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1 | INTRODUCTION

Rui Chen?!

Abstract

Compared with zero-dimensional quantum dots and one-dimensional
nanorods, two-dimensional nanoplatelets exhibit many unique optical proper-
ties. Due to strong quantum confinement in only one direction and the large
lateral size, the CdSe nanoplatelets show large exciton binding energy, giant
oscillator strength, narrow emission, large absorption cross-section, and large
optical gain. In this review, the development of synthesis technology of
nanoplatelets is first briefly introduced. Subsequently, the optical properties of
CdSe nanoplatelets and their heterostructures are reviewed, including absorp-
tion and photoluminescence, carrier dynamics, optical gain, and nonlinear
properties. These optical properties are affected by size, material and structure.
At last, the main applications of CdSe nanoplatelets in recent years are intro-
duced, including light-emitting diodes, lasers, light harvesting, photocatalysis,
and sensing.
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stage.* With the rapid development of solution synthesis
technology, large number of spherical semiconductor

In 1981, the quantum size effect was first demonstrated
in semiconductor nanocrystals, which opened the door
to the huge research system for semiconducting
nanomaterials." The size-dependent quantized electronic
energy levels make it possible to control the energy gap
and other properties of semiconductors. Initially, the
optical and electronic properties of semiconductor nano-
crystals were studied through the samples that were
grown inside glass.>®> However, such semiconductor
nanocrystals embedded in glass suffer serious strain, thus
hindering the progress of many studies. The nearly
monodisperse CdE (E = S, Se, Te) semiconductor nan-
ocrystallites were synthesized in 1993, which make the
research of semiconductor nanomaterials step into a new

nanocrystals have emerged first, which is also called
quantum dots (QDs). Through the selection of precursor
materials and the control of synthesis conditions, QDs of
various material systems have been successfully synthe-
sized. The changes in the radius and composition of QDs
enable its light emission wavelength adjustable, which
can cover from ultraviolet to near-infrared region.’> The
coating of QDs by organic ligands has passivated the sur-
face dangling bonds, which results in improved quantum
yield (QY). The emergence of core-shell heterojunction
structure has further enable the property control of QDs.
The combination of different core and shell materials can
change the spatial distribution and the wave function of
carriers.®” This structural control can ultimately be
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reflected in changes to the photophysical properties
of QDs, such as reducing Auger recombination of
multiexcitons and increasing the Stokes shift.®'® After
nearly 30 years of development, QDs have derived a vari-
ety of applications. The adjustable emission color and
high photoluminescence (PL) QY make QDs a popular
research material in the field of display and light-emitting
diodes (LED).''* Some biocompatible QDs are used
for fluorescent labeling, biosensing.'*'* In addition, QDs
with high quality and QY can be used for laser
application.'*'®

It is known that these unique photophysical proper-
ties of QDs are ascribed by the quantum confinement
effects. The electrons in QDs are confined in three
dimensions (3D), which is the main reason for the differ-
ence of properties between QDs and bulk materials.
Therefore, in addition to composition, structure, and size,
changing the dimension of quantum confinement is
another effective method to manipulate the properties of
semiconductor nanocrystals. As a common II-VI semi-
conductor, cadmium selenide (CdSe) is the most widely
studied material currently. Various new synthetic
methods and structures have been fabricated based on
CdSe. In 2000, Peng successfully controlled the shape of
semiconductor nanocrystals during synthesis and demon-
strated the elongated nanorods.'” Compared to QDs,
nanorod shows quantum confinement effects only in two
dimensions (2D). The special shape of nanorod induces
many interesting optical properties, such as larger
absorption cross-section, and polarization effects.*

In 2006, a new shape of colloidal semiconductor
nanocrystals appeared.”’ The 2D CdSe nanoplatelets
(NPLs) has a large lateral size, while it has only a few
molecular layers in thickness. After the 3D-confined QDs
and 2D-confined nanorod have been realized, the one-
dimensional (1D)-confined NPLs fill the other blank of
colloidal semiconductor nanocrystal system. Compared
with QDs, NPLs not only have the properties normally
found in semiconductor nanocrystal, they also exhibit
many other interesting and attractive optical properties,
including narrow emission, large exciton binding energy,
giant oscillator strength, large absorption cross-section,
fast fluorescence lifetime, and large optical gains.**** In
colloidal QDs system, heterostructures are used to opti-
mize or tune the optical properties. Similar method is
also used for CdSe NPLs. Core-shell NPLs appeared in
the early days.”>*® After that, an interesting core-crown
structure appeared.>”*® This provides a novel method for
tuning the optical properties of colloidal semiconductor
nanocrystals, which cannot be achieved in QDs. In addi-
tion, complex heterostructures such as core/crown/shell
NPLs, and core/multi-crown NPLs have also been syn-
thesized.”>*° Due to the ultra-thin planar structure of

NPLs, there exist self-stacking phenomena, which will
also have some impact on their optical properties.*"**

The CdSe NPLs have extremely narrow emission,
which means that the emission color is very pure, thus
they have been considered as a good light-emitting
material in displays and LEDs.**** High optical gain is
another excellent optical property of CdSe NPLs, which
enables NPLs for amplified spontaneous emission
(ASE) with low threshold.>®> When combined with a
high quality optical cavity, low threshold lasers can be
realized. In recent years, many NPLs and their complex
heterostructures have been applied to lasers, and
continuous-pumped lasers have been reported at room
temperature.*>***’ In addition, the large surface area
of NPLs is also a good platform for the sensing and
photocatalysis application.*®>°

In the first part of this review, the development of
synthetic technology of colloidal CdSe NPLs and hetero-
structures will be briefly introduced. Then we will focus
on the unique optical properties of the NPLs, and sum-
marize how the structure influences the optical proper-
ties. Next, applications based on CdSe NPLs will be
mentioned. In the last, there will be a conclusion and
outlook of the colloidal CdSe NPLs.

2 | SYNTHESIS OF
NANOPLATELETS

The first colloidal CdSe nanoribbons were successfully
synthesized in 2006 by Joo et al.! The nanoribbons with
wurtzite structure are synthesized from the reaction of
CdCl, and octylammonium selenocarbamate in
octylamine at low temperature. The nanoribbons have a
uniform thickness of 1.4 nm and show a narrow full
width at half-maximum (FWHM) (approximately
70 meV). In 2008, the CdSe NPLs with zinc blende struc-
ture was synthesized by Ithurria et al.* First, cadmium
myristate and selenium mesh precursors in the presence
of a noncoordinating solvent to form the platelets nucle-
ation at a certain temperature. The temperature at this
stage is the key to control the thickness of the NPLs. At
the precise controlled temperature, the injection of the
cadmium acetate leads to a lateral growth. The related
anisotropic growth mechanism that breaks symmetry has
been studied extensively.*"** NPLs with 3 to 5 monolayers
(MLs) thicknesses can be obtained through this method.
Moreover, the aspect ratio, lateral size can be controlled
by different reaction time and amount of precursors.
NPLs with a thin thickness (2, 3 MLs) usually have a
lower QY and are accompanied by a larger proportion of
deep level emissions, so they are not commonly used for
practical research.** In recent years, thicker NPLs have
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been synthesized using the improved methods. In 2018,
Chu et al used the colloidal atomic layer deposition
(c-ALD) method to grow the CdSe layers on the surface
of the 4 MLs CdSe NPLs, thereby obtaining thicker CdSe
NPLs up to 11 MLs.** Christodoulou et al used the 4 MLs
CdSe NPLs as initial materials and increased the thick-
ness to 8 MLs by adding CdCl, in a two-step reaction
scheme at high temperature.*’

