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ABSTRACT | In the past decade, colloidal quantum wells, also known as two-dimensional (2D)
semiconductor nanoplatelets, have been added to the colloidal nanocrystal (NC) family. Through the
unique control of the thickness with monolayer precision, these novel materials exhibit strong 1D
guantum confinement that offers unique optical properties along with the possibility of fabricating
advanced heterostructures, which are not possible with other gquantum-confined nanostructures. 2D
CdX (X=Se, S)-based nanoplatelets provide high color purities, fast fluorescence lifetimes and large
exciton binding energies. This review covers the latest developments in the successful utilization of
these flat NCs in different nanophotonic device applications. The synthesis of the advanced
heterostructures of flat 2D NCs (e.qg., core-shell, core-crown, and core-crown-shell) has matured very
rapidly, and new exciting optical and electronic applications are emerging. Doping of these atomically
thin NCs also offers new possibilities for their utilization in different solar light harvesting, magnetic,
electronic and lasing applications. This review also includes the recent advancements in the
understanding of their unique optical properties that are of utmost importance for their practical
implementation in light-emitting devices and lasers. Finally, we present a future perspective on their
successful utilization in different nanophotonic applications.

KEYWORDS | Semiconductor nanoplatelets; colloidal quantum wells; two-dimensional (2D)
materials; nanophotonic devices; heterostructures; doping

I. INTRODUCTION

In the early 1980s, the discovery of quantum size effects in semiconductor nanocrystals (NCs) and the
resulting size-dependent optical properties began a new branch of research for materials scientists,
chemists and physicists.[1], [2] Later, in 1993, the synthesis of monodispersed spherical CdSe NCs
using colloidal methods was reported.[3] Soon after this report, different experimental groups using
similar colloidal methods started to synthesize and analyze different semiconductor materials at the
nanoscale (e.g., ZnSe, ZnS, CdS).[4]-[8] In the next few years, materials with different compositions,
configurations (e.g., core/shell, type I, type 11, quasi-type 1) and quantum confinements (0D, 1D) were
reported at the nanoscale.[9], [10] In 2006, the Hyeon’s group reported the synthesis of two-dimensional
(2D) CdSe nanoribbons possessing a wurtzite crystal structure and one-dimensional (1D)
confinement.[11] In 2008, the Dubertret group presented the synthesis of the first 2D zinc blende CdSe
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colloidal quantum wells (CQWSs), also widely known as nanoplatelets (NPLs).[12] Interestingly, they
extended this technique to other semiconductor NCs, e.g., CdS and CdTe NPLs, while maintaining
precise control of the thickness at the atomic scale.[13], [14]With the addition of these 2D NPLs to the
family of colloidally synthesized NCs, the family became complete in terms of different quantum-
confined NCs (e.g., 0D, 1D, 2D).

The 2D CdSe NPL-based NCs later added in the last decade have shown interesting optical properties
based on their controlled thickness at the atomic scale that in turn lead to narrow emission linewidths,
large exciton binding energies, high absorption cross-sections and high oscillator strengths.[13] These
exceptional optical properties are all strongly required and were long sought for colloidal NCs due to
their possible application in lasing, light emission and solar energy harvesting. Furthermore, with the
knowledge and experience gained by different research groups through the synthesis and handling of
colloidal quantum dots (CQDs), these materials can be easily extended to more efficient and stable
architectures possessing pure 1D confinement. In a short time, different heterostructures of atomically
flat NCs, e.g., core-shell, core-crown, and core-crown-shell, were reported.[15]-[17] These materials
are more efficient and possess excellent optoelectronic properties. Because of the anisotropic shape of
NPLs, a different type of heterostructure, namely, “core-crown”, is possible. For crown growth, another
semiconductor material can be grown on the periphery of CdSe host NPLs. This process implies that
the thicknesses of the core and crown region are the same, and both the core and crown regions can
separately absorb the illuminated photons, which in turn can increase the absorption cross-section per
particle.[15] These types of architectures are not possible with other quantum-confined NCs (e.g., 0D,
1D). Depending on the choice of crown materials, e.g., CdS, CdTe, or CdSeTe, type-I, type-I11, or quasi-
type-Il heterostructures can be realized. In the last 5 years, different groups have focused on improving
the synthesis of these advanced heterostructures and using them for different applications.[14], [16],
[18], [19]

Another important class of semiconductor NCs were achieved by the doping of transition metal or rare
earth ions in the host. Doping is a process of intentional introduction of impurity ions into the host
semiconductor material. Controlled doping in host semiconductor NCs allows significant modification
of their electrical, optical and magnetic properties. However, doping in CQWSs has not been explored to
the same extent as CQDs. Only very recently, copper doping in CdSe NPLs has been shown by a high-
temperature nucleation doping method and partial cation exchange reactions. In 2017, copper doping
of flat CdSe NPLs was demonstrated which shows extraordinarily high photoluminescence (PL)
guantum yields (QYs) along with tunable and Stokes-shifted dopant-induced near infrared (NIR)
emission.[20] These materials were shown to perform well as emitters in luminescent solar
concentrators (LSCs). Furthermore, controlled doping of atomically flat core- and core-shell NPLs with
Cu, Mn, Ag and Hg was shown to lead to improved magnetic, optical and electronic properties
compared to similar 0D-confined doped CQDs.[20]-[25]

Along with the studies performed and the understanding of interesting properties (e.g., narrow PL
linewidths, high oscillator strength, and high PL QYs) obtained, in the last few years, successful use of
NPLs in different optoelectronic applications (e.g., lasers, light-emitting diodes (LEDs), LSCs, and
biolabeling) has been widely reported.[18], [20], [26]-[28] Our group in particular focused on the
synthesis of advanced heterostructures, doping of CdSe NPLs and applications of these materials in
lasers and LEDs. Two early reviews on this category of NCs were published in 2013 and 2015.[14],
[29] Nevertheless, they focused on either all categories of NPLs (indium-based, copper-based, tin-
based, lead-based, zinc-based, cadmium-based etc.) or overall aspects of the flat NCs developed up to
that time. The readers are suggested to follow these detailed reviews for understanding different 2D
materials possessing 1D confinement. However, in the last five years, with the advancements in the
synthesis and understanding of their novel photophysical properties, flat CdSe based NPLs and their
complex heterostructures have achieved a unique place among all categories of colloidal NCs.
Suppressed Auger recombination due to the 2D nature, successful doping of atomically thin CdSe NPLs
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and their unique heterostructures enable these materials to serve as superior materials for next-
generation lasers, light-emitting materials, efficient photocatalysts and LSCs. In this review, we will
mainly focus on the synthesis updates of colloidally synthesized CdSe-based NPLs including their
heterostructures and doping in these flat CdSe NCs. Secondly, we will focus on the interesting
photophysical properties and recent developments in the successful utilization of these flat NCs
particularly in lasing, light-emitting devices, and solar light harvesting applications. In general,
throughout the review unless mentioned, we will compare CdSe NPLs and their heterostructures (core-
shell, core-crown, etc.) with similar 0D CdSe core- and CdSe/CdS core-shell CQDs, which have been
widely studied for these applications. In the last part, we will discuss the challenges along with a
possible outlook for these materials.

