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CONSPECTUS: Two-dimensional (2D) cadmium chalcogenide (CdX, X
= Se, S, Te) colloidal nanoplatelets (NPLs) make up an emerging class of
quantum well materials that exhibit many unique properties including
uniform quantum confinement, narrow thickness distribution, large exciton
binding energy, giant oscillator strength, long Auger lifetime, and high
photoluminescence quantum yield. These properties have led to their great
performances in optoelectrical applications such as lasing materials with a
low threshold and large gain coefficient. Many of these properties are
determined by the structure and dynamics of band-edge excitons in these
2D materials. Motivated by fundamental understanding of both 2D
nanomaterials and their applications, the properties of 2D excitons have
received intense recent interest. This Account provides an overview of
three key properties of 2D excitons: how big is the 2D exciton (i.e., exciton center-of-mass coherent area); how the exciton
moves in 2D NPLs (i.e., exciton in-plane transport mechanism); how multiple excitons interact with each other (i.e., biexciton
Auger recombination); and their effects on the optical gain mechanism and threshold of colloidal NPLs.
After a brief introduction in Section 1, the current understandings of 2D electronic structures of cadmium chalcogenide NPLs,
and type-I CdSe/CdS and type-II CdSe/CdTe core/crown NPL heterostructures are summarized in Section 2. Section 3
discusses the direct measurement of exciton center-of-mass coherent area in 2D CdSe NPLs, its dependence on NPL
parameters (thickness, lateral area, dielectric environment, and temperature), and the resulting giant oscillator strength
transition (GOST) effect in 2D NPLs. 2D exciton diffusive in-plane transport in CdX NPLs and the comparison of exciton
transport mechanisms in 2D NPLs and 1D nanorods are reviewed in Section 4. How Auger recombination lifetime depends on
nanocrystal dimensions in NPLs, quantum dots, and nanorods is discussed in Section 5. The lateral area and thickness
dependent Auger recombination rates of NPLs are shown to be well described by a model that accounts for the different
dependence of the Auger recombination rates on the quantum confined and nonconfined dimensions. It is shown that Auger
recombination rates do not follow the “universal volume scaling” law in 1D and 2D nanocrystals. Section 6 describes optical
gain mechanisms in CdSe NPLs and the dependence of optical gain threshold on NPL lateral size, optical density, and
temperature. The differences of optical gain properties in 0D−2D and the bulk materials are also discussed, highlighting the
unique gain properties of 2D NPLs. At last, the Account ends with a summary and perspective of key remaining challenges in
this field in Section 7.

1. INTRODUCTION
Cadmium chalcogenide (CdX, X = Se, S, Te) colloidal two-
dimensional (2D) nanoplatelets (NPLs) or quantum wells
(QWs) make up a new class of quantum-confined nanocrystals
(NCs).1,2 Compared to 0D quantum dots (QDs) and 1D
nanorods (NRs), 2D NPLs have tunable and atomically precise
thicknesses, leading to a uniform quantum confinement
energy.1 The thickness distribution in their ensembles is
narrow so that the emission line-width of a NPL ensemble is
almost the same as that of a single NPL (∼42 meV),3 which is
sharper than the best-reported core/shell QDs (∼67 meV).4

The basal plane of 2D NPLs is well passivated by ligands,5

which reduces surface defects and results in a photo-
luminescence (PL) quantum yield (QY) of over 50% in
NPLs without any passivating inorganic shell layers.1,5

Moreover, the multiexciton lifetime of cadmium chalcogenide
NPLs (hundreds of ps)6,7 is longer than that of QDs (10s of
ps) of similar exciton transition energy.8 These properties have

led to reports of promising lasing performances with large gain
coefficients and low thresholds.7,9−15 The best reported
amplified spontaneous emission (ASE) threshold of CdSe
NPLs is as low as ∼6 μJ/cm2,7 which is over an order of
magnitude lower than that in QDs with similar band-edge
exciton transition energies.16,17

The lasing performance and optical gain (OG) properties of
2D NPLs are mainly determined by their absorption and
emission properties, which are controlled by the properties of
2D excitons (Scheme 1). Strong quantum- and dielectric-
confinement effects of 2D NPLs give rise to a large exciton
binding energy of ∼100−200 meV.1,18 This strongly bound
electron−hole pair enhances the band-edge transition strength.
It is speculated that, in the absence of exciton−phonon
scattering and surface imperfection, the exciton center-of-mass
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can coherently delocalize throughout the entire NPL, giving
rise to the giant oscillator strength transition (GOST)
effect.1,19−21 The area of exciton center-of-mass directly
determines the radiative decay rate of NPLs,19,22 exciton in-
plane transport mechanisms (diffusive vs ballistic),23,24 and
multiexciton annihilation rates.25 In recent years, 2D exciton
and OG properties of NPLs and their heterostructures have
been intensively studied because of the interests in both the
fundamental understanding of 2D nanomaterials and improve-
ment of their lasing performances.
This Account provides an overview of the current under-