For QDs, the heterostructure formed by epitaxial
growth of another semiconductor material can enhance
or tune the optical properties.® For example, QDs with a
core-shell structure can achieve higher QY, and the
design of the shell structure can influence the spatial dis-
tribution of carriers, thereby achieving special applica-
tions. For NPLs, this core-shell structure can also be
implemented. In 2012, Ithurria and Talapin successfully
deposited CdS shell on CdSe NPLs by the c-ALD method,
and formed CdSe/CdS core-shell structure.?® This method
achieves shell growth by alternately depositing cation
and anion monoatomic layers. The process relies on
sequential phase transfer of NPLs between immiscible
polar and nonpolar phases. The shell synthesized in this
way has a very precise number of monolayers. Although
this layer-by-layer growth method can accurately design
the structural parameters of the shell layer. Unfortu-
nately, once a thick shell layer is needed, this method
becomes complicated and time-consuming. Moreover,
multiple purification steps after each layer of shell depo-
sition lead to a dramatic decrease in PLQY and poor pho-
tostability. In 2012, Mahler et al proposed a “one-pot”
method for continuous growth of the shell.*® The reac-
tion of thioacetamide and octylamine serves as the source
of sulfur, and hydrogen sulfide is generated to react with
the cadmium acetate added later to form a shell. The
above methods are performed at room temperature. In
recent years, there have been reports of synthesizing CdS
or ZnS shells at high temperatures.”**” These shells syn-
thesized at high temperatures have been confirmed to
have better crystal quality and therefore exhibit better
optical properties, such as higher QY and stability.

There is a special type in the heterostructure of NPLs,
which is called the core/crown NPLs heterostructure. In
this structure, CdS or other semiconductor materials only
grow laterally around the CdSe NPLs core. Therefore, the
formation of a heterostructure does not change the over-
all thickness, which means that the quantum confine-
ment effect in the vertical direction of the NPLs will not
be affected. The core/crown CdSe/CdS NPLs was
reported to be synthesized in 2013.>”*® In this method,
elemental sulfur dissolved in octadecene is used as sulfur
precursor, and the cadmium precursor is the mixture of
cadmium acetate and oleic. The presence of acetate is
considered necessary for causing lateral extension. By
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changing the material composition of core and crown,
many different NPLs heterostructure were synthesized.
For example, the type-II CdSe/CdTe core/crown NPLs
and inverted type-I CdS/CdSe core/crown NPLs have
been reported.***’ In addition to pure material selection,
there are some complex heterostructures. By synthesizing
the alloy shell or multi-shell, the core optical properties
of the NPLs can be further optimized. In 2018, a CdSe/
CdS@Cd,_,Zn,S colloidal core/crown @ alloyed-shell
NPLs was reported.?® This structure formed by layer-by-
layer grown and composition-tuned gradient Cd;_,Zn,S
shells on CdSe/CdS core/crown seeds.

Doping is a method to tune the optical and electrical
properties of semiconductor nanocrystals, which have
been reported in QDs. Metal ions are commonly used for
doping, including Mn, Cu, Ag, and so forth. They have
also been successfully doped into NPLs structure in
recent years. In 2017, Sharma et al used the hot injection-
based nucleation doping method to obtain the copper-
doped CdSe NPLs.*® After the formation of seeds of the
NPLs, the precursor of the dopant was added, and then
the cadmium acetate was quickly added to start the lat-
eral growth of the NPLs. This method is also used to syn-
thesize Hg-doped CdSe NPLs.”! In addition to the high
temperature hot injection method, one can also realize
doping through cation exchange. Recently, a precise con-
trol of the doping level was reported through the cation
exchange method. The tunable PL emission in the
visible-to-NIR spectral region was achieved by the Cu
doped-CdSe NPLs with different doping levels.>*

3 | OPTICAL PROPERTIES OF
CDSE NANOPLATELETS

3.1 | Absorption and photoluminescence
Figure 1A shows the absorption and PL spectra of CdSe
NPLs with different thickness. It can be seen that all
these absorption spectra have two distinct absorption
peaks, which are attributed to the electron-light hole
(higher energy) and heavy hole (lower energy) transition,
respectively. This is an important feature of 2D NPLs
commonly observed in the absorption spectrum. More-
over, two high-intensity exciton absorption peaks at room
temperature indicate the larger exciton binding energy.
Compared with CdSe QDs and bulk materials, the huge
anisotropy and strong 1D quantum confinement of 2D
NPLs lead a big increase of exciton binding energy. Due
to the different thickness of the NPLs and the dielectric
constant of the surrounding environment, the exciton
binding energy varies from 100 to 400 meV in early rea-
search.”® Similar result was reported by many other
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FIGURE 1 A, Absorption (solid lines) and PL (dashed lines) spectra of CdSe NPLs with 3, 4, 5 monolayers. Copyright © 2015
American Chemical Society. B, Excitonic absorption in room-temperature optical transmission (green circles), and the fundamental band

gaps determined from the photoacoustic spectra (red boxes). The inset shows the exciton binding energy of CdSe NPLs as a function of
thickness, which is determined by the difference between the two data above. Copyright © 2019 American Chemical Society. C, Lateral size
dependence of the absorption cross-section at the energy of heavy-hole to electron transition of 4 MLs CdSe NPLs. Copyright © 2015
American Chemical Society. D, Aspect ratio dependence of the intrinsic absorption coefficient for CdSe system. Copyright © 2015 American

Chemical Society. NPLs, nanoplatelets; PL, photoluminescence

researches.” > Recently, Zelewski et al use the combina-
tion of optical and photoacoustic spectroscopies to char-
acterize exciton binding energy of CdSe NPLs with
thickness from 3 to 5 MLs.”” The exciton binding energy
is calculated from the difference between the lowest exci-
tonic transition taken from standard spectrometric mea-
surement (optical transmission) and the band gap energy
obtained from the photoacoustic spectrum. The deter-
mined exciton binding energy for CdSe NPLs ranges from
130 to 230 meV, which depends on the thickness as
shown in Figure 1B. The large exciton binding energy of
the CdSe NPLs ensures the stable exciton at room tem-
perature, which is an important factor for high-efficiency
light emission.

Due to the strong 1D confinement, NPLs have been
predicted to possess a giant oscillator strength transition
(GOST), which lead to an enhancement of the absorption
cross-section.*? Later, Tessier et al evaluated the absorp-
tion cross-section of NPLs at 400 nm in hexane to be
~2.5 x 107"* cm?, about 1 order of magnitude larger than
a spherical QDs with the same emission wavelength.”®>

As an important parameter for optical materials, the
absorption cross-section is an important indicator for
practical application. She et al has pointed out that the
large absorption cross-section of CdSe NPLs is one of the
reasons for the large optical gain. In addition, the growth
of the CdS shell further increases the absorption cross-
section, thus achieving a lower ASE threshold.®® In 2015,
Yeltik et al experimentally determined the absorption
cross-section of CdSe NPLs. As shown in Figure 1C, the
absorption cross-section is strongly related to the lateral
size.®* The shape-dependent linear absorption properties
were studied by Achtstein et al in the same year.®® They
used the volume-independent intrinsic absorption coeffi-
cient, which given by dividing the absorption cross-
section by the volume of the nanocrystals. The aspect
ratio dependence of the intrinsic absorption coefficient is
shown in Figure 1D. It can be observed that the high
aspect ratio of the NPLs leads to a higher intrinsic
absorption coefficient compared to spherical QDs and
nanorod. In addition to these parameters, the thickness
of NPLs can also affect the intrinsic absorption