I1. COLLOIDAL 2D MATERIALS
A. CdSe NPLs

CdSe-based two-dimensional NPLs with different crystal structures can be synthesized by colloidal
methods. In 2006, the Hyeon’s group reported the synthesis of CdSe nanoribbons with a wurtzite crystal
structure.[11] These 2D materials with a wurtzite crystal structure were synthesized by low temperature-
based lamellar-like template growth. Figure 1a shows transmission electron microscopy (TEM) and
HRTEM micrographs of CdSe nanoribbons showing a fixed vertical thickness of 1.4 nm.[30] Figure 1b
shows the PL emission and absorption spectra of these CdSe nanoribbons, which show a narrow
emission linewidth with a full-width-at-half-maximum (FWHM) of 70 meV along with clear
electron/heavy hole and electron/light hole absorption features in the absorption spectra that suggest the
formation of 2D NCs with strong 1D confinement. Following this approach, other materials, such as
CdS and CdTe, were also synthesized.[31] For the synthesis of these nanoribbons, cadmium chloride
powder was dissolved in an amine in which a selenium/sulfur/tellurium precursor was slowly
reduced.[30] However, the control of the thickness of these nanoribbons was not investigated in detail.
Additionally, CdSe NPLs with zinc blende (ZB) crystal structures were synthesized in 2008 for the first
time.[12] To synthesize these anisotropic-shaped NPLs possessing cubic structures, first, magic-sized
seeds were obtained by mixing long-chain Cd(carboxylate), as a Cd precursor, which was heated,
together with Se powder in a noncoordinating solvent. Furthermore, the addition of short-chain
Cd(carboxylate), at varying temperature (e.g., 180-240°C) led to the formation of 2D NPLs.[13], [29],
[32] In recent years, the addition of short-chain carboxylate was found to be crucial for the synthesis of
these anisotropic-shaped NPLs.[33] Furthermore, the thickness of these 2D platelets can be tailored by
varying the addition temperature of the short-chain carboxylate salts. Generally, 3-5 monolayer (ML)
CdSe NPLs can be synthesized by these methods (Figure 1c). The PL spectra of 5 ML CdSe NPLs in
an ensemble and at the single platelet level are shown in Figure 1d. Clearly, the FWHMs of both cases
are similar (42 meV), which shows the absence of any thickness variation among the NPL
ensemble.[34] Moorels et al. reported the use of cadmium chloride and cadmium oleate at higher
temperatures, which can convert the initial 5-ML-thick CdSe NPLs to 8 ML CdSe NPLs.[35] Another
important method to tune the thickness of as synthesized core CdSe NPL is to grow a CdSe, CdS shell.
Ithurria et al. have shown a method to control the thicknesses of CdSe NPLs from 3-11 MLs by growing
further CdSe MLs on pre-synthesized 3-4 ML CdSe core NPLs.[36] Recently, Norris et al. studied the
formation of quasi-two-dimensional NPLs in detail. Briefly, via both experimental and theoretical
approaches, they did not observe any evidence of a template growth mechanism, such as that for
wurtzite-shaped CdSe NPLs.[33] They emphasized that the solubility of the cadmium precursor plays
an important role in obtaining anisotropic shapes from ZB-structured magic-sized CdSe seeds. For
details regarding the synthesis and formation of these anisotropic-shaped NPLs, the readers are referred
to the detailed report.[33]

Both ZB- and wurtzite-structured CdSe 2D NCs possess narrow PL linewidths (Figure 1b, 1c).
However, the PL QYs of ZB-structured CdSe NPLs are higher than those of hexagonal nanoribbons.



Moreover, the thicknesses of these ZB CdSe NPLs can be fine-tuned with atomic level precision (Figure
1e-1g). These tunable thicknesses result in a tunable emission in the visible spectrum with extraordinary
optical properties, e.g., narrow PL linewidths in the visible region, high absorption cross-sections, high
oscillator strengths and ultrahigh optical gains for lasing.[13], [35], [37], [38] Figure 1 summarizes the
colloidal NPLs synthesized with both wurtzite and ZB crystal structures.

Obtaining the absorption cross-section (o) is important for understanding the fundamental optical
properties of NPLs. The absorption cross-section values also provide a way to calculate the number of
electron-hole pairs generated per absorption event. For this purpose, absorption cross-section values are
important parameter for using these materials in different nanophotonic applications.[39], [40] Figure
1h shows the experimentally determined absorption cross-section values for colloidally synthesized
CdSe NPLs (for given vertical thickness as a function of lateral size). The per-particle ¢ values for the
4 ML CdSe NPLs with different areas were determined by using the relation, c =2303A / (CnpLNAL).
Here, A is the absorbance, Na is the Avogadro’s number, and L is the optical path length.[41] Over the
whole absorbance spectrum the absorption cross-section increases as a function the platelet area (Figure
1h). Figure 1i shows the intrinsic absorption cross-section of CdSe NPLs with different vertical
thicknesses. By dividing the obtained absorption cross-section by the volume of the NPLs, the intrinsic
absorption cross-section was obtained.[42] The obtained intrinsic absorption of 2 ML CdSe NPLs
(=2.15 x 106 cm™) at their first excitonic peak is significantly larger than the intrinsic absorption of
thicker (4-5 ML) CdSe NPLs (=4.1 x 105 cm™*) and CdSe CQDs (=2.8 x 105 cm?).[40]
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Figure 1(a) TEM and HRTEM images of lamellar-structured CdSe nanosheets with a wurtzite crystal structure
(top); the bottom left shows the edges of CdSe nanosheets, and the bottom right image illustrates the
crystallographic nature of the nanosheets. (b) UV-vis absorption and room-temperature PL emission spectra of
CdSe nanoribbons. (c) PL emission and absorption spectra of CdSe NPLs with the ZB crystal structure and tunable
thicknesses. (d) PL spectra of 5 ML CdSe NPLs in an ensemble and at the single platelet level. The FWHMs of
both cases are similar (42 meV). (e-g) TEM images of CdSe NPL colloids with the ZB structure and different
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thicknesses. The inset shows the corresponding emission images of CdSe NPLs with 3-5 ML vertical thicknesses.
(h) from ICP-OES measurements the Se and Cd concentrations of different CdSe NPLs were obtained which
helped to calculate the absorption cross-section of different 4 ML CdSe NPL samples having varying lateral sizes.
Lateral size dependence of the absorption cross-section at the energy of hh-e transition peak is shown. (i) Intrinsic
absorption spectra of CdSe NPLs having different thicknesses (e.g. for 2ML, 4 ML, and 5 ML). Panels a-b:
Reprinted with permission from refs [11], [30], copyright 2009, Wiley-VCH. Panel c, reprinted with permission
from ref [13], copyright 2011, American Chemical Society. Panel d: Reprinted with permission from ref [34],
copyright 2012, American Chemical Society. Panels e-g: Reprinted with permission from ref [38], copyright 2015,
American Chemical Society. Panel h: Reprinted with permission of ref [39], copyright 2015, American Chemical
Society. Panel i: Reprinted with permission from ref [42], copyright 2009, Wiley-VCH.

B. Heterostructures

NPLs, with their anisotropic pure 1D confinement and narrow emission, are appealing candidates for
next-generation optoelectronic applications, such as displays and lasers. Regarding solution-processed
nanostructures, the electronic and physical properties can be modified and enhanced by the epitaxial
growth of a shell layer around the semiconductor core.[43] With type-1 band alignment, the exciton
wavefunction is largely confined in the core, while type-11 band alignment leads to separation of the
charge carriers. In the case of quasi-type-I1 band alignment, while one of the carriers is localized at the
core, the wavefunction of the other carrier is largely relaxed into the shell. For CQDs, such control of
the shell results in enhancement of the QY,[43] a reduction in PL emission blinking[44]-[46] and an
improvement of the photostability.[47] These enhanced properties have led to increasing interest in the
use of heterostructures in LEDs,[6], [48] lasers,[49] and biological imaging.[50] Unlike CQDs, which
are limited by the growth of shell layers, NPLs provide unique opportunities for the design of complex
heteroarchitectures owing to the opportunity to vertically grow a shell as well as laterally grow a crown.
Here, we discuss core/shell NPLs, core/crown NPLs and advanced NPL heterostructures combining the
growth of both shells and crowns as well as multicrowns.