standing of three key 2D exciton properties (exciton center-of-
mass coherence area, exciton transport and Auger recombina-
tion) in colloidal CdX (X = S, Se, Te) NPLs and how these
properties affect their optical gain mechanisms. The remainder
of this Account starts with a summary of the current
understanding of 2D electronic structures of NPLs and the
band alignments of type-I and type-II NPL heterostructures.
The direct measurement of exciton coherent area of 2D CdSe
NPLs and the GOST effect is discussed in Section 3. 2D
exciton diffusive in-plane transport and biexciton Auger
recombination in NPLs are reviewed in Sections 4 and 5,

respectively. The dependence of the OG threshold on NPL
lateral size, optical density, and temperature is discussed in
Section 6. The Account ends with a summary of current status
and a perspective of key challenges of this field.

2. ELECTRONIC STRUCTURE OF NPLS AND NPL
HETEROSTRUCTURES

CdX (X = Se, S, and Te) NPLs have a zinc-blend structure
with alternating Cd and X layers and with Cd on both the top
and bottom basal planes.1 They are often referred to as n CdX
monolayer (ML) NPLs, which contain n + 1 Cd and n X
layers. TEM images of these NPLs show nearly rectangular
shape with length and width of 10s to 100s of nm (Figure 1a−
c).6 The electronic structure of NPLs is reflected by their
absorption spectra (Figure 1d),6 with the two lowest energy
absorption peaks representing the electron-heavy hole (A
exciton) and electron-light hole (B exciton) transitions,
respectively. The A and B excitonic transition energies can
be quantitatively reproduced by an eight-band effective-mass
approximation method.1 The positions of the conduction band
(CB) and valence band (VB) edge are determined by their
bulk band-edge positions, electron (Ek(e)) and hole (Ek(e))
quantum confinement energies, carrier self-image energy
induced by the dielectric confinement effect, and exciton
binding energy induced by the electron−hole Coulomb
interaction.1 A tight-binding calculation has shown that the
self-image energy and the exciton binding energy are both
enhanced by the dielectric confinement effect and have similar
values (∼100−200 meV) but opposite signs.18 As a result, the
CB (VB) edge positions for 3, 4, and 5 ML CdSe NPLs can be
calculated to be −3.20 eV (−5.87 eV), −3.41 eV (−5.82 eV),
and −3.53 eV (−5.79 eV), respectively, versus vacuum level by
just considering the quantum confinement effect (Figure 1e).6

NPL heterostructures can be formed by growing two
different NPLs together and exhibit two possible types of
band alignments: (1) type-I band alignment, where both CB
and VB edges of one NPL are within the band gap of the other,
and (2) type-II band alignment, where CB and VB edges of

Scheme 1. Physical Properties of 2D Excitons in CdSe
NPLs: Coherent Area, Transport, Auger Annihilation, and
Optical Gain by Multiexciton Emission

Figure 1. Transmission electron microscopy (TEM) images of (a) 3 ML, (b) 4 ML, and (c) 5 ML CdSe NPLs. (d) Absorption spectra of 3−5 ML
CdSe NPLs. (e) Schematic of conduction and valence band-edge levels of 3−5 ML CdSe NPLs and bulk CdSe. Panels a−e are adapted with
permission from ref 6. Copyright 2017 American Chemical Society.
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two NPLs stagger with respect to each other. Core/crown
(CC) NPL heterostructures are formed by extending an NPL
crown laterally around an NPL core with the same number of
monolayers. Extending CdS around CdSe NPLs forms type-I
CC NPLs (Figure 2a).23,26 The absorption of CdSe/CdS CC
NPLs is the sum of absorption of CdSe and CdS NPLs, and
their PL spectra (dashed lines in Figure 2a) are all consistent
with the CdSe core emission, indicating the formation of type-I
heterostructure (Figure 2b).23,26 Similarly, extending CdTe
around CdSe NPLs forms type-II CC NPLs and their
absorption is dominated by the absorption of CdSe and
CdTe NPLs (Figure 2c).12,24,27−29 However, CdSe/CdTe CC

NPLs emit at ∼660 nm, different from the emissions in CdSe
core (∼515 nm) or CdTe crown (∼550 nm), and show an
additional absorption feature below the CdTe band gap These
features can be attributed to the charge-transfer (CT) exciton
state formed at the core/crown interface, with the electron in
CdSe and the hole in CdTe due to their type-II band
alignment (Figure 2d).24,27