YU anpo CHEN

WILEY_L *®

coefficient.** The 2 MLs NPLs show a larger intrinsic
absorption coefficient than thicker NPLs. All these stud-
ies show that the NPLs is an outstanding optical material
with strong absorption, which makes them ideal for
applications such as light harvesting devices and lasers.
The PL of the NPLs showed a marked difference com-
pared with spherical QDs and nanorods. The PL spec-
trum of CdSe NPLs is shown in Figure 2A, which
presents a very narrow FWHM. This special optical fea-
ture is induced by the 2D structure of the NPLs. The exci-
ton Bohr radius of the CdSe NPLs is considered to be
around 3.5 to 4 nm.’>® Generally, the synthesized NPLs
have a lateral dimension of about 10 to 100 nm, excitons
have not been strongly confined at this scale. Therefore,
the CdSe NPLs only exhibit quantum confinement in the
thickness direction. At the same time, all the NPLs in
solution have the same thickness at the level of atomic
layer. Different from QDs, the size distribution of the
NPLs in the lateral dimensions does not affect their tran-
sition energies, and therefore shows a small FWHM.
After the elimination of inhomogeneous broadening, the
FWHM of the NPLs is usually around 30 to 50 meV
(7-10 nm), which is smaller than QDs.?* The emission
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line of the NPLs can be well-fitted with Lorentzian rather
than Gaussian, which proves the disappearance of inho-
mogeneous broadening.*!

It is interesting to find that the CdSe NPLs also show
different PL spectra at low temperature. There have two
emission peaks with a small energy difference appeared
at low temperature. However, one can find many differ-
ent explanations for the origin of low-energy peak.
Tessier et al believe that the low-energy peak is a phonon
line induced by the stacked CdSe NPLs in 2013.%® The
energy difference between the two peaks is 25 meV,
which is very close to the longitudinal optical
(LO) phonon energy of the CdSe bulk semiconductor.
However, it was found in the experiment that the low-
energy peak was not observed at a single nanoplatelet at
low temperature, and the intensity of the low-energy
peak was related to the excited area of the sample. They
proposed a model of stacked NPLs to explain the genera-
tion of low-energy peaks. Because the free exciton emis-
sion of the NPLs has a very small stokes shift, the stacked
NPLs will lead to a strong reabsorption, while the low-
energy phonon peaks can avoid being reabsorbed. There-
fore, free exciton peaks are continuously reabsorbed and
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FIGURE 2 A, PL spectra of CdSe NPLs with different thickness from 3 to 6 MLs. Copyright © 2018 American Chemical Society. B, PL
spectra of 2 MLs CdSe NPLs at different excitation power. Copyright © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
C. Absorption and PL spectra of CdSe/CdS core/shell NPLs with different shell thickness. Copyright © 2012 American Chemical Society.

NPLs, nanoplatelets; PL, photoluminescence
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stronger phonon peaks are generated. In 2006, Achtstein
et al proposed that the two peaks were attributed to
s- and p-exciton state. Moreover, it was found in experi-
ments that the energy difference between the two peaks
is related to the lateral size of the CdSe NPLs, ranging
from 19 to 38 meV.** The charged exciton origin of low-
energy peak was reported by Shornikova et al in 2018.
They found that the energy separation between two
peaks changes with NPL thickness, which is different
from the LO phono energy of CdSe. In addition, the
external magnetic field has different effects on the PL
decay and intensity of these two peaks. The low-energy
peak shows typical feature for charged excitons with a
bright ground state.®® Later, the low-energy peak was
assigned to excimer-like emission by Diroll et al.*® The
stacked NPLs form an excimer-like structure and inter-
NPL interactions leads to a low-energy emission. The
low-energy peak shows strong sensitivity to pressure,
concentration of NPLs, and self-assembly into stacks,
which are the obvious feature of excimer emission in
molecular fluorophores. Recently, we have proposed new
insights into the origin of low-energy peak of CdSe
NPLs.*” The low-energy peak is originated from surface
state-related emission. Continuous laser irradiation
increases the number of surface states of the sample,
resulting in a decrease of the free exciton emission and
an increase of the surface state-related emission. In addi-
tion, the intensity of low-energy peak is related with the
lateral size of CdSe NPLs. The surface passivation treat-
ment can significantly reduce the proportion of low-
energy peak. The unique 2D structure makes the NPLs
have a larger surface area to volume ratio, which is an
important parameter that affects their optical properties.
The emission wavelength of CdSe NPLs is only deter-
mined by the thickness. One can only increase or
decrease by number of atomic layers, therefore the CdSe
NPLs generally has fixed emission wavelengths
corresponding to the number of layers. For commonly
used CdSe NPLs with 3, 4, 5, 6 MLs, the corresponding
emission wavelengths are about 462, 513, 553, and
585 nm, as shown in Figure 2A.°® When the thickness of
the CdSe NPLs decrease to the sub-nanometer scale
(2 MLs), the surface defects will lead to intensive surface
emission.** As shown in Figure 2B, the PL spectrum of
2 MLs CdSe NPLs shows a narrow emission at 405 nm,
which is the band edge excitonic emission. In addition, a
big broad emission appears at 550 nm, which is the radia-
tive recombination through surface emission centers. The
surface state in the 2 MLs CdSe NPLs is believed to be
the localized holes at unpassivated Se sites. The effect of
surface on emission is more obvious in thinner NPLs.
Similar PL spectra also appears in 3 MLs CdSe NPLs.*>*
In recent years, by adding chlorides during the growth

process, the synthesis of 6 to 8 MLs NPLs can be
achieved, covering the red emission band.*>®

Controlling the emission wavelength of NPLs by
thickness sometimes cannot meet the requirements of
research and application, and its QY and photostability
also need to be further improved. Therefore, many
methods are proposed to obtain NPLs with higher effi-
ciency, wider emission wavelength coverage, and better
stability. Semiconductor heterostructures have been
widely used as a method of tuning the emission proper-
ties, and there have been many related studies in CdSe
NPLs. As mentioned before, core-shell CdSe NPLs struc-
ture are the earliest NPLs heterostructure.>*® The single-
layer controllable growth of the CdS shell was achieved
by the c-ALD method at room temperature.” The PL
spectra of CdSe/CdS core/shell NPLs with different shell
thickness is shown in Figure 2C. The emission peaks red-
shift from 510 to 665 nm with the increase of shell thick-
ness. The growth of the CdS shell changes the spatial
distribution of the electron and holes in the CdSe NPLs.
The holes are still confined in CdSe core, while the elec-
trons will gradually delocalize into the CdS shell, which
cause the red shift of the emission peak. In addition, the
growth of the shell will lead to the increase of FWHM.®
It can be seen from the Figure 2C that after the shell
grows, the FWHM increases. However, this is not due to
inhomogeneous broadening caused by emission of differ-
ent individual NPLs. Because the PL spectra of single
core/shell NPLs show a comparable FWHM with the
ensembles. Researchers believe that this broadening is
due to the enhanced coupling of excitons and phonons.*
The electrons delocalized into the CdS shell layer will
lead to interact between excitons and phonons in CdS,
thus increasing the exciton phonon coupling. CdSe/ZnS
core/shell NPLs with Type-I band alignment was synthe-
sized at moderate temperature (100°C-150°C), and its QY
was improved compared to CdSe core.”® The high-quality
CdSe/ZnS core/shell NPLs can be synthesized through
hot-injection shell growth.*” Compared with the shell
synthesized at a lower temperature, the ZnS shell synthe-
sized at 300°C has a higher crystal quality, which makes
this core/shell NPLs have a QY of up to 98% and excel-
lent thermal stability. Moreover, by synthesizing the
alloyed shell, the lattice mismatch between the core and
shell can be improved. The optical performance of the
NPLs can be further improved, and a low threshold ASE
is successfully realized.*® Recently, core/shell NPLs with
various shell designs have been achieved through a slow-
injection shell-growth method. A compositionally graded
alloyed shell further optimized the optical properties of
the NPLs.*’