Core-Shell NPLs

Shells of different compositions have been successfully grown on CdSe NPLs using various approaches
to improve the QY and stability and provide new functionalities. First, examples of shell growth were
presented by the Talapin and Dubertret groups via growth of CdS and CdZnS shells on seed CdSe NPLs
at room temperature.[37], [51] A representative TEM image and absorption and PL spectra of core/shell
NPLs are presented in Figure 2(d) and (h), respectively. The excitonic transitions redshifted by more
than 100 nm with the growth of a shell on these NPLs, as shown in Figure 2(f) and (g), due to the
relaxation of the charge carrier wavefunctions into the shell. Talapin and coworkers demonstrated the
growth of CdS shells on CdSe NPLs with atomic layer precision via the technique they called colloidal
atomic layer deposition (c-ALD).[37] With this method, layers of CdS can be deposited on the seed
NPLs with atomic layer precision, providing perfect control of the optical properties. Anionic and
cationic MLs can be alternatively deposited on seed NPLs using this method. In this method, a sulfide
layer was first grown on Cd-rich facets of NPLs using TMS.S, (NH4)2S, Na.S, or NaSH, and a cationic
layer was grown by the addition of a cadmium salt. Later, this approach was extended to grow CdZnS,
CdMnS and MnS on CdSe NPLs to extend the control of the optical properties and realize new
functionalities.[22], [52]-[54] The approach of the Dubertret group helped realize the continuous
growth of CdS and CdZnS shells on CdSe NPLs.[51] With this method, QY's reaching 80% in nonpolar
solutions were reported,[55] although this method could not provide precise control of the optical
properties, as provided by the c-ALD technique. With the coating of CdSe NPLs with CdS and CdZnS
shells, the FWHM of the PL peak increased from 37 to 65 meV, which can be attributed to an increase
in the electron-phonon coupling with the addition of the shell.[55] The growth of a ZnS shell on CdSe
NPLs at moderate temperatures (100—150°C) under ambient atmosphere was also recently
achieved.[56] These type-l core-shell NPLs exhibit PL quantum efficiency values up to 60% and
excellent stability under ambient conditions.

The synthesis of core/shell CdSe/CdS and CdSe/ZnS at high temperatures was also reported very
recently.[57]-[59] Such high-temperature synthesis methods are required for better crystal quality and
optical stability, as previously observed for core/shell CQDs.[46] High-temperature shell growth on



CdSe NPLs was first reported by the Norris group, and they extended an approach previously used for
CQDs based on the addition of low-reactivity precursors at ~300°C.[46], [57], [60] This method makes
deposition of thick CdS shells feasible, which was not possible with previously existing low-
temperature continuous-growth methods. This group obtained uniform and high QY NPLs while
preserving the narrow emission (FWHM= 20 nm). The growth of a ZnS shell at high temperatures with
low-reactivity precursors (i.e., octanethiol) yielded near-unity efficiency highly stable core/shell NPLs
with improved thermal stability.[58] In particular, NPLs with thick shells exhibited excellent thermal
stability, which makes them suitable candidates for lasing and LED applications. Optical gain of these
NPLs with thick shells should benefit from their large absorption cross-section and reduced Auger
recombination as a result of the reduced spatial overlap between electron and hole envelope wave
functions, especially in the case of quasi-type-11 and type-11 core-shell structures.[61]-[63] A reduction
in gain threshold was observed in colloidal CQDs with the addition of shell layers. [62]-[64] In addition,
their excellent thermal stability after many heating cycles along with their near-unity efficiency and
narrow emission makes them excellent candidates for LED applications. Alloy-gradient shells of
CdznS on these CdSe NPLs may further provide better optical properties compared to pure CdS and
ZnS shells, as demonstrated in core-shell QD systems.[60] These smooth alloy shells may enable further
enhancement of the optical gain compared to pure shells of CdS and ZnS.

Core-Crown NPLs

Lateral growth of crowns on CdSe NPLs provides a tuning approach to control the optical and electronic
properties of CQWs while maintaining the same thickness. The first examples of lateral growth of
crowns on NPLs were achieved by using an acetate salt on CdSe NPLs.[65], [66] CdS crowns were
grown on the seed CdSe NPLs, and the lateral extension of the crowns could be controlled by adjusting
the amount of added precursors. A high-resolution TEM image of a CdSe/CdS core/crown NPL is
presented in Figure 2(c). In contrast to core/shell NPLs, in CdSe/CdS core/crown NPLs, the energies of
the excitonic transitions of the core NPLs remain the same, as shown in Figure 2(g), due to the
insignificant change in the confinement of the carriers in the lateral dimension with the addition of the
crown. The addition of a CdS crown passivates the periphery of the core NPLs and thus increases the
PL efficiency of the resulting NPLs. The CdS crown effectively increases the absorption cross-section
of the NPLs, and excitons generated in the crown region can effectively funnel into the CdSe core as a
result of the band offsets and large exciton binding energy. The superior optical properties of quasi-
type-11 CdSe/CdS core/crown NPLs have led to their use in LEDs and optical gain applications.[67],
[68]

Inverted type-I core/crown NPL heterostructures with tunable optical properties were also reported by
our group.[69] To realize these inverted type-1 NPLs, a CdSe crown was grown on the seed CdS NPLs,
and by varying the lateral size of the CdSe crown, the emission was tuned over a wide range between
the emission wavelengths of the core CdSe and CdS NPLs. In these NPLs, the exciton generated in the
CdS crown is also efficiently funneled into the CdSe crown with an adjustable size. NPLs with thin
crowns showed reasonable performance in white light generation, with the color render index (CRI)
reaching 80.

In addition, type-11 NPL heterostructures were reported by growing CdTe or CdSeTe crowns on CdSe
NPLs.[15], [17], [70] In these type-Il heterostructures, the recombination time is orders of magnitude
longer than those in the core-only NPLs as a result of the spatial separation of the carriers due to the
band offsets.[15], [17] In contrast to core and type-1 core/crown NPLs with a quasi-zero Stokes-shifted
emission and an extremely narrow emission, the PL emission of these NPLs shows a significant Stokes
shift (>100 nm) owing to the type-11 emission. The QY of these NPLs can be greatly enhanced by
controlling the alloying between Se and Te. QYs reaching 95% were reported for type-1l structures
having alloyed CdSeTe crowns.[70] This high QY in these engineered structures was attributed to the
large exciton binding energy and large in-plane conductivity in these ultrathin NPLs. In addition, with
alloying, the emission wavelength can be tuned over a wide range. These alloyed NPLs with Stokes
emission were shown to be promising candidates for LED and lasing applications.[18], [71], [72] These
alloyed type-I1 NPLs showed very low amplified spontaneous emission (ASE) thresholds, high net
modal gains and long gain lifetimes.[72]
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Figure 2. (a) Schematics of core, core/crown, core/shell and core/crown@shell NPLs. (b) TEM image of core
NPLs. (c) TEM image of core/crown NPLs. Reprinted with permission from ref [29], copyright 2015, American
Chemical Society. (d) TEM image of core/shell NPLs. Reprinted with permission from ref [51], copyright 2012,
American Chemical Society. (¢) TEM image of core/crown@shell NPLs. Reprinted with permission from ref
[52], copyright 2019, Royal Society of Chemistry. Absorption and PL spectra of (f) core, (g) core/crown, (h)
core/shell and (i) core/crown@shell NPLs.