3. COHERENT EXCITON CENTER-OF-MASS
DELOCALIZATION AND GOST EFFECT

With uniform quantum confinement energy, exciton center-of-
mass coherent spatial area (SX) can extend within 2D NPL,

Figure 2. Core/crown NPL heterostructures (a) Absorption spectra of CdSe/CdS core/crown (CC) NPLs with different crown sizes. Inset: the
high angle annular dark field (HAADF) scanning TEM (STEM) image (upper panel) and the energy-dispersive X-ray (EDX) image (lower panel)
of CdSe/CdS CC NPLs. (b) Scheme of band alignment and band-edge transitions of type-I CdSe/CdS CC NPLs. (c) Absorption spectra of free
CdSe NPLs and CdSe/CdTe CC NPLs with different crown sizes. Inset: HAADF-STEM image (upper panel) and the EDX image (lower panel) of
CdSe/CdTe CC NPLs. (d) Scheme of band alignment and band-edge transitions of type-II CdSe/CdTe CC NPLs. Panels a and b are adapted
with permission from ref 23. Copyright 2016 American Chemical Society. Panels c and d are adapted with permission from ref 24. Copyright 2017
American Chemical Society.

Figure 3. Coherent area of exciton center-of-mass. (a) Scheme of decay from the initial multiexciton state with a saturated number of band-edge
excitons to a long-lived single exciton state in CdSe NPLs. (b) Exciton coherent area (SX) of 3−5 ML CdSe NPLs as a function of NPL lateral area.
(c) Experimentally determined SX (blue spheres and orange circles) and the estimated SX (gray squares) of 4 ML CdSe NPLs as a function of
temperature. Inset: scheme of exciton center-of-mass coherent extension at 298 K and 4K. Panels a−c are adapted with permission from ref 21.
Copyright 2019 American Chemical Society.
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which increases the exciton transition oscillator strength, giving
rise to the GOST effect.1,19,20 This effect can also be
understood in the k-space because the coherent extension of
center-of-mass in the real space corresponds to concentrating
exciton center-of-mass momentum at the Γ-point in k-space.
The GOST effect affects the absorption,30 emissions,22

lasing,21 and transport23,24 properties of NPLs. Despite its
importance, SX is mostly unknown in colloidal NPLs and other
2D materials because experimental techniques to measure this
quantity directly are lacking. It should be noted that this
quantity differs from exciton Bohr’s radius, which has been
determined in 1D and 2D materials.31,32 So far, evidence to
support the GOST effect comes mainly from the observation
of temperature1,20 and size dependent22 band-edge exciton
radiative decay rates in NPLs because they are proportional to
the oscillator strength of the exciton transition.19 Ithurria et al.
reported an accelerated PL decay with decreasing temperature
of 5 ML CdSe NPLs due to the GOST effect: the PL half-life
decreases from ∼3990 ps at 300 K to ∼340 ps at 6 K.1

Similarly, Naeem et al. reported a temperature dependent
band-edge exciton radiative decay in 4 ML CdSe NPLs with a
lifetime <1 ps at 5 K using transient resonant four-wave
mixing.20 However, the large variation of reported exciton
radiative lifetimes (from 100s of ps1 to < 1ps20 at 5−6 K)
makes the characterization of the GOST effect difficult. In a
study of the NPL lateral area dependent PL decay rates, Ma et
al. observed that the decay rate becomes independent of size
when the NPL lateral area exceeds ∼160 nm2, which
represents an upper limit of the exciton center-of-mass
coherent area in NPLs.22

Recently, a method to directly measure the SX of CdSe NPLs
in solution via pump fluence dependent TA spectroscopy was
reported.21 At a high enough pump fluence, all band-edge
excitons for each NPL are excited. Thus, under the saturation

pump fluence, the band-edge exciton absorbance of the excited
region (X(tE)) at early delay time (tE, 1−2 ps), prior to any
exciton annihilation and charge recombination processes, is
proportional to the whole NPL lateral area, SNPL (upper panel
of Figure 3a). At long delay times (tL, 800−1000 ps), all
multiexcitons have been annihilated, and only single excitons
remain in the excited NPLs.6,21 Therefore, the band-edge
exciton absorbance of the excited region at tL, X(tL), is
proportional to the exciton coherent area (SX) of single
excitons: γSX (lower panel of Figure 3a). γ represents the
percentage of excited NPL population remains at the excited
state at tL under single exciton conditions, which can be
determined independently. This relationship can be repre-
sented as

γ
=

X t
X t

S
S

( )
( )

E

L

NPL

X (1)