Compared with the core-shell structure, the core-
crown structure in the NPLs heterostructure can achieve
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American Chemical Society. E, PL spectra of inverted Type-I CdS/CdSe core/crown NPLs with different crown size. Copyright © 2015
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. C. NPLs, nanoplatelets; PL, photoluminescence

the optimization of optical properties without changing
its emission wavelength. As shown in Figure 3A, the
growth of the crown induced a significant CdS absorption
band in the absorption spectrum, but the emission peak
position did not shift significantly.”® As the crown
expands, the NPLs show stronger absorption feature of
CdS crown as shown in Figure 3B.”* In these core/crown
structures, excitons collected by the CdS crown are trans-
ferred rapidly to the CdSe core, the crown can be used as
an effective optical antenna. By changing the material of
the crown, a core/crown NPLs with a type-II band struc-
ture can be obtained.**’>”* In this type-II structure, all
electrons are localized in the CdSe core, and all holes are
localized in the CdTe crown. The excitons recombine
near the interface between core and crown, leading a sig-
nificantly red-shift of the emission peak, as shown in
Figure 3C. Through precise composition design of the
type-II NPLs heterostructure, the CdSe/CdSe,_,Te, NPLs
achieves a wider range of adjustable emission wave-
lengths as shown in Figure 3D.”*7° Moreover, at a certain
composition, the QY of the NPLs can be improved up to
95% due to the suppression of nonradiative hole trap
sites.”” In addition to these, the behavior of tunable wave-
lengths can be achieved by the synthesis of inverted type-
I CdS/CdSe core/crown NPLs heterostructures.* In this

structure, CdS NPLs with a wider band gap is used as the
core, and then CdSe with a narrower band gap continues
grown as crown. When the lateral size of the CdSe crown
is large enough, the quantum confinement effect only
occurs in the thickness direction. Therefore, without
changing the thickness, the emission wavelength of the
NPLs will not shift. However, when the CdSe crown
started to grow, its lateral size was small enough to gen-
erate a stronger quantum confinement than the thickness
direction, so the emission peak would be significantly
blue-shifted. Therefore, by controlling the size of the
CdSe crown, continuous tunable emission from CdS
NPLs (421 nm) to CdSe NPLs (515 nm) can be achieved,
as shown in Figure 3E. In addition to these simple NPLs
heterostructures, some complex structures have emerged.
Through layer by layer growth, a composition-tuned gra-
dient Cd;_,Zn,S shell cover on the CdSe/CdS core/crown
seeds.” The periphery and surface of CdSe NPLs are bet-
ter passivated, and the surface is capped with dense
ligands, thus achieving high QY in aqueous solution.

For optical property modification, doping has been
used in bulk semiconductor and QDs materials. Introduc-
ing metal ions into the crystal lattice of semiconductor
nanocrystals will generate new energy levels, which will
induce changes in the emission properties. A variety of
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metal ions have also been successfully doped in NPLs.
When CdSe NPLs were doped with Mn?*, it was found
that a strong Mn>* emission occurred at about 590 nm.
Meanwhile, the emission of CdSe has been substantially
suppressed at about 460 nm, as shown in Figure 4A.”’
The Cu** also can be doped in CdSe NPLs.’*”>7®
Figure 4B shows the absorption and PL spectra of Cu-
doped CdSe NPLs with different thickness. It can be seen
that the introduction of Cu** does not have any effect on
the original absorption of the CdSe NPLs, while the emis-
sion is dominated by a red-shifted broadband. The band
diagram is shown in Figure 4C. The doping of Cu** gen-
erates a mid-gap, which results in the red emission. By
controlling the amount of Ag** doped in the CdSe NPLs,
continuous adjustment of the emission color from green
to red can be achieved.””® Figure 4D,E show the emis-
sion of the CdSe NPLs with different amount of dopants.
Recently, mercury ions have also been doped into CdSe
NPLs.>! At different doping temperatures, the presence of

mercury ions in the NPLs lattice is also different. At
lower temperature doping, mercury atoms may replace
cadmium atoms, or they may just interstitial incorpo-
rated, thus causing dual emission peaks. However, at
high temperature doping, the mercury atoms completely
replace the cadmium atoms, so there is only a single
emission peak.

In addition to the metal ion doping, the anion doping
can also tune the emission properties of the CdSe NPLs.
By introducing mixtures of Se and S powders with differ-
ent proportions as anion sources during the synthesis pro-
cess, the alloyed CdSe,S;_, NPLs was successfully
implemented. With the increase of the ratio of S compo-
nent, the thickness of the NPLs will not change, while
the emission peak shows a significant blue shift.>*®! It is
well-known that surface ligands have a great influence
on the optical properties of semiconductor nanomaterials.
For CdSe NPLs, ligand exchange has also been found
effective to modify the emission properties. In 2017,
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Antanovich et al replaced the native oleic acid ligand
with aliphatic thiol or phosphonic acid on the surface of
CdSe NPLs, which resulted in a large red-shift (up to
240 meV) of emission peak. However, this ligand
exchange causes larger PL quenching.®* In 2019, Dufour
et al found that using of halide ligands can tune the emis-
sion properties and significantly improve PLQY.** The
red shift leaded by ligand exchange is mainly considered
to have two reasons. First, ligand exchange releases the
internal stress of the NPLs, which leads to expansion of
the crystal lattice in the thickness direction. Second, the
delocalization of wave function over the surface ligands
weakens the confinement.

3.2 | Carrier dynamics

PL spectroscopy is a steady-state measurement technique
commonly used to study the optical properties of semi-
conductors. Information such as emission intensity and
wavelength can be obtained from the PL spectrum. How-
ever, time-domain information of the material cannot be
studied by the method mentioned above. It is known that
after laser excitation, the carriers inside semiconductor
material are excited, and then a series of processes occur,
such as carrier cooling, relaxation to the band edge,
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trapping, and radiative recombination. The carrier
dynamics in the semiconductor material greatly affects
the emission characteristics. Therefore, in order to
improve the optical properties of semiconductor mate-
rials, it is necessary to have an in-depth understanding of
its carrier dynamics. In recent years, there have been
some studies on the carrier dynamics of CdSe NPLs.
Through time-resolved PL measurement, the carrier
relaxation process of CdSe NPLs was studied. Figure 5A
shows the PL spectra of CdSe NPLs in different time
scales after excitation. An exponential tail on the high-
energy side of the PL spectrum appears, which corre-
sponds to recombination of higher-energy carriers.®
After excitation, the internal carriers reach thermal equi-
librium within a very short time. Subsequently, the hot
carriers begin to gradually cool to room temperature,
which can be seen from the gradually disappeared-tail.
The temperature of the carriers can be estimated by
fitting the high-energy emission tail generated after laser
excitation. The carrier temperature as a function of time
after excitation is shown in Figure 5B. It can be seen that
the carrier temperature has a very rapid decrease at the
beginning. After a rapid decay of several tens of picosec-
onds, the temperature of the carrier decreases to room
temperature.®> However, in another study, this rapid
decay process was reported in only a few picoseconds,
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FIGURE 5 A, PL spectra of 6 MLs CdSe NPLs at different times after excited by an ultrafast laser pulse. The spectra are normalized by
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which is thought to be caused by different excitation
intensities.*® The CdSe NPLs show a significantly higher
carrier energy loss rate than CdSe QDs. This difference in
carrier cooling rate can be explained by different band
structures. As shown in Figure 5C, since the CdSe NPLs
has quantum confinement only in one dimension, it has
a continuous density of states. After the electrons are
excited to high energy, it begins to interact with phonons.
By transferring the energy to the LO phonon, the elec-
trons relax to the lowest energy position in the conduc-
tion band. However, for QDs, the energy difference
between the energy levels of the electrons is greater than
the phonon energy, so the pathway to relax by emitting a
single phonon is suppressed. This phenomenon is called
the phonon bottleneck effect in QDs.*” The carrier
cooling process is a slow decay, which is considered to be
caused by the hot phonon bottleneck effect.®® Carriers
that are rapidly cooled at the beginning produce a large
number of phonons. These phonons did not have enough
time to diffuse and then reabsorbed by the carriers,
resulting in a slower carrier temperature drop rate. In
addition, it was found that the thickness of CdSe NPLs or
the CdS Shell did not markedly influence the cooling
kinetics.®