Complex NPL Heterostructures

The low stability of the optical performance of core NPLs is one of their drawbacks. Recently, the
consecutive growth of crowns and shells on CdSe NPLs was demonstrated to significantly improve the
QY and optical gain performance compared to core@shell NPLs.[16], [52] These complex
heterostructures resembling a particle in a box can be obtained by growing CdZnS shell layers on
CdSe/CdS core/crown NPLs. To realize this particle-in-a-box heterostructure, CdzZnS layers can be
grown on core/crown NPLs with atomic layer precision through the c-ALD technique. A TEM image
of such a core/crown@shell heterostructure is shown in Figure 2(e). The absorption and PL peaks
significantly redshift with the growth of a shell, as presented in Figure 2(i). The absorption cross-section
of these platelets is further enhanced compared to the simple core/shell structure because of the
absorption contributed by the crown region. The obtained core/crown@gradient-alloyed shell NPLs
routinely exhibit QYs as high as 80% in nonpolar solvents.[52] Although similar results were reported
for core/shell NPLs, core/shell NPLs suffer from reproducibility issues. The QYs of
core/crown@gradient-alloyed heterostructures can reach 90% in an aqueous medium,[52] which is
significantly better than those of core/crown NPLs,[73] as a result of passivation of both the surface
and periphery with a wide-bandgap shell. The PL and absorption spectra of the core/crown@shell NPLs
in a nonpolar solvent and water along with their QYs are presented in Figure 3a. In addition, the
hydrophobicity and 2D geometry of these structures were exploited to achieve brightly emitting films
of nonstacked oriented NPLs with directed emission. Such selective attachment of NPLs to
functionalized surfaces at the nanoscale is shown in Figure 3(b), (c) and (d). Directed emission via films



of functionalized core/crown@gradient-alloyed NPLs is highly advantageous for light extraction in
light-emitting platforms. In these films, >90% of the dipoles are oriented in-plane, leading to directed
emission.[52], [74]

The growth of core-multicrown NPLs was shown to be another approach for acquiring increased
photostability and better optical gain performance. CdSe/CdSe;xTex/CdS core/multicrown hetero-
NPLs were synthesized by growing first CdSe; xTex and then CdS crowns on CdSe NPLs.[75] In these
multicrown NPLs, the addition of the CdS layer decreases the chance of stacking, which eventually
enhances the gain performance as a result of the reduction in the scattering rate. Owing to the efficient
exciton funneling from the CdS crown and reduction in scattering losses, ultralow optical gain
thresholds were achieved for multicrown type-I1 NPLs.

1 (b) ; P . . - ‘_,r e Y

—_—
Y

Absorbance
PL Int. (a.u.)

400 450 500 550 600 650 700
Wavelength (nm)

Figure 3. (a) Absorbance and PL spectra of core/crown/shell NPLs in different solvents. (b) PL intensity map of
NPLs for a pattern with 1-um-diameter holes. TEM image of core NPLs. (c) SEM image showing NPLs attached
to the surface of the patterned area. (d) Zoomed-in SEM image to visibly realize the NPL attachment in the
patterned area. Reprinted with permission from ref [52], copyright 2019, Royal Society of Chemistry.

I11. DOPING OF COLLOIDAL CDSE NPLs
A. Doping of CdSe NPLs by the high-temperature-based nucleation-doping method

Doping of CQDs has attracted much attention in the community because of its widespread utilization
for bulk semiconductors. However, controllably doping CQDs and completely understanding the
doping-induced special properties of CQDs are challenging. Moreover, the self-purification of dopant
ions in quantum-confined nanostructures and the nonuniform distribution of dopant ions among QD
ensembles make these materials immature for practical utilization. In the last two decades, different
colloidal methods, based on an understanding of the precursor chemistry, have helped successfully dope
transition metal ions into CQDs. Several reports on the possible applications of these doped CQDs in
different optoelectronic devices have been presented. Among them, Mn- and Cu-doped CdSe, ZnS,
ZnCdS, ZnInS CQDs have been of major interest.[4], [76]-[84] These dopant ions create additional
energy levels in the bandgap of the host semiconductor CQDs, which often result in a Stokes-shifted
emission. These doped semiconductor CQDs have been used for different color conversion applications.
The most widely studied dopant system, e.g., Mn-doped CQDs, emits a fixed orange emission, which
originates from the d-d transitions of Mn states.[77] This broad dopant-induced emission appears only
if both the “T; and A, states of the Mn dopant ions lie within the bandgap of the host semiconductor.
The transfer of both photoexcited electrons and holes from the host semiconductor NC to dopant states
results in a fixed orange emission from Mn-doped NCs. Therefore, a shift in the bandgap or alloying of
the NCs does not result in tuning of the Mn dopant emission. In contrast, Cu* and Ag* doping of
semiconductor host CQDs results in tunable dopant-induced emission. Cu® and Ag* dopant ions
typically possess a d orbital state near the valence band, which can strongly capture the photoexcited
holes.[85], [86] Therefore, the recombination of delocalized conduction band (CB) electrons with
strongly localized holes in Cu/Ag-doped CQDs results in a broad and Stokes-shifted dopant-induced
emission. The tunability of the dopant-induced emission for Cu/Ag-doped CQDs is realized by
changing the NC particle size or by alloying the semiconductor NC.[86], [87] Both techniques result in
a shift of the CB level, which in turn tunes the emission spectrum. However, the typical PL QYs for
Cu/Ag-doped CdSe NCs are in the range of 10-40%.[88]-[90] Furthermore, CdS shell deposition on
CdSe cores has been observed to decrease the dopant-induced emission and hence the PL QYs.[88]
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Recently, in 2017, we reported successful doping of CdSe NPLs (possessing 3 and 4 ML thicknesses)
using a high-temperature nucleation-doping method.[20] Briefly, the dopant precursor was introduced
into the reaction just before the transformation of magic-sized CdSe clusters to platelets. For the
synthesis of 4 ML undoped CdSe NPLs, cadmium acetate was added when the magic-sized clusters
reached dimensions corresponding to 1.2 nm. In the synthesis of Cu-doped NPLs, the optimized dopant
precursor was added from 190-195°C, followed by a quick addition of cadmium acetate powder. The
reactivity of the dopant precursor was adjusted by the addition of TOP. The reactivity of the dopant
precursor was found to be imperative to achieving a pure population of MLs of desired thickness along
with highly efficient dopant emission. The successful doping of these flat NCs was shown by using
different experimental techniques, e.g., XPS, ICP:MS and HAADF:EDS. Figure 4 (a-d) shows
HAADF:EDS images of Cu-doped CdSe NPLs. The presence of copper dopant ions along with host
cadmium and selenium clearly supports the uniform distribution of dopant ions throughout the entire
NPL. Figure 4e shows the UV-vis absorption and PL emission spectra of Cu-doped 3 and 4 ML CdSe
NPLs. Based on the absorption spectra, both the electron-heavy hole (e-hh) and electron-light hole (e-
Ih) transitions are clearly not affected by copper doping of CdSe host NPLs. Furthermore, the PL
emission spectra for doped samples show the appearance of a broad, dominant and Stokes-shifted
emission along with a weak excitonic emission. Similar to CQDs, doping of copper into 3-4 ML CdSe
NPLs leads to a broad and Stokes-shifted emission. The inset of Figure 4b shows digital images of
undoped and doped NPLs under UV lamp excitation conditions. Interestingly, these Cu-doped CdSe
NPLs possess very high PL QYs (70-90%). This high PL QY for doped NPLs can be explained based
on the time-resolved fluorescence (TRF) spectroscopy results. Figure 4g shows the TRF decay curves
for dopant emission from 3-4 ML NPLs compared with those for defect emission from undoped 3-4
ML CdSe NPLs. Clearly, the doped NPL emission shows a longer lifetime compared to the defect
emission. Furthermore, lifetime analysis suggests that the dopant-related emission in NPLs does not
contain any fast decay channel (~20 ns) compared to similar Cu-doped CQDs, which supports the high
PL QY in doped NPLs (Figure 4h).[20]
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Figure 4 (a-d) HAADF-STEM image and Energy dispersive X-ray maps of cadmium, selenium and copper
elements for 1.1% Cu-doped 3 ML CdSe NPLs. (e) UV-vis absorption and PL spectra of 3- and 4-ML Cu-doped
and undoped CdSe NPLs. TRF decay curves for (f) undoped and Cu-doped 3 and 4 ML CdSe NPLs recorded at
the corresponding defect and dopant emission wavelengths, respectively, and (g) Cu-doped CdSe CQDs and
NPLs. The inset of (b) shows digital images of the undoped and Cu-doped CdSe 3 ML and 4 ML NPLs illuminated
by a 365 nm UV lamp. The panels were reprinted (adapted) with permission from ref [20] (panels a-g; copyright
2018, Wiley).