X(tE) and X(tL) can be extracted by fitting the TA spectra at tE
and tL, respectively,21 and SNPL is the NPL lateral area
determined from their TEM images.
Using this method (eq 1), the SX of 3−5 ML CdSe NPLs is

reported to be lateral area independent but decreases with
NPL thickness, indicating that the extent of coherent
delocalization of exciton center-of-mass increases with the
degree of quantum confinement (Figure 3b).21 It is
interesting to note that in thinner NPLs, the exciton binding
energy increases, which leads to smaller Wannier-Mott exciton
radii (shorter relative distance between electron and hole).18

This result suggests that the extent of quantum confinement
lead to opposite effects on the size of excitons in the center-of-
mass and internal coordinates. Figure 3c shows that the SX of 4
ML CdSe NPLs increases from ∼95 nm2 at 298 K to ∼150
nm2 at 4K, indicating the exciton coherent area extends to the
whole NPL at low temperature (4K), directly supporting the

Figure 4. Exciton transport in core/crown heterostructures. (a) Scheme of the exciton core-to-crown in-plane transport in CdSe/CdTe type-II
core/crown (CC) NPL heterostructures. (b) Normalized CdTe exciton bleach kinetics of CC1−4. Inset: normalized charge-transfer exciton bleach
kinetics of CC1−4. (c) Normalized charge-transfer exciton kinetics (red circles) and a fit according to a 2D diffusion model (solid line) of CC4.
Inset: scheme of the 2D diffusion model for exciton transport. (d) Measured percentage of hot exciton transport in CC1−4 as a function of crown
size at different pump wavelengths (open symbols) and fit according to the 2D diffusion model (dashed line). Panles a−d are adapted with
permission from ref 24. Copyright 2017 American Chemical Society.
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GOST effect (inset of Figure 3c). Despite the uniform
confinement energy expected from the atomically precise NPL
thickness, the exciton−phonon scattering can reduce the
spatial coherence of excitons: SX = 4h2/Δ(T)M, where h is the
Planck’s constant, Δ(T) is the transition line width at
temperature (T), and M is the sum of the effective masses of
electron and hole at the band-edge.19,22 The estimated SX
values here (∼160 nm2, gray squares in Figure 3c) and in the
previous study22 are larger than our experimentally determined
SX of 4 ML CdSe NPLs (∼90 nm2) but are close to that of 3
ML CdSe NPLs (∼144 nm2). This indicates that the spatial
coherent area of exciton center-of-mass is enhanced by
stronger quantum confinement and is reduced by other factors
in addition to exciton−phonon scattering.

4. DIFFUSIVE EXCITON IN-PLANE TRANSPORT
Because of a lack of quantum confinement in the lateral
dimension, excitons and carriers can move laterally within
NPLs. Thus, the mechanism of in-plane exciton and carrier
transport processes is important to the understanding of
multiexciton annihilation,6,25 exciton dissociation and long-
distance charge (electron and hole) transfer,33,34 which are key
processes in NC-based photocatalysis systems.34−36 Previous
reports of CdSe NPLs25 or nanobelts37 suggest a ballistic
exciton transport mechanism.25,37 However, other studies have
shown that excitons in 2D quantum wells with an active layer
of few nanometers are sandwiched by two barrier layers
transport diffusively at room temperature.38−41 CC NPL
heterostructures provide an ideal model for exciton in-plane
transport study. As discussed in Section 2, excitons in the
crown are driven to the core (core/crown interface) according
to type-I (type-II) band alignment, and this crown-to-core (or
interface) transport process can be captured and quantified by
TA spectroscopy. In this section, recent studies of exciton
transport in both CdSe/CdS23 and CdSe/CdTe CC NPLs are
discussed.24

To examine exciton transport mechanisms, the dependences
of exciton transport rate and efficiency on the crown size were
studied in four CdSe/CdTe CC NPLs with the same CdSe
core and increasingly larger CdTe crown size (labeled as
CC1−4).24 As shown in Figure 4a, the excitons created at the
CdTe crown are transported to the core/crown interface to
form long-lived charge-transfer excitons due to the type-II
band alignment in these heterostructures. It has been shown
that the exciton bleach signals of the CdTe crown probe its CB
edge electron population, while the bleach at charge-transfer
exciton band probes the CB edge electron population in the
CdSe core.24 The decay of CdTe exciton bleach kinetics
(Figure 4b) agrees well with the growth of charge-transfer
exciton kinetics (inset of Figure 4b), confirming that the CB
electron is transferred from the CdTe crown to CdSe core.
Considering the large exciton binding energy in cadmium
chalcogenide NPLs,1,18 the electron−hole pair is thought to
move together as a quasi-particle. Thus, this electron transfer
process reflects the exciton crown-to-interface transport
process. The comparison of CC1−4 (Figure 4b) shows that
the crown-to-core exciton transport process becomes faster in
smaller crowns, excluding the ballistic transport mechanism.
The charge-transfer exciton kinetics can be well reproduced by
a 2D exciton diffusion model (black solid line in Figure 4c).
This 2D diffusion model assumes that the excitons are
randomly distributed at the CdTe crown and undergo 2D
diffusion motion until they encounter the CdSe core, at which

they become interface localized charge-transfer excitons. This
2D diffusion problem can be solved numerically to obtain the
kinetics of exciton populations at CdTe crown and CdSe core
(Figure 4c).24 The good agreement between the simulated and
measured kinetics suggests that excitons are transported by
diffusive motions in the CdTe crown.
The contribution of hot excitons to the transport process in