The decay pathways of photoexcited states in CdSe
and CdSe/CdS NPLs have been studied by Kunneman
et al. The PL decay dynamics of CdSe NPLs were found
to be nonexponential.’>*®*® It means that during the
exciton decay, there are other pathways besides the direct
recombination to the ground state. By comparing the PL
decay with transient absorption (TA) data, it is believed
that exciton quenching site exists in a fraction of CdSe
platelets.®® The bleach signal of the heavy hole transition
to conduction band in the TA decays much slower than
the PL decay. Exciton quenching results in excess elec-
tron or hole in the NPLs, which can be clearly observed
in the bleach signal. The rate of charge transfer from the
exciton to the quenching sites is much faster than the
rate of exciton recombination to the ground state. There-
fore, after the generation of excitons due to excitation,
most of the excitons are quenched within a few hundred
picoseconds. This is mainly shown in the initial fast
decay part of PL decay. Subsequently, the exciton recom-
bination to the ground state dominates by a slower decay
process. In addition, once the holes are trapped, the elec-
trons in the conduction band are not free to move, but
will be localized by the influence of huge exciton binding
energy.

In addition to picosecond and nanosecond carrier
dynamics, the microsecond dynamics has also been
noticed in CdSe NPLs.*® In addition to the rapid radiative
and nonradiative recombination process, there is a phe-
nomenon called delayed emission up to microsecond in

CdSe NPLs. By fitting the PL decay process, the delayed
emission contributes more than 50% of the total emission
of CdSe NPLs. In QDs, the proportion of such delayed
emission is only about 10% to 25%.°° The emission line
with a delay of a few microseconds has the same shape as
the initial spectrum, which proves that the excitonic
properties have not changed. This phenomenon is con-
sidered to be the process of temporary charge carrier
trapping, then the trapped charge release and return to
emission.

The delayed emission phenomenon was also found in
the CdSe/CdS core/shell and core/crown structure. The
coating of the shell or crown reduces the defect state and
achieves a higher QY, but the delayed emission has not
been changed compared to the CdSe core. This proves
that the temporary trapping is not directly related to PL
quenching. Because the quantum confinement only exists
in the thickness direction of the NPLs, excitons can move
freely within the plane. A depth understanding of exciton
and carrier transport processes in NPLs is of great signifi-
cance for some optoelectronic applications, such as light
harvesting and photocatalysis. The NPLs heterostructure
is a suitable platform for studying carrier transport pro-
cesses. The charge carrier transport caused by the band
offset of two materials can be recorded and analyzed by
TA spectroscopy. The exciton localization efficiency and
localization time in CdSe/CdS core/crown NPLs have
been studied.”’ In the TA measurement, the state-filling
of the conduction band electron level cause the exciton
bleach signals in CdSe and CdS rather than the hole in
the valence band.’* Thus, the conduction band electron
dynamics can be detected through TA measurement. The
CdSe/CdS core/crown NPLs show a type-I band align-
ment. After optical excitation, excitons in the CdS crown
are rapidly transported to the CdSe core. The exciton
localization time is less than 1 ps and will increase as the
crown size increases. The TA spectrum is shown in
Figure 6B, where CdSe/CdS core/crown NPLs was
excited by 400 nm pump laser. T3 corresponds to the
electron transition in the CdS crown as shown in
Figure 6A. Normalized T3 bleach kinetics of five samples
with different crown size is shown in Figure 6C, and the
crown size gradually increases from CC1 to CC5. It can
be seen that as the crown size decreases, T3 bleach signal
has a faster decay rate. The decay of T3 bleach signal rep-
resents that electrons are transport from the conduction
band of CdS to the conduction band of CdSe, so it can be
found that a CdSe/CdS core/crown NPLs with a small
size crown has a shorter exciton local time. This phenom-
enon of crown-related exciton local time is also reported
in the CdSe/CdTe core/crown NPLs structure.”> How-
ever, the local efficiency of the exciton is not affected by
the size of the crown. This is because the holes are
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trapped at the interface between CdSe and CdS, and the
size of the crown does not affect the state of traps at the
interface.”" Similar results for exciton and carrier trans-
port of CdSe/CdS core/crown NPLs have also appeared
in type-II NPLs heterostructures, such as CdSe/CdTe and
CdS/ZnSe core/crown NPLs.”*** Moreover, these type-II
NPLs heterostructures exhibit long-lived charge transfer
exciton state, about 30 times longer than core-only
NPLs.”>** These longer lifetimes are thought to be the
result of the spatial separation of electrons and holes.
Recently, more detailed charge transfer dynamics in
CdSe/CdTe core/crown NPLs have been reported.” The
generation of charge transfer excitons involves two pro-
cesses. The first process is the ultrafast electron transfer
(~70 fs), and then the charge carriers diffuse through the
CdSe and CdTe (~5 ps).

3.3 | Optical gain and nonlinear optical
properties

Since stimulated emission was first observed in colloidal
QDs in 2010, it has been widely considered as a promis-
ing gain material.'® The superior lasing performance and
low-cost solution processability make it suitable for inte-
gration into various optoelectronic device platforms.
Compared to QDs, NPLs have larger absorption cross-sec-
tions, narrower light emission, and longer multiexciton
lifetimes, which make it better optical gain materials.”®®®

ASE was observed in CdSe NPLs in 2014. The ultra-
low threshold of 6 pJ/cm® was achieved under the
pumping of femtosecond laser at room temperature.>
This ASE threshold is lower than many optimized CdSe
QDs and nanorod structures. It is considered that the
optical gain in NPLs comes from the stimulated emission
of biexciton states.”” Multiexciton recombination is