B. Doping of CdSe NPLs by the partial cation exchange (CE) method

In addition to the abovementioned high-temperature hot-injection method, in 2018, we reported the
controlled synthesis of Cu-doped CdSe NPLs by a slow partial CE method.[21] Compared to the high-
temperature nucleation-doping method, partial CE provides more flexibility for the introduction of
dopant ions into host flat NPLs. With the tuning of the reactivity of the dopant precursor by using
acetate- and nitrate-based salts for copper dopant ions and varying the TOP amounts, the doping
mechanism and the induced properties were understood.[21] Figure 5(a) shows a sketch of the partial
CE reaction on CdSe NPLs. The application of slow partial CE using copper acetate allows full copper
emission to appear on the order of days instead of over several minutes (e.g., by using reactive copper
nitrate or the previously discussed high-temperature method). Figure 5 (b-d) shows selected UV-vis
absorption, PL emission, and TRF decay profiles for Cu doping using the slow partial CE method. As
depicted, with increasing CE reaction time, the dopant emission intensity increases, with a considerable
decrease in the excitonic emission. Lifetime analysis shows the appearance of a Cu-related decay
channel consistent with the increase in the dopant emission. As discussed above, the emission
mechanism of Cu-doped NPLs is similar to that of Cu-doped CQDs. Basically, Cu states capture the
photoexcited holes in CdSe that in turn radiatively recombine with delocalized CB electrons. The only
striking difference is the large lateral area of the NPLs, which requires additional experimental
procedures for converting undoped and partially doped subpopulations to fully and uniformly doped
NPLs. This process was successfully understood and achieved by carefully controlling the partial CE
reaction and annealing nonuniform doped CdSe NPLs.[21]

Apart from studies to obtain an understanding of the unique optical and electronic properties of these
doped NCs, some interesting reports have studied dopant-induced orbital hybridization of host CdSe
orbitals. With the aim of controlling individual CB/VB levels with respect to the cathode/anode,
Meulenberg et al. showed that an increase of Cu(l) substitutional doping of host CdSe CQDs affects the
lowest CB level in a way inconsistent with quantum confinement theory.[87], [91] An increase in the
Cu(l) doping levels in the host CdSe results in a decrease in the CB edge (only). This phenomenon has
been shown by different experimental (X-ray absorption and ultraviolet photoemission spectroscopy)
and theoretical methods.[91] Briefly, the PL emission consistently redshifts with an increase in the
copper level. The energy position of the Cu 4s orbitals is close to that of the host Cd 5s orbital, which
results in orbital hybridization. However, the particle size distribution-related shift of the dopant
emission in a doped NC ensemble could be confused with this observation. Here, the carefully
controlled Cu levels in atomically flat NPLs, where the strong quantum confinement in 1D eliminates
the possibility of a size distribution-related redshift of the emission, helps uniquely reveal the dopant-
induced orbital hybridization in Cu-doped CdSe NPLs.

Very recently, by utilizing a similar partial CE method, Ag doping of CdSe NPLs was also shown.[23],
[24] Briefly, as shown in Figure 5(e-f), by varying the Ag dopant levels in the host CdSe NPLs, the
dopant-to-excitonic emission ratio can be tuned, which results in a color change in the emission from
green to red. Furthermore, at high Ag levels, such as 8.8%, with respect to Cd levels, the emission
spectrum can be tuned up to 870 nm with considerable PL QY's of 45-55%.Apart from cationic doping
in host CdSe NPLs, anionic doping as Te element was also shown by Dubertret group in 2015.[92] The
authors added different concentrations of Tellurium (Te) precursors along with Selenium (Se) to
achieve low doped (CdSe:Te) to alloyed CdSexTe (1-x) NPLs. Similar to Cu and Ag cationic dopants, at
low doping concentrations Te ions also act as deep hole traps which result in a broad Stokes-shifted
emission. For Te ions (>30%), the CdSexTe 1 NPLs display emission behavior of an alloyed material
with a bowing of the band gap.
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Figure 5 (a) Copper doping procedure through the partial CE reaction using copper acetate and copper nitrate
precursors. Doping mechanism: (b—d) steady-state UV-visible absorption, emission, and TRF decay curves for
Cu-doped CdSe NPLs on different days of partial CE synthesis. (e-f) Silver doping of CdSe NPLs. Corresponding
PL spectra of CdSe NPLs for various amounts of the Ag+ dopant. (g) Digital image of Ag+-doped CdSe NPL
solutions with various doping levels. The panels were reprinted (adapted) with permission from refs [21] (panels
a, b, ¢, and d; copyright 2018, American Chemical Society), [23] (panel e; copyright 2019, American Chemical
Society), and [24] (panels f and g; copyright 2019, American Chemical Society).

IV. APPLICATIONS OF COLLOIDAL CDX (X=S, SE)-BASED NPLs
A. Light-emitting devices

QD-based LEDs (QD-LEDs) are regarded as next-generation display technology. With recent
advancements in the synthesis of reproducible near-unity efficiency CQDs and improved device
engineering of different device layers, QD-LEDs have reached their maximum performance limits.[93],
[94] Benefiting from the ideal combination of high brightness (up to ~200,000 cd m), low operating
voltage (V turn-on < 2 V), outstanding color purity (FWHM ~ 30 nm), high efficiency with a long
lifetime, flexibility and low processing cost, QD-LEDs have been extensively studied in the last two
decades.[95], [96] In a short span, QD-LEDs have entered display markets after the first demonstration
of a CQD-LED, dated to 1994, in the research laboratories of Prof. Alivisatos at the University of
California.[97] By understanding organic light-emitting devices (OLEDSs) and polymer light-emitting
devices (PLEDs), the development of CQD-LEDs has gained advantages and been accelerated. The
recent addition of CQWs to the colloidal NC family, possessing astonishingly good optical properties
due to the precise control of thickness in the vertical direction, shows great potential to further improve
QD-LEDs. However, to date, only limited reports on CQW-based LEDs are available.[28], [67], [71],
[98] The goal of this section is to discuss the recent work in the last five years that involves successful
utilization of CdSe-based CQWs in hybrid organic-inorganic LEDs. Finally, we will discuss some of
the current directions for CdSe-based CQW-LEDs, concentrating on the realization of next-generation
displays and high-quality lighting with higher efficiency and superior color gamut. For a detailed
understanding of the QD-LED device operation and the evolution of the improvements over the last
two decades, readers are referred to some specific detailed reviews.[63], [93] The important
performance metric, namely, the external quantum efficiency (EQE), is defined as the product of the
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internal quantum efficiency (IQE) and the light out-coupling efficiency (nou). However, the maximum
value of nou is limited to only ~20% for typical LEDs fabricated on ITO-coated glass substrates.[99],
[100] Thus, nearly 80% of the generated light is trapped in the transparent conducting oxide layer or
substrate layers due to the total internal reflection caused by the refractive index mismatch between the
different LED layers and air. The typical EQE expression used in LED performance evaluation is EQE=
Nout.T.q.Y, Where nou i the light out-coupling efficiency as described above, r is the fraction of excitons
that radiatively recombine, q is the PL QY of the emissive layers and v is the charge balance. The
product of r.q.y is typically called the IQE of LEDs.[101]

CdSe-based semiconductor NPLs uniquely combine the handing advantages of solution-based materials
similar to CQDs with the physical properties of 2D QWSs synthesized by MOCVD and MBE. Solution-
processed 2D semiconductor CdSe-based NPLs are projected to be ideal emissive materials for next-
generation LEDs. Fundamentally, NPL-based electroluminescent devices exhibit some advantages over
QD-based electroluminescent devices, including narrow electroluminescence (EL) emission linewidths
resulting from the highly homogeneous platelet thicknesses, tunable emission in the visible region
induced by precise control of the thickness at the atomic level, high PL QYs, strong exciton and
biexciton binding energies and suppressed Auger recombination.[26] The first report on a colloidal
CdSe NPL-based LED appeared in 2014.[28] Core-shell CdSe/CdZnS NPLs were used as an emitting
layer in the hybrid structure and showed an EQE of 0.63%, with a luminance of 4499 cdm2. The FWHM
of emission was narrow and varied from 25-30 nm. In the following two years, pure green EL emission
from CdSe and CdSeS NPLs with core- and core-crown architectures was demonstrated.[67], [102],
[103] Interestingly, the green EL emission from these materials shows a very narrow FWHM of 12-14
nm, which is the narrowest emission shown for any colloidally synthesized material. The core-crown
architecture also leads to a lower turn-on voltage and a higher EQE of 5.0%.[67] Figure 6 (a-d) presents
the LED devices made of CdSe/CdS NPLs, showing the EL spectra at different operating voltages, CIE
color coordinates for green EL emission, a histogram of the EQE values for different sets of devices
and an EL photograph under an applied voltage of 6 V.