CdSe/CdTe CC NPLs at room temperature was also
examined. CC NPLs were excited at different wavelengths
(530, 510, 490, and 400 nm) to generate CdTe excitons with
different excess energies. Because only band-edge (cold)
excitons contribute to exciton bleach signal, the contribution
of hot exciton transport can be calculated from 1 − Aini (Aini is
the initial amplitudes of exciton bleach). The result shows that
hot exciton contribution increases with excitation energy up to
∼7 to ∼2% at 400 nm excitation from CC1 to CC4 (Figure
4d). Detailed analysis (dashed lines in Figure 4d) reveals that
the effective diffusion constant of hot excitons is larger than
that of cold excitons and increases with the excitation energy.24

It is interesting to note that exciton transport in CC NPLs
differs from previously reported multiple-quantum-well
(MQW) materials grown by molecular beam epitaxy, where
cold exciton diffusion dominates at room temperature.38−41

The difference may results from the much smaller lateral
dimension of NPLs (10s of nm) than MQW materials (100s of
nm to a few micrometers): the time scale of exciton transport
is comparable to that of the hot exciton relaxation in NPLs,
increasing the contribution of hot exciton transport.24 A similar
2D diffusion model also applies to CdSe/CdS CC NPLs,23 and
the diffusion constant of band-edge (cold) excitons at room
temperature was determined to be ∼2.2 and ∼2.5 cm2/s for
CdS23 and CdTe NPLs,24 respectively.
It is interesting to compare exciton diffusion in 2D NPLs

and 1D NRs. The diffusion constant for CdS NPLs is similar to
that of CdS NRs (∼2.3 cm2/s),42 but smaller than that of bulk
CdS (∼3.2 cm2/s), which is likely due to the extra scattering
channels induced by the large surface area of NPL
nanostructures.42 Compared with CdSe/CdS dot-in-rod
(DIR) heterostructures, which shows a rod length dependent
exciton rod-to-dot transport efficiency with lower efficiencies
in longer rods,42 both CdSe/CdS and CdSe/CdTe CC NPLs
show crown size independent exciton crown-to-core (inter-
face) transport efficiencies.23,24 This is because exciton trap
states are randomly distributed on CdS rod surfaces so that
exciton trapping probability increases with the rod length.42 In
contrast, trap states in 2D NPLs are concentrated on the edges
(or the core/crown interface in CC heterostructures) with the
basal planes well passivated with organic ligands (e.g., oleic
acid),5 leading to the crown area independent exciton trapping
process. Because of fast exciton in-plane transport, near unity
exciton transport efficiency in CdSe/CdTe CC NPLs has been
reported.24 It should be noted that recently, Pandya et al.
reported that the exciton in-plane transport efficiency depends
sensitively on the lateral size of CdSe/CdTe CC NPLs and the
quality of core/crown interfaces.43 The origin for different
NPL size dependences remains unclear.

5. MULTIEXCITON ANNIHILATION
Multiexciton annihilation is a key efficiency limiting factor in
many optoelectrical applications of NCs such as light-emitting
diodes (LED),44,45 lasing,10,14 and multiexciton generation
process.46 Nonradiative Auger recombination dominates the
multiexciton annihilation process and is enhanced in NCs as
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the quantum confinement effect relaxes the requirement of
momentum conservation.8,47−49 Previous studies on 0D QDs
have shown that the biexciton Auger recombination lifetime
scales linearly with the QD volume in both indirect- and direct-
gap semiconductors, following a “universal volume scaling
law”.8,50 More recently, the biexciton lifetime of PbSe NRs was
also reported to scale linearly with NR volume.48 This
observation is surprising considering the very different natures
of carrier motions in the quantum confined and nonconfined
dimensions. Thus, more systematic studies are needed to test
the applicability of the “universal volume scaling law” beyond
0D materials and unveil the dependence of Auger recombina-
tion in 1D NRs and 2D NPLs.6