mainly affected by Auger recombination. Electrons and
holes recombine nonradiatively and transfer energy to
another electron or hole to fulfill momentum and energy
conservation. The large Auger recombination rate causes
the multi-exciton population to decay rapidly, which will
greatly increase the threshold of optical gain. Strong
Auger recombination hinders the further development of
QDs as optical gain materials.'*>'*' Compared with QDs,
the Auger recombination process in NPLs is suppressed
due to strict momentum conservation constraints. Auger
becomes more complicated in higher-dimensional sys-
tems.”” The Auger lifetime of the CdSe NPLs measured
in the experiment is much longer than that of QDs
with the similar emission wavelength, which reaching
500 ps.®® In another work, it was shown that the
biexcitons Auger recombination rate in the CdSe NPLs is
about 1 order of magnitude lower than CdSe QDs and
nanorods.”” In addition, CdSe NPLs have been reported
to have high biexciton quantum yields, which is impor-
tant for achieving ASE with lower threshold.'® Gain
bandwidth and gain lifetime are also important parame-
ters for evaluating an optical gain material. These param-
eters can be obtained from the absorption measurement
combined with TA measurement. The absorption spectra
(@p) and transient spectrum () are shown in
Figure 7A. The a is calculated from ag + Aa, where Aa is
measured from the TA. The optical gain is indicated by
the red area where a < 0. It can be seen that the gain
occurs from 590 to 660 nm, which demonstrates a large
gain bandwidth. The dynamics of optical gain are shown
in Figure 7B. CdSe NPLs show a gain lifetime of 140 ps,
which is longer than those QDs and nanorods.'®*'°
Modal gain coefficient is another key parameter for the
optical gain material. A high gain coefficient means that
the optical gain can overcome the loss caused by the
material itself to obtain optical amplification within a
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shorter gain length. The gain coefficient is usually mea-
sured through the variable stripe length (VSL) method.'%
The gain coefficient of CdSe NPLs has been reported in
many works, ranging from 600 to 930 cm™' 3360103197
Due to the longer gain lifetime and suppressed Auger
recombination of CdSe NPLs, it exhibits larger gain coef-
ficient than CdSe QDs and nanorods. In addition, even
under intensive pumping that exceeds the gain threshold
by two orders of magnitude, the CdSe NPLs can sustain
large gain. However, since multiple excitons cannot be
supported on the band edge in QDs, the gain coefficients
saturate when the pump intensity reaches approximately
twice of the threshold.'*®

The PL properties of CdSe NPLs can be controlled by
changing the lateral size, thickness, and heterostructure.
Those methods can also affect the optical gain of CdSe
NPLs. The emission wavelength can be tuned by chang-
ing the thickness of CdSe NPLs. Combined with the
advantage of high optical gain, the blue ASE can be
achieved from the 3 MLs CdSe NPLs. Moreover, the
green, yellow, and red ASE can also be obtained thor-
ough CdSe NPLs with different thickness, as shown in
Figure 7C.'% Although the thickness of the NPLs lead a
strong quantum confinement, the lateral size of the NPLs

can also affect the exciton movement in plane, and then
change the properties of optical gain. The ASE threshold
was found to increase obviously with the increase of the
lateral size. It is believed that larger NPLs have more
nonradiative recombination centers due to defects,
thereby reducing the optical gain threshold.'® However,
the biexciton Auger lifetime and biexciton quantum yield
have been reported to increase with increasing lateral
size, which will be helpful for the reduction of the thresh-
0ld.’*'°% In addition, some works suggest that the optical
gain threshold is independent of the lateral size, only the
saturation optical gain increase with the lateral size.*>'%*
Here, due to the different synthesis quality of the NPLs,
the optical gain is a complicated process with many
influencing factors. The effect of lateral size on the opti-
cal gain of NPLs needs more comprehensive research.
The optical gain of CdSe NPLs can also be optimized
through heterostructures. As shown in Figure 7D, all of
the core/crown NPLs shows a smaller ASE threshold
than the core-only NPLs.*® Comparing NPLs with differ-
ent crown sizes, it was found that the NPLs with
medium-sized crowns have the lowest ASE threshold.
The CdS crown acts as an exciton concentrator, which
increases the absorption cross-section and reduces the
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ASE threshold. However, the increase of the crown size
may bring more defects, which leads to the quenching of
excitons and the increase of ASE threshold. In the type-II
heterostructure, electrons and holes are spatially sepa-
rated, where the small wave functions overlap and sup-
press Auger recombination. Therefore, the type-II
heterostructures are considered to be promising gain
materials. The type-II CdSe/CdTe core/crown NPLs have
been reported to show a low ASE threshold.''® Because
of the spatial separation of core and crown exciton, the
multiple exciton states show a long lifetime compared to
QDs. The alloyed CdSe/CdSeTe crown can reduce the
number of the defects and increase the Auger recombina-
tion lifetime, which enables a large optical gain.''' In
addition, tuning the composition of the alloyed crown
can achieve optimal optical gain and achieve tunable
ASE wavelength.>*>'% Recently, core/shell NPLs with
better stability and optical properties were obtained
through some novel synthesis methods.***” An record-
low ASE threshold of 2.4 pJ/cm? has been achieved using
the core/shell CdSe/CdZnS NPLs, which were synthe-
sized through hot-injection method.*®

Multiphoton absorption is a valuable optical
nonlinear property in semiconductor nanocrystals. By
absorbing multiple low-energy photons, the electrons
are excited to the conduction band, and then recombine
to emit a high-energy photon. Because it can convert
widely used low-energy photons in biology to high-
energy photons in the visible range, multiphoton
absorption has important applications in biological
fields.''>'** The NPLs show excellent multiphoton
absorption characteristics. Two-photon and even three-
photon pumped ASE have been demonstrated with low
thresholds ranging from 0.5 to 4.5 mJ/cm?>%3>3%10%-114
The two-photon absorption cross-section of CdSe NPLs
is about 10° GM measured by Z-scan, which is an order
of magnitude larger than the highest two-photon
absorption cross-section in QDs.!*>*'5 In addition, the
two-photon absorption cross-section of CdSe NPLs show
a volume dependent.''® Large volume NPLs will have
larger two-photon absorption cross-section.

3.4 | Stacking of nanoplatelets

The unique anisotropic 2D shape of the NPLs make them
easy to stack together. NPLs are connected to each other
through two large surfaces to form a stacked structure.
Such stacked NPLs assemblies have been shown to
exhibit different optical properties compared with non-
stacked one. When ethanol is added to the NPLs solution,
the NPLs tend to escape from ethanol to minimize their
surface energy, because ethanol is an anti-solvent for

oleic acid ligands. Therefore, the addition of ethanol can
induce the stacking of NPLs. Figure 8A,B show the TEM
image of the NPLs with 0 and 455 pL ethanol. The addi-
tion of a large amount of ethanol significantly exacer-
bated the stacking of NPLs. As shown in Figure 8C, with
the increase of the amount of ethanol added, the PL
quenching become more significant.) The emission
wavelength and FWHM did not change significantly in
this process. It is believed that Forster resonance energy
transfer (FRET) occurs in the stacked NPLs. Excitons are
transported between different NPLs. Nonradiative recom-
bination occurs when a defective or non-emissive NPLs is
encountered, and this causes a strong PL quenching.**
In QDs, FRET causes the red shift of the emission wave-
length, due to the non-uniformity of its size."'” However,
the precise thickness makes the phenomenon of red shift
disappear during the FRET process of the NPLs. The
NPLs have been reported to form micrometers long
needle-like superparticles by self-stacking, as shown in
Figure 8D."® The NPLs are stacked together to form a
highly aligned columnar structure, whose main axis is
perpendicular to the plane of the NPLs. These ordered
NPLs structures lead to an anisotropic optical property,
and obvious polarization emission characteristics have
been found in experiment as shown in Figure 8E,F. In
addition, electronic transport in stacked CdSe NPLs
based polymer fibers have been reported.®" This structure
may find applications in many optoelectronic devices. In
addition to stacking of NPLs from same population, the
FRET process of stacked NPLs of different thicknesses
has also been studied.''* When the donor's emission
spectrum and the acceptor's absorption spectrum overlap,
and they are close together, FRET will occur. Efficient
and fast FRET depends on the minimizing spatial separa-
tion between donor and acceptor. In the experiment,
4 and 5 MLs NPLs were mixed and act as donor and
acceptor, respectively. A very fast FRET process was
found with a time scale of 6 to 23 ps, which is smaller
than the FRET time constant in QDs."*° The large lateral
size and the stacking contribute to the enhanced interac-
tion between NPLs. Due to the fast FRET process in
NPLs exceeds the rate of biexciton Auger recombination,
the multiexciton energy transfer has been found in
NPLs.'™ As mentioned earlier, the stacking of NPLs may
also affect the PL properties at low temperatures. The
reabsorption caused by stacking leads an amplification of
phonon line.*® Later, the dual emission of NPLs at low
temperatures was thought to originate from excimer
emission from stacking.®® The stacking of NPLs has many
effects on optical properties, so understanding and con-
trolling is important in practical applications.