Recently, core-shell CdSe/CdzZnS NPLs have been shown to possess improved EQEs of up to 5.73%
with narrow EL linewidths of 25 nm and a luminance of 1540 cd/m?2.[98] These results have been
achieved by using conjugated polymers with polar and electrolytic side chains (conjugated
polyelectrolytes, or CPESs) as the electron transport layer (ETL), also called P1 ETL. Figure 6(e-h)
shows the device characteristics of red-emitting core-shell NPLs. Figure 6e shows the EL spectra of the
red-emitting NPL-LED with P1 ETL under increasing driving voltage from 4 to 11 V. In the EL spectra,
no contribution from the polymer emitting layers is observed even at the higher operating voltage of 11
V. The color purity of these core-shell NPLs is shown by the CIE (Commision International de
I'Eclairage) color coordinates of x = 0.71 and y = 0.29, which correspond to 98% saturated deep-red
light ideal for wide-gamut RGB displays. Further improvements in the performance of these devices
were achieved by exposing them to humid air, which strongly enhanced the performance of these
devices and led to EQE = 8.39%, a record in the CQW category (Figure 69).[98] Even without
encapsulation, these devices were reported to be stable under continuous operation in air for many hours
(Figure 6h).

Recently, core-crown NPLs having type-1l band alignment and Stokes-shifted emission with very high
PL QYs (~85%) were also tested for their performance in LED devices.[71] Interestingly, these
materials show yellow-orange EL emission with a very high luminance of 34,520 cdm™, along with a
low operating voltage of 1.9 V and a reasonably high EQE of 3.57%. Furthermore, CdSe NPLs
possessing 3 ML vertical thickness and emitting in blue region (~460 nm) are available and shown to
be useful as blue emitter in lasing studies.[38] However, there is no report on LED devices with these
blue-emitting NPLs. These blue-emitting 3 ML CdSe NPLs, however, exhibit poor PL QYSs currently
as compared to similar thicker NPLs. Moreover, these NPLs tend to form rolls because of very small
thickness and large lateral dimensions that can affect their device fabrication. Sargent et al reported the
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tuning of the EL electroluminescence from 520 to 490 nm by alloying of 4 ML CdSe;xSx NPLs.[102]
However, in order to achieve blue emitting LEDs from CdSe based NPLs, further optimization is needed
for 3 ML CdSe NPL based materials and their device fabrication processes.

Although these NPL-based devices do not show better device performance than the best-reported QD-
LEDs, these devices have potential for a wide scope of improvement. All studied NPL-based LEDs
along with two similar QD-LEDs are summarized in Table I. One possible reason for the lower
performance might be the very limited exploration of LED devices with NPL-based emissive layers.
Compared to QD materials and related devices, these NPLs have recently been introduced into the
colloidal NC family. The PL QYs of giant core-shell CQDs have reached near unity, whereas typical
NPLs used in LED devices possess lower PL QYs and poor stability. In the last few years, new
improvements in achieving near-unity and very stable core-shell NPLs have been reported.[52], [58]
Compared to earlier reported synthesis methods that used the room-temperature-based c-ALD
procedure for growing shell materials on core NPLs, new improved synthesis methods using high-
temperature hot-injection growth procedures showed greatly improved PL QYs and stability for
CdSe/zZnS NPLs.[58] These stable and near-unity efficiency NPL materials would enable the NPL-
based devices to reach the performance of QD-LEDs. Furthermore, as recently reported, the effective
use the ETL improves the performance of moderately efficient NPLs from 0.63-8.39%. Further
improvements in charge transport layers (CTLs) are expected to improve the performance of the
narrow-emitting NPLs. To date, no reports on the use of all-inorganic NPL-based LEDs have been
presented. By utilizing the experience gained in using inorganic CTLs for QD-LEDs, similar
improvements are expected for NPL-based LEDs in the near future. Recently, we showed that flat 2D
NPLs can be deposited on glass substrates as a controlled assembly (e.g., lying flat on the
substrates).[52] These 2D NPLs possess highly anisotropic emission, which is directed perpendicular
to the heavy hole exciton transition dipole distribution along the plane of the flat NPLs. However, in
spin-coated films, these NPLs are randomly distributed and sometimes form long stacks, which results
in lower emission efficiencies and moderately directed emission. With surface modification using a
linker molecule, these 2D NPLs can be horizontally deposited on substrates, which can enhance their
directed emission. Unlike CQDs, which show isotropic emission, this highly directed emission property
in colloidal NPLs, if used properly in a device configuration, can increase the out-coupling efficiency
of LEDs in displays and lighting.[52]
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Figure 6. (a) Evolution of the EL spectra of a green 5 ML CdSe NPL-LED with increasing driving voltage. (b)

CIE color coordinates of (0.316, 0.651) corresponding to the green emission spectra in panel a. (c) Histogram of
maximum EQE (max. neqe) measured for 50 devices. (d) EL photograph of a green LED under an applied voltage
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of 6 V. (e) EL spectra of the red-emitting CdSe/CdZnS NPL-LED with P1 ETL under increasing driving voltage
from 4 to 11 V. The inset shows the enlarged EL at 11 V between 400 and 500 nm, which highlights the absence
of EL contributions from the polymeric interlayers. (f) CIE color coordinates for the EL reported in panel e. (g)
EQE for the NPL-LED with P1 ETL as a function of J which is recorded for the pristine device in a nitrogen
atmosphere (black circles) and after exposure to atmospheric conditions for 15, 30, and 330 min. (h) Normalized
EQE for red-emitting CdSe/CdZnS NPL-LEDs with and without P1 ETL are shown by red and blue dots,
respectively. This is monitored over 4 h of continuous operation in humid (50%) air. The error bars are shown in
gray. The LEDs were stored in air for 5 h (prior to the measurement), to saturate the efficiency enhancement effect
shown in panel e. The inset shows a working LED photograph with a P1 interlayer and an Al cathode. Under a
driving bias of 6 V, bright emission over the entire device area of 5.4 mm? is observed. The panels were reprinted
(adapted) with permission from refs [67] (panels a-d; copyright 2016, Royal Society of Chemistry) and [98]
(panels e-f; copyright 2018, American Chemical Society).

Table | Comparison of different LEDs based on CQW:s as the emissive layer with similar selected CQD
LEDs.