The thickness and lateral area dependence of biexciton
Auger recombination have been recently reported.6 A
comparison of A exciton kinetics normalized at 800−1000 ps
(Figure 5a) shows that the kinetics are independent to pump
fluence at <10 μJ/cm2, indicating that they are dominated by
single exciton decay, but contain additional biexciton decay
components at >20 μJ/cm2. The biexciton kinetics is then
extracted by subtracting single-exciton kinetics (at 6 μJ/cm2)
from total exciton kinetics (at 20 μJ/cm2) (inset of Figure 5a).
Biexciton decays single-exponentially with a time constant of
∼380 ps, which is much shorter than the single-exciton
radiative lifetime divided by 2 (∼5 ns),1 indicating that
nonradiative Auger process dominates the biexciton decay in
CdSe NPLs and the biexciton lifetime can be approximated as
the biexciton Auger recombination time.25,51 Using this
method to extract biexciton lifetime, very different biexciton
lifetimes are observed in CdSe NPLs with similar volume
(∼250 nm3) but different thicknesses (Figure 5b), breaking the

“universal volume scaling law”. This indicates different
dependence of Auger lifetime on quantum- (thickness) and
nonquantum-confined (lateral area) dimensions in CdSe
NPLs.
To account for the different dependence of Auger lifetime

on the lateral and thickness dimensions, a new model for Auger
recombination in 2D NPLs was proposed (Figure 5c). Because
of the large diffusion constant of ∼220−250 nm2/ps (as
discussed in Section 4),23,24 excitons can diffuse throughout
the whole NPL with a lateral area of ∼220 nm2 within ∼1 ps,
which indicates frequent collisions of biexcitons (with a
collision frequency, FC) prior to Auger recombination on the
100s of ps time scale (Figure 5b). Assuming an Auger
recombination probability per collision (PAug), the biexciton
Auger recombination rate (1/τ2) can be represented as the
product of FC and PAug: 1/τ2 = FCPAug. FC is proportional to the
exciton density, which is proportional to the reciprocal of NPL
lateral area (1/SNPL) according to a 2D binary exciton collision
model.52 PAug is reported to be determined by the quantum
confined energy of CB edge electron (Ek(e)) in quantum wells
with similar band structures.53 Thus, biexciton lifetime is given
by this relationship:

τ
= ∝F P

S
E

1 1
( )

2
C Aug

NPL
k(e)

7/2

(2)

Figure 5d shows that the biexciton lifetime of different NPLs
scales linearly with −S E( )k eNPL ( )

7/2 according to eq 2,
confirming the proposed new Auger recombination model.
This model should apply to other 1D and 2D materials: the
nonquantum-confined dimension determines the exciton

Figure 5. Area and thickness dependent biexciton Auger recombination in NPLs. (a) Normalized A exciton kinetics of 5 ML CdSe NPLs at low
pump fluence (<20 μJ/cm2). Inset: extracted biexciton decay kinetics (circles) with the single-exponential fit (black line). (b) Biexciton lifetime of
4−5 ML CdSe NPLs as a function of NPL volume (VNPL). (c) Scheme of two-step Auger recombination model in CdSe NPLs. (d) Biexciton
lifetime of CdSe NPLs as a function of the product of NPL lateral area (SNPL) and Ek(e) to the −7/2 order. The black line is the linear fit. Panels a−
d are adapted with permission from ref 6. Copyright 2017 American Chemical Society.
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collision frequency, and the quantum-confined dimension
determines the Auger probability per collision.54

Despite the progress discussed above, how Auger recombi-
nation depends on nanocrystal dimensions remains an open
question. A 100-fold difference on the biexciton lifetime of 4
ML CdSe NPLs has been reported in the literature.6,7,25,55 She
et al. reported a lateral area independent biexciton lifetime of 4
and 5 ML CdSe NPLs, which differs from the work discussed
above.55 Different mechanisms for lateral dimension depend-
ent Auger lifetime are also reported. Rabani and co-workers
reported a “length scaling” law of biexciton lifetimes for 1D
CdSe NRs.56 In their model, the length-dependence of
biexciton Auger recombination rate results from the length
dependent overlap between the biexciton and final exciton
state wave functions without considering exciton diffusion and
collision. Moreover, Pelton et al. reported that the Auger
lifetime of CdSe/CdS core/shell NPLs changes with the shell
thickness nonmonotonically,49 consistent with a previous
theoretical prediction for core/shell QDs.53 These results
suggest that much more systematic studies of Auger
recombination mechanisms in 1D and 2D are still needed.