The unique 2D structure of NPLs not only makes it
easy to form stacks, but also produces many special
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changes in morphology. When the thickness is small
while the lateral size is large, the NPLs easily form a
scroll-like shape.*®'*"'** The reason for this structure
formation is speculated to be the asymmetric constraints
imposed by the carboxylic acid ligands on the NPLs sur-
face."*! In addition, nanohelix have been reported when
the length of the lateral dimension is much greater than
the width."** Stacking and twisting can even occur in the
NPLs structure at the same time, and the parameters of
this structure can also be adjusted by the lateral size of
the NPLs.'?> At present, the PL properties of these special
structure NPLs have not been found to be very different,
but for other complex photophysical processes have not
been studied, which may show some interesting
properties.

3.5 | Metal halide perovskite
nanoplatelets

As a new type of optoelectronic material, metal halide
perovskite has received intensive attention in recent
years. The general formula for metal halide perovskite
structure is ABX;, where A is monovalent cation, such
as Cs*, methylammonium (MA%), or formamidinium

(FA™). B is a divalent cation (Pb**, Sn®*), and X site is
halide ion (CI™!, Br%, I"'). Perovskite materials have
shown great potential in photovoltaic applications, the
efficiency of perovskite solar cells has exceeded 25%
recently.'*® In addition, perovskite have also been applied
in lasers,'?” photodetectors,'?® LEDs,'*® and other opto-
electronic devices. Similar to CdSe materials, perovskite
materials are also developing toward low-dimensional
nanomaterials with various shape, such as QDs, nanorod,
and NPLs."*® For 2D metal halide perovskites, there are
usually two structures, one of which is the two-
dimensional Ruddlesden-Popper (2DRP) perovskite. The
large aliphatic or alkylammonium cations, such as
butylammonium (BA) and phenethylammonium (PEA),
separates the 3D perovskite lattice into layers."*"*** For
this 2D layered perovskite, the thickness of each layers
cannot be accurately controlled, so internal energy trans-
fer processes usually occur in this material.'**'** The
other 2D perovskite is perovskite NPLs with thickness of
only a few nanometers, similar to the CdSe NPLs. The
earliest colloidal MAPbBr; perovskite NPLs were success-
fully synthesized in 2015."*° Subsequently, the thickness
of the colloidal perovskite NPLs was controlled by opti-
mized synthesis method, and the MAPbBr; perovskite
NPLs were successfully applied to LEDs."**** However,
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the inherent instability of organic cations prevents its fur-
ther application. The appearance of all inorganic metal
halide perovskite has greatly improved the stability of
perovskite. Therefore, all-inorganic metal halide perov-
skite NPLs have also received great attention. The
CsPbBr; NPLs was first reported in 2015, with thickness
of only a few integer numbers of perovskite unit cells. In
recent years, with the improvement of synthesis technol-
ogy, there has been some progress in the control of its
thickness and size.'**'%°

Compared with the 3D perovskite, the optical proper-
ties of the 2D colloidal perovskite NPLs have changed
greatly, which are very similar to the CdSe NPLs. The
absorption spectrum of perovskite NPLs produced a sig-
nificant blue shift and dominated by an obvious exciton
absorption peak.'* The sharp exciton absorption peak
indicates the strong electron-hole Coulomb interaction,
which also proved that perovskite NPLs have large exci-
ton binding energy. Some studies have shown that the
exciton binding energy of perovskite NPL is in the range
of 200 to 500 meV, which is much larger than the value
of 3D perovskite."*”'*° The large exciton binding energy
has greatly improved the radiation recombination effi-
ciency of perovskite NPLs, which makes its PLQY value
exceed 80%.'° Similar to CdSe NPLs, the PL peak of the
perovskite NPL exhibits a significant blue shift relative to
the bulk material and showed a thickness-dependent
change, which is an obvious feature of the quantum con-
finement effect in perovskite NPL. Different from CdSe
NPLs, through the anion exchange method combined
with the control of the thickness of NPLs, the all inor-
ganic metal halide perovskite NPLs can achieve a wide
range of emission tuning from ultraviolet to near infra-
red."*>1*¢150 In addition, perovskite NPLs show stronger
Auger recombination than CdSe NPLs, which is thought
to be caused by the difference in band structure between
these two materials.">" The perovskite NPLs can self-
assemble to form a stacked columnar structure, which is
the same as the stacking characteristics of CdSe NPLs. In
addition to this self-assembly method, it was found that
the perovskite NPLs can also be fused with each other to
form NPLs with larger lateral dimensions."**'*° In recent
years, inorganic metal halide perovskites have shown
excellent optical gain performance.”’>'>* However,
unlike CdSe NPLs, colloidal inorganic metal halide
perovskite NPLs have not been found to have strong opti-
cal gain, which remains to be further studied. At present,
most of the researches mainly focus on the optimization
of synthetic methods of colloidal inorganic metal halide
perovskite NPLs, and the research on its optical proper-
ties is still lacking. In addition, the stability of perovskite
NPLs is also a major problem in its application. There are
many similarities between CdSe NPLs and perovskite
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NPLs, the research results of CdSe NPLs may contribute
to the further development of perovskite NPLs.

4 | APPLICATIONS

41 | Nanoplatelets LED

In 1994, the emerge of the first colloidal QDs light-
emitting diodes (LED) opened a new direction for LED
technology.’>* Colloidal nanocrystals have the advan-
tages of low cost, solution processability, and adjustable
emission wavelength, which makes them promising
luminescence materials. Most colloidal nanocrystals
LEDs are currently based on spherical QDs.'*>!*® Com-
pared with QDs, NPLs have narrower emission peak,
larger exciton binding energy, and faster radiation recom-
bination rates, which make them more suitable as lumi-
nescent materials for LEDs. The narrow emission line of
the NPLs is of great significance for the improvement of
LED color purity, which is difficult to achieve by other
materials.

The first NPLs-based LED was reported in 2013.*
Figure 9A shows the structure of the LED device. CdSe/
CdZnS core/shell NPLs were used as emissive material,
which were deposited between organic and inorganic
metal-oxide layers that serve as charge transport layers.
The replacement of long-chain oleic acid ligands on the
NPLs surface with short-chain 3-mer-captopropionic acid
(MPA) or alkyldithiol has been shown to significantly
improve charge injection and transport. Based on the
optimized device structure, this NPLs LED exhibits a
maximum luminance of 4499 cd/m* and an external
quantum efficiency of 0.63%. It shows a narrow electrolu-
minescence peak in 650 nm, and the range of FWHM is
25 to 30 nm, depending on the applied voltage. The
narrowest electroluminescence (FWHM ~12.5 nm) colloi-
dal nanocrystals LED was reported through CdSeS
alloyed NPLs.** At the same time, the light emission
wavelength of the LED can be adjusted by changing the
ratio of Se and S. However, a very weak luminance
(10-100 cd/m*) was shown in this work, making it
unusable in practice.