Devices Amax  FWH Turn-on  Lmax EQEmax Remarks Refere
(nm) M of voltage (cdm? (%) nce
EL (Von, V)
(nm)

CdSe NPLs 515 - 55 - - Architecture- [103]

ITO/PEDOT:PSS/TPD/NPLs/Alq

3/Al

CdSexS1x 520 12.5 2.1 ~90 - Core-only NPLs with alloying of [102]
NPLs the core with sulfur
CdSe-CdSs 515 14 2.2 33,000 5.0 Architecture: [67]
core-crown ITO/PEDOT:PSS/TFB/NPL/ZNnO/
NPLs Al
CdSe/CdTey 599 -- 1.9 34,520 3.57 Type-11 NPL with a Stokes-shifted [71]
Sei1x  core- emission
crown NPLs
CdSe/Cdzn 645  25-30 4.7 4499 0.63 Architecture: [104]
S core-shell TO/PEDOT:PSS/PVK/NPL-
NPLs MPA/ZnO/Al
CdSe/Cdzn 658 25 4.0 - 3.76-8.39 Functionalized copolymer (P1) [98]
S core-shell used as the ETL,
NPLs architecture:

ITO/PEDOT:PSS/PVK/NPL/x/y

(xly: P1/Al, -/Al, P1/Ba and Al,

Ba/Al, P1/Ag, -/AgQ)

CdSe/CdsS 610 30 - 6,000 212 Acrchitecture: [10]
core-shell ITO/PEDOT:PSS/BiVB-
CQDs MeTPD/QD/TPBI/CsF/Al
CdSe/znS 460-  30-40 - - 0.2-2.7 Architecture: [105]
CQDs 650 ITO/PEDOT:PSS/spiroTPD/QD/T

PBI/Mg:Ag/Ag
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B. ASE and lasing

NPLs possess excellent optical and electronic properties, such as ultranarrow spontaneous emission as
a result of absence of non-homogenous broadening and giant oscillator strength leading large stimulated
emission cross-section, which make them highly favorable candidates for lasing and optical gain
applications. [106]In addition, NPLs with their 2D electronic profiles possess a high excitonic density
of states beneficial for stimulated emission, which is important for obtaining high modal gain. Owing
to their 2D electronic structure, several excitons in NPLs can occupy the same energy level, providing
a solid platform for optical gain, unlike CQDs, which can only support two band-edge excitons. In
addition, in NPLs, the Auger recombination rate is likely reduced compared to 0D CQDs due to the
stricter momentum conservation as a result of quantization in only one direction. Furthermore, the high
energy carriers in NPLs relax to the band edge faster than the recombination time, which is
advantageous for lasing applications.[107]

Using core NPLs and different NPL heterostructures, optical gain over the entire visible spectrum was
recently demonstrated. Blue, green and yellow ASEs were obtained with low thresholds using core
NPLs with different thicknesses, while red ASE was achieved using CdSe/CdS core/shell NPLs as
presented in Figure 7 (a) and (b).[38] For the green region, the reported ASE thresholds are ~6-15
uJ/em? and ~40 pJ/cm? for core and core/crown NPLs, respectively.[38], [68], [108] One would expect
a lower threshold for core/crown NPLs owing to their enhanced absorption cross-section and better
periphery passivation. This unexpected result can be attributed to the difference in the film formation
leading to different loss coefficients and optical confinement factors. Also in here, it is worthwhile to
note that, although the comparison between ASE thresholds is very useful for evaluating the materials’
aptitude towards gain, it does not thoroughly describe the gain performance of the materials since the
other parameters besides intrinsic gain characteristics of materials strongly affect the threshold such as
film formation and optical confinement factor. Employing alloyed CdSe.S:—x NPL heterostructures also
leads to highly tunable low-threshold ASE in the green region.[109] The origin of the redshifted green
ASE peak in these NPLs was attributed to the biexcitonic gain observed in type-I systems.

Realizing optical gain in the blue region is difficult since for blue emission, generally, smaller NCs that
have faster Auger rates and a higher density of trap states as a result of higher surface-to-volume ratios
are needed. The reported ASE thresholds for the blue region in NPLs are ~50 pJ/cm?[38] and are
comparable to or lower than the best results for CQDs.[49], [110] ASE was also obtained in the violet
region by employing CdS/ZnS core/shell NPLs. These CdS/ZnS core/shell NPLs exhibit a reasonably
low ASE threshold of ~50 pJ/cm?, similar to the thresholds in the blue region.[111] The ASE threshold
for red-emitting core/shell NPLs was found to be as low as 6 uJ/cm?[38] This exceptionally low
threshold compared to CdSe/CdS CQDs is a result of the large absorption cross-section and narrow
emission linewidth. The Auger rate in these core/shell NPLs exhibits a nonmonotonic dependence on
the shell thickness, as presented in Figure 7(c).[112] The Auger rate first decreases and then increases
after reaching a minimum, which was attributed to the oscillations in the overlap between the final and
initial electron wavefunctions with the change in the number of shell layers.[112] Such nonmonotonic
behavior has not been observed in CQDs, possibly due to the inhomogeneous broadening, which is not
present in NPLs. In the red region, type-11 CdSe/CdSeTe NPLs also exhibit a low ASE of threshold ~26
wJ/cm? with a high modal gain coefficient (gmodal = 930 cm™).[72] These results present more than an
order of magnitude enhancement over the previous reports for type-11 NCs.[9], [62]

Recently, stable ASEs with ultralow thresholds were observed in the red region for advanced NPL
heterostructures. CdSe/CdS@CdS core/crown@shell NPLs resembling a platelet in a box were shown
to exhibit ultralow thresholds and stable ASEs over more than 6 h.[16] These core/crown/shell NPLs
exhibited better ASE performance compared to their core, core/crown and core/shell counterparts[16]
as a result of their better surface passivation and quasi-type-I1 structure with reduced Auger rate because
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of the reduced overlap between the electron and hole wavefunctions. Additionally, by using type-II
NPLs with a CdSe/CdSeTe/CdS multicrown architecture, an ultralow threshold of ~4 pJ/cm? with a
very low waveguide loss coefficient was demonstrated.[75] In these core/multicrown NPLs, scattering
losses are reduced due to the CdS crown, which prevents the formation of stacking. To date, type-II
NPLs have only been explored in terms of the core/crown geometry, where the interfacial area is small,
and extending type-11 NPLs to the core/shell geometry should further reduce their gain threshold by
enhancing the charge transfer states and reducing the Auger rate.[18] These engineered
core/crown@shell NPLs and core-multicrown NPLs exhibit excellent optical gain performance and
enhanced stability, which are key factors in realizing colloidal lasers. Table Il summarizes the ASE
thresholds of the studied CQWs along with selected CQDs in the visible region.

The modal gain coefficient quantifying the light amplification per unit length is another key figure of
merit for lasing applications. In CQDs, modal gain coefficients are small and quickly saturate because
CQDs cannot support multiple excitons (>2) at the band edge and generally exhibit fast Auger
rates.[62], [63] However, owing to their 2D electronic structure, NPLs can have a high population
inversion density and multiple excitonic species available for gain. As a result, NPLs exhibit large
modal gain coefficients. Large net modal gain coefficients on the order of 600 cm™ were initially
reported for type-1 core/crown and core/shell NPLs.[41], [68] However, the net modal gain of NPLs
has recently been reported to reach 6600 cm™ by producing close-packed films of NPLs.[113] The
material gain of these NPL thin films at room temperature was estimated to be ~15000 cm™, which is
comparable to the modal gain of bulk GaN at cryogenic temperatures. As presented in Figure 7(d), the
net modal gain of NPLs significantly outperforms that of other colloidal systems, making NPLs suitable
candidates for next-generation lasing applications.