6. OPTICAL GAIN PROPERTIES OF CDSE NPLS

Two-dimensional cadmium chalcogenide NPLs have shown
great potentials for lasing applications, exhibiting large gain
coefficients and low optical gain (OG) threshold.7,9−15,55

Understanding OG properties of 2D NPLs benefits the rational
design and improvement of NPL-based lasers. Different from
0D QDs, where excitons are confined in all three dimensions,
excitons in 2D NPLs are free to move in the plane, which
increase the degree of degeneracy of band-edge exciton states
and may alter their OG properties. This section reviews recent
studies of the OG threshold of CdSe NPLs, especially its
dependence on lateral size, optical density (OD), and
temperature.
As shown in Figure 6a, in colloidal NPL solution, OG is

achieved when the total emission from NPL species is larger
than their total absorption. NPL species with different exciton
states (0, X, and XX for NPLs with 0, 1, and 2 excitons,

respectively) absorb and emit different number of photons.
Therefore, OG threshold is determined by the relative
population of different NPL species (N0, N1, and N2 for
NPLs with 0, 1, and 2 excitons, respectively) and can be
determined by pump fluence dependent TA spectroscopic
study.57 In a TA measurement, the optical density of samples
under illumination is given by ΔAbs(λ,t) + Abs(λ) (λ is the
wavelength), where the first term is the pump-induced
absorbance change shown in TA spectra and the second is
the static absorbance before pump. OG is achieved when the
gain (stimulated emission, −ΔAbs(λ,t)) is larger than loss
(absorption, Abs(λ)): −ΔAbs(λ,t) − Abs(λ) > 0. Figure 6b
shows the OG peak (−ΔAbs(λ,t) − Abs(λ)) maximum
amplitude as a function of pump fluence of 4 ML CdSe NPLs
with different lateral areas (labeled as NPLa−d with increasing
lateral areas), and the intercept on the x-axis represents the
OG threshold fluence. To enable the comparison of NPLs
samples of different lateral areas, their optical density at the
pump wavelength (400 nm) was controlled to the same value
to ensure the same number of absorbed photons, and NPL
lateral area independent OG threshold was observed (inset of
Figure 6b). Comparison of the same CdSe NPL samples with
different optical density (by changing the concentration of the
NPL sample solution) at the pump wavelength (400 nm)
shows that the OG threshold increases with optical density
(Figure 6c). Moreover, the temperature dependence study of 4
ML CdSe NPLs dispersed in poly(maleic anhydride-alt-1-
octadecene) shows that the OG threshold at room temperature
(298 K) is ∼4-fold lower than that at 4K (Figure 6d).
The measured OG threshold fluence (Ith, energy per unit

excited area per pulse) is related to the average exciton number
per NPL at the OG threshold (mth):

21,57
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In eq 3, hv is the pump photon energy (3.1 eV), NNPL is the
number of NPLs per unit volume. OD = εVNPLNNPLL is the
optical density at the pump wavelength, ε is the single NPL
extinction coefficient per unit NPL volume, L = 1 mm is the

Figure 6. Optical gain in NPLs. (a) States and transitions involved in biexciton optical gain of CdSe NPLs in single particle (left panel) and exciton
state representations (right panel), respectively. N0 (0), N1 (X), and N2 (XX) are probabilities (and labels) of NPL states with 0, 1, and 2 excitons,
respectively. Colored arrows represent different band-edge transitions with different energies. (b) OG maximum amplitude as a function of pump
fluence of NPLa−d. Inset: the same results at low pump fluence (20−100 μJ/cm2). (c) OG threshold of 4 ML CdSe NPLs as a function of optical
density at the excitation wavelength (400 nm). (d) OG threshold and the average exciton number per NPL at the OG threshold (mth) of 4 ML
CdSe NPLs in hexane as a function of temperature. Inset: mth of 4 ML CdSe NPLs as a function of the saturation number of the band-edge exciton
(NS). Red line is a linear fit. (e) Scheme of different exciton states in NPLs at room temperature with the saturation number of the band-edge
exciton (NS) of 4 (upper panel) and 2 (lower panel). Panels a−c are adapted with permission from ref 57. Copyright 2018 Royal Chemical Society.
Panels d and e are adapted with permission from ref 21. Copyright 2019 American Chemical Society.
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sample thickness, and SNPL is the NPL lateral area. SX is the
exciton coherent area, and NS is the saturation number of
band-edge excitons (Section 4). Eq 3 predicts that, for the
same NPL at room temperature, Ith only increases with the
optical density, which is confirmed by the excellent fits of
optical density dependent OG threshold by eq 3 (red line in
Figure 6). For different NPLs with the same optical density at
room temperature, Ith is proportional to the ratio of mth/NS
according to eq 3. Because mth increases linearly with NS (inset
of Figure 6d),21 mth/NS can be considered as a constant, and Ith
is independent of NPL lateral area.57 This NPL lateral area
independent OG threshold is consistent with a previous report
by She et al.55 but is inconsistent with another report by Olutas
et al., who observed higher OG threshold in larger NPLs.11