With the improvement of material synthesis technol-
ogy and device structure, NPLs LEDs have shown greater
application potential. A super color purity green NPLs
LED was fabricated with CdSe/CdS NPLs, which exhibit
a high external quantum efficiency of 5% and maximum
luminance up to 33 000 cd/m?* with a narrow electrolu-
minescence spectra (~14 nm)."”” Through using a
multifunctional polar and electrolytic polymer as electron
transport layer material, a high efficiency NPL LED with
saturated red electroluminescence was created.”® This
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device achieves a high external quantum efficiency of
5.73%, which is an order of magnitude larger than the
early red NPLs LED. Recently, the Cu-doped NPLs LEDs
have been successfully realized.'>® When the doping con-
centration of Cu was 0.5%, dual emission was found in
the LED. Moreover, it is interesting to find that the ratio
of the two emission peaks can be changed by adjusting
the device structure. Due to the special 2D shape of the
NPLs, the arrangement during the deposition in the LED
may affect the outcoupling efficiency, thereby improving
the external quantum efficiency of the overall device.
Controlling the NPLs film formation process may further
improve the efficiency of the NPLs LED.?%1¢°

4.2 | Lasers

Owing to excellent laser performance and low-cost pro-
cessability, colloidal semiconductor nanocrystals are
widely used in the research of laser. Various laser struc-
tures have been realized through combining QDs with

simple optical cavities.'®*'®* NPLs have been demon-
strated to have large optical gains, therefore ASE can be
achieved under very low excitation intensity. Integrating
NPLs with optical cavities can obtain lower threshold
lasers.

In 2004, Guezelturk et al used the all solution-
processed distributed Bragg reflectors (DBR), which
made by staggered stacking of SiO, and TiO,
nanoparticles, to serve as optical cavity.>> CdSe/CdS
core/crown NPLs were deposited between two DBRs
to form vertical cavity surface-emitting laser (VCSEL)
structure. In the case of two-photon pumping, a laser
threshold of 2.49 mJ/cm?* was obtained. In the same year,
Grim et al also used two DBRs as optical cavities, and
used CdSe NPLs as optical gain materials to achieve
continuous-wave pumped laser emission at a power den-
sity of 440 W/cm?> However, with the continuous
pumping under high-power density, the output intensity
of the lasers will decrease significantly. In 2005, Li et al
used the CdSe NPLs solution as a gain material, and
directly used a cuvette as an optical resonant cavity,
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single-photon, two-photon, and three-photon laser emis-
sion was successfully achieved in solution.'** Laser per-
formance can be improved by increasing the optical gain
properties of the NPLs material, while another approach
is to design an optical cavity with a higher quality factor.
The lasing with an ultra-low threshold of 0.97 pyW was
demonstrated through the combination of CdSe/CdS
core/shell NPLs with silicon-nitride nanobeam cavities as
shown in Figure 9B.”® This laser supports room tempera-
ture continuous-wave operation, which can be attributed
to the high optical gain of NPLs, along with the high
quality factor of nanocavities. Recently, the use of a ring
resonator and NPLs to achieve laser emission in the
whispering gallery mode has also been realized.”’
Figure 9C shows the structure of micro ring resonator
and the lasing in whispering gallery mode.

43 | Other

In addition to the two applications above, the unique
shape and properties of the NPLs also brings more possi-
bilities in application. Luminescent solar concentrator
(LSC) is a type of light-harvesting device. The lumines-
cent material sandwiched between two transparent plas-
tic plates absorbs sunlight and emits longer-wavelength
light, which reaches the edge of the plastic plate through
total reflection, and is finally converted into electricity by
solar cells. The Cu-doped CdSe NPLs was found to be
very suitable for apply in the LSC due to the high PL QY,
large Stokes shift and high absorption cross section.®
NPLs have also proven to be an excellent photocatalytic
platform. In 2005, Naskar et al reported a synthetic
method that enables site-selective growth of noble metal
on NPLs.'® By changing the growth parameters, Au, Pt,
Pd can be grown on CdSe NPLs, which creates a good
platform for the realization of photocatalysis. As the
noble metal grows, the emission of the NPLs is gradually
quenched. The results of femtosecond TA prove that elec-
trons are transferred from the NPLs to the noble metal in
a very short time (~800 fs).'®> The photocatalytic decom-
position of methylene blue and methyl orange in aqueous
solution was realized using CdSe/CdS-Au hybrid
NPLs.'% In addition, the ultra-thin nature of NPLs is also
used for photocatalysis, the device structure is shown in
Figure 9D. The NPLs was placed in the nanogap formed
by the Au nanoparticle and the gold film, and enhanced
plasmonic fields increased the efficiency of photocatalytic
water splitting.*® The large surface area of NPLs makes
them a promising platform for sensing. It was found that
the increase of oxygen concentration can improve the PL
efficiency of NPLs, this is mainly due to the hole trapping
by surface defects. Therefore, CdSe NPLs can be used to
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realize oxygen sensing.’®> Moreover, CdSeS NPLs have
been used for organophosphorus pesticide detection.'®®

5 | SUMMARY AND PROSPECTS

In summary, this article reviews the emergence and
development of 2D CdSe NPLs in recent years. Compared
with QDs and nanorod, as the latest structure in the col-
loidal semiconductor nanocrystal system, the 2D NPLs
exhibit many special properties. CdSe NPLs usually have
only 3 to 5 MLs in thickness, which is smaller than the
exciton Bohr radius, while their lateral dimensions are
large. Therefore, quantum confinement exists only in the
thickness direction, which determines the optical proper-
ties of the CdSe NPLs. The atomic precision of thickness
eliminates inhomogeneous broadening, which enables
very narrow emission line. In addition, the strong 1D
confinement and large surface area induce a large exciton
binding energy, fast radiation recombination rate, and
large absorption cross-sections. Core-shell and core-
crown heterostructures introduce more possibilities for
the control of optical properties of CdSe NPLs. By chang-
ing the material of the shell or crown, it is possible to
realize broadband emission of CdSe NPLs from visible to
near-infrared. At the same time, the PLQY and stability
of the CdSe NPLs have also been improved. CdSe NPLs
exhibit higher optical gain than other colloidal semicon-
ductor nanocrystals, which results in an ultra-low ASE
threshold. Band engineering or gradient alloy structure of
the shell or crown can further optimize the optical gain
performance of the CdSe NPLs. These excellent proper-
ties of CdSe NPLs have been successfully applied in to
LEDs and Lasers, realizing super color purity LED and
ultra-low threshold nanolaser. In addition, CdSe NPLs
also show potential in the application of LSC, photo-
catalysis, and sensing.

Although CdSe NPLs have many impressive optical
properties, there are still some problems and challenges.
First, for the application of optoelectronic devices, colloi-
dal NPLs usually exist in the form of deposited films.
However, due to the plane shape of the NPLs, they are
easily self-stacking, which has been shown to affect their
optical properties. Such stacking may reduce device per-
formance, so further research may be needed to better
control the alignment state of the NPLs deposition. Sec-
ond, although NPLs-based LEDs have been realized with
a narrow emission, the efficiency is still very low. There
have been many studies on the optimization of the opti-
cal properties of NPLs, but the device structure of LEDs
is still lagging. Therefore, the optimization of the device
structure is critical for the practical application of NPLs
LEDs. Third, the mechanism of optical gain in NPLs
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needs to be further studied, such as how the lateral size
and thickness affect its gain performance. In this way,
lower threshold NPLs lasers can be achieved by optimiz-
ing the structural parameters. In addition, although con-
tinuous wave pumped laser at room temperature by the
NPLs have been achieved, how to realize electric drive
laser by NPLs is still a big challenge.
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