
in colloidal QWs, may provide an opportunity to observe new
phenomena based on the interactions of multiple excitons.

Long exciton lifetimes could also be realized by synthesizing
NPLs out of materials that have slow intrinsic recombination
rates. NPLs of materials other than the cadmium chalcogenides
that are the focus of this Article could also provide emission in
spectral ranges outside of the visible, eliminate the use of
hazardous materials in future applications, and provide access
to a broad range of novel physical phenomena. Already, cation
exchange has been used to convert CdS NPLs into ZnS and
PbS NPLs and CdSe/CdS core/shell NPLs into ZnSe/ZnS and
PbSe/PbS core/shell NPLs.'*' It has been proposed that the
growth of colloidal NPLs is driven by an intrinsic growth
instability,*” suggesting that NPLs can be produced out of a
wide variety of materials if appropriate precursors can be found.
Indeed, the versatility of the synthesis method has already been
demonstrated through the growth of NPLs of Gd,0,,'*
LaF;,"** In,S;,'* transition-metal oxides and rare-earth
oxides,"*® GeS and GeSe,"”’ Z1S,,"*® transition-metal chalco-
genides,"*”"*" organihalide perovskites,'*' cesium lead halide
perovskites,"*”'** and FeS,."** Access to a nearly unlimited
library of materials means that colloidal QWs have the potential
to rival van der Waals materials'** as a platform for exploring
the novel phenomena and applications that arise in two-
dimensional materials.

wells.
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