After the demonstration of ASE, lasing was demonstrated by integrating NPLs into optical cavities.
Using core, core/crown and core/shell NPLs, lasing was demonstrated over the entire visible spectrum
using one-, two-, and three-photon excitations in Fabry—Pérot cavities.[38], [68], [114] The first
demonstration of lasing was achieved by using core/crown NPLs in a two-photon absorption pumped
vertical cavity, which was realized by using all-solution-processed distributed Bragg reflectors
consisting of alternately stacked SiO; and TiO nanoparticles.[68] A schematic of this vertical cavity
surface-emitting laser (VCSEL) is given in Figure 8(a), and Figure 8(b) shows the emission spectra of
the VCSEL. The lasing threshold of this proof-of-concept laser was only 2.49 mJ/cm? under 2PA
pumping, as presented in Figure 8(c). Later, lasing under continuous wave (CW) 1PA excitation was
realized with solution-processed materials for the first time using similar Bragg reflectors, which is a
key step towards realizing next-generation lasers based on solution-processed materials.[108] The large
biexciton binding energy in these NPLs leads to biexciton-assisted ASE with an ultralow ASE threshold
of ~6 pwJ/cm?, which is adequate to realize CW-pumped ASE and lasing in microcavities. Furthermore,
CW lasing was also demonstrated in a photonic crystal high-Q nanobeam cavity with a record low
threshold of 1 uW.[115] In this nanolaser, high efficiency core/shell NPLs were coupled to a high-Q
silicon nitride photonic crystal nanobeam cavity, resulting in the record low lasing threshold. The
threshold can be further lowered by employing cavities with a higher Q.[116] These promising results
show that NPLs may present a practical alternative to existing laser gain media.
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Figure 7 (a-b) ASE spectra of CdSe NPLs with 3-5 ML vertical thickness and core-shell NPLs with a 3 ML CdS
shell. (c) Auger recombination rate, A, as defined in the text, as a function of shell thickness for CdSe/CdS
core/shell NPLs with core thicknesses of 4 MLs.[112] (d) Peak net modal gain coefficients of CdSe NPLs with
different vertical thicknesses and lateral areas. The peak net modal gains reported for other systems are also
presented: epitaxial QWSs,[117] organic dyes/polymers,[118] CQDs,[119], [120] rare-earth-doped SOAs,[121]
bulk perovskites,[122] 3-5 ML CdSe NPLs,[113] and bulk GaN.[123] The empty symbol indicates a measurement
at cryogenic temperature. The panels were reprinted (adapted) with permission from refs [38] (panels a and b;
copyright 2014, American Chemical Society), [112] (panel c; copyright 2017, American Chemical Society), and
[113] (panel d; copyright 2019, American Chemical Society).

Table 1l Comparison of ASE thresholds of CQWs with those of selected CQDs in the visible region

Material ASE A (nm) Remarks Reference
threshold

3 ML CdSe NPLs 50 uJ/cmz 480 nm Core-only NPLs [38]

CdS/Cdzns core/shell NPLs 75 HJ/CmZ 480 nm Synthesizeq by the c- [111]
ALD technique

CdSe S, NPLs 120 M/sz 500-540 nm Tunable ~ ASE by [109]
controlled alloying

4 ML CdSe NPLs 6 “J/sz 532 nm Core-only NPLs [106]

CdSe/CdS_eTe/CdS 4 “J/sz 610 nm Type-11 NPLs [75]

core/multicrown NPLs

CdSe/CdSeTe core/crown 26 pl/cm? 615 nm Type-11 NPLs [72]

NPLs

CdSe/CdznS core/shell NPLs 7 wl/em? 625 nm Shell synthesized at [58]
high temperature

CdSe/CdS core/shell NPLs 6 “J/cmz 640 nm Shell synthesized by [41]

the c-ALD technique
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CdZnS/ZnS core/shell CQDs 60 HJ/CmZ 450 nm Gradient-alloyed core- [110]
shell interface

CdSe/ZnCdS core/shell CQDs 5 ],LJ/cmz 565 nm - [49]
CdSe/CdSe S, /CdS 6 MJ/CmZ 645 nm Gradient-alloyed shell [124]
core/alloyed shell CQDs for smooth interface
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Figure 8 (a) Schematic of the NPL VVCSEL. (b) Emission spectrum of the VCSEL. (c) Integrated emission intensity
as a function of pump intensity. The linear lines indicate a lasing threshold of 2.49 mJ/cm? under 2PA pumping.
Reprinted with permission from ref [68], copyright 2014, American Chemical Society.

C. Solar energy harvesting applications

LSCs are light management devices used to concentrate solar flux into Si-based solar cells.[125], [126]
The usual LSC design comprises a plastic or glass plate embedded or coated with luminescent emitters.
These large-area sunlight collectors absorb incident solar photons through the imbedded luminescent
species that generally emit light at higher wavelengths. Furthermore, these LSC slabs guide the emitted
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photons via total internal reflection to the device edges that are attached to photovoltaic cells. Both
direct and diffuse solar radiation can be spatially and energetically concentrated with LSCs, which in
turn helps reduce the overall area of solar cells, which is required to meet current energy demands.
Among different concentrating devices, LSCs are attracting great attention due to their simple,
sustainable and tunable architecture. LSCs were proposed approximately 40 years ago and have failed
to make any industrial impact because of the limited availability of the materials chosen. In the last
decade, LSCs have been revitalized with the advancements in the synthesis and improvements in the
optical properties of semiconductor inorganic colloidal NCs.[127] Currently, in addition to the solar
flux concentration property, LSC panels with a semitransparent nature can also be fabricated.[127] For
heavily urbanized regions, this semitransparent nature of LSCs in the form of window panels and
facades of buildings can offer effective solar energy generation solutions when they are employed as
part of the zero-energy building concept.[126]

Doping of semiconductor NCs results in an efficient Stokes-shifted emission, which is very much
desired for LSC emitter materials. In a recent comparative study, Cu-doped CdSe CQDs were shown
to possess high performance among the available luminophores (CdSe/CdS giant QDs, CdSe/CdS dots
in rods, and Mn-doped ZnCdS/ZnS CQDs).[89] Although these doped CQDs possess moderate PL QY's
(30%), the large Stokes shift, NIR emission and large absorption overlap with the solar spectrum help
boost their performance as an LSC material. Cu-doped CdSe NPLs, which were recently introduced
into the CQW family, possess extraordinarily high PL QYs (80-90%), dominant and large Stokes-
shifted NIR emission, high absorption cross-sections and step-like optical absorption profiles.[20]
These exceptional properties enable these materials to be better emitters in LSCs. To harness these
extraordinary properties of doped NPLs, we studied in detail the reabsorption properties of these doped
NPLs and compared them to previous best-reported doped CQDs. Figure 9(a) shows the spectrally
integrated emission intensities for three different LSC emitters, measured as a function of excitation
distance for concentrated solutions of LSC emitters. Using a fixed power LED, light source excitation
was provided at different known lengths, and emission was measured with a fiber-coupled spectrometer
at the edge of a quartz pipe. The entire reabsorption measurement setup is shown in Figure 9c. A
concentrated solution with an optical density of one measured at a 1 mm thickness was filled into a one-
meter long quartz pipe. Here, Cu-doped CdSe NPLs with vertical thicknesses of 3 and 4 ML are
compared with previous best-reported Cu-doped CdSe CQDs.[20] As seen by both theoretical and
experimental measurements, 4 ML CdSe NPLs perform better than 3 ML Cu-doped NPLs and CQDs.
By following a previously used calculation, the reabsorption probabilities were calculated for all studied
emitters, and according to the experimental results, 4 ML Cu doped NPLs shows larger value of reduced
length (Figure 9b).

These materials were also tested in a real 2D plastic LSC matrix, and their performance was also tested
with standard Si solar cells.[20] Figure 9d shows the absorption and emission spectra of 3-4 ML Cu-
doped NPLs in toluene and embedded in a PLMA matrix. Moreover, the overlap of NPL absorption
with the standard solar simulator AM 1.5G is shown. Figure 9e shows real images of 10 x 10 cm? LSCs
made of Cu-doped NPLs under UV and day light conditions. Finally, the performance of these materials
was tested by measuring their optical efficiencies (nop) by connecting a Si solar cell on one of the edges
of a 10 x 10 cm? LSC slab. To reproduce the real situation, no back diffuser or reflector was used in all
the measurements. nop: for CQDs, 3 ML and 4 ML LSC slabs were measured as 1.52%, 1.65% and
1.60%, respectively. Further improvements were envisioned by