The OG threshold in 2D NPLs has been reported to be
more than an order of magnitude lower than those in 0D
QDs.7,16,17 This can be attributed to the larger absorption
coefficient per unit volume of CdSe NPLs (ε) than QDs,58

which according to eq 3 reduces OG threshold. CdSe NPLs
are also reported to possess a model gain coefficient (i.e., light
amplification factor per unit length) of 6600 cm−1 at room
temperature, which is over 10-fold larger than that reported in
cadmium chalcogenide QDs (150−650 cm−1).15

Because the exciton coherent area (SX) of a NPL increases at
low temperatures (as discussed in Section 3), it reduces the
saturation number of band-edge excitons (NS) and lowers the
average band-edge exciton number (mth) at the OG threshold.
Therefore, according to eq 3, the Ith value decreases at lower
temperatures. This OG threshold reduction results from the
extension of exciton coherent area at low temperature, which is
unique to 2D NPLs. The 0D QDs are completely quantum-
confined in all dimensions at all temperatures, and their
coherent area is independent of temperature. In 1D cadmium
chalcogenide NRs, there exist large variations of confinement
energies along the NR length because of nonuniform rod
diameters, which prevent coherent extension of excitons along
the NR length. As a result, nearly temperature-independent
OG and ASE thresholds have been reported in 0D CdSe
QDs17 and 1D CdSe/CdS NRs.59 Although the gain threshold
of bulk materials also decreases at lower temperature, its origin
differs from that of 2D materials. In bulk materials, there exists
an exponential absorption tail below the band gap induced by
doping/defect states, and the loss caused by these states
decreases at lower temperature.60 However, the OG threshold
of 2D NPLs, with a large exciton binding energy (∼100
meV),1 is determined by the relative populations of NPL
species with different number of A excitons (Figure 6e). This
reduction of OG threshold by the exciton coherent area
extension and GOST effect provides a new strategy for the
development of low-threshold lasing materials. Moreover, type-
II CC NPL heterostructures have been reported to further
reduce the OG threshold due to a larger biexciton interaction
energy.61,62

7. SUMMARY AND PERSPECTIVES
In summary, this Account provides a review of recent studies
on the 2D exciton structure and dynamics and their effects on
the OG mechanism and threshold of cadmium chalcogenide
NPLs. The exciton center-of-mass coherent area in CdSe NPLs
is shown to be smaller than NPL lateral area at room
temperature but can extend throughout the whole NPL at low
temperature (<4K) to enable the GOST effect. Both hot and
cold (band-edge) excitons transport diffusively in the plane of

NPLs, and the diffusion constant of the band-edge exciton is
close to that of bulk crystals, ensuring ultrafast exciton
transport in these materials. Because of this fast in-plane
diffusion of excitons, multiexcitons collide with each other
frequently in CdSe NPLs before annihilation. The Auger
recombination rate is determined by the exciton binary
collision frequency and the Auger probability per collision;
the former scales linearly with the inverse of the NPL lateral
area and the latter increases highly nonlinearly with the inverse
of NPL thicknesses. Because of these different dependences on
the quantum confined and non-confined dimensions, Auger
recombination rates in NPLs do not obey the “universal
volume scaling law” that has been observed for quantum dots.
The dependences of the OG threshold of CdSe NPLs on the
NPL lateral area, optical density, and temperature are
reviewed. Larger NPLs can contain more band-edge excitons,
which, on one hand, increases its extinction coefficient, and on
the other hand, requires more excitons to reach the OG
threshold, resulting in a lateral area independent OG threshold.
Interestingly, exciton coherent area extension at low temper-
ature effectively reduces the degree of band-edge exciton
degeneracy, lowering the OG thresholds.
Although promising optoelectrical performances of 2D

NPLs have been reported, there remain challenges on material
synthesis and further understanding of exciton properties and
OG mechanisms. First, NPLs with larger lateral areas are
needed to further suppress Auger recombination. However,
controlling and extending lateral dimension of 2D NPLs are
still challenging, and larger NPLs usually have more defect/
trap states and lower PL quantum yields. Second, although it is
shown that the exciton center-of-mass coherent area can be
extended at low temperature to significantly decrease the
optical gain threshold, achieving the same goal at the room
temperature remains a challenge. Exciton center-of-mass
coherent area is smaller than the estimated value if only
exciton−phonon scattering is considered, suggesting the
presence of yet-to-be-identified scattering/dephasing pathways.
One possible factor is the inhomogeneity of the interaction
between the surface capping ligand and NPL.63,64 It is thus
important to develop synthetic methods that can reduce this
spatial heterogeneity. It has also been shown that exciton
center-of-mass coherent area increases in thinner NPLs. Thus,
thinner NPLs may be promising candidates for achieving even
lower room temperature lasing thresholds. Finally, most
studies of NPL materials are focused on cadimum
chalcogenide and how the properties of exciton spatial
coherence, transport, and Auger recombination depend on
material composition remains an open question.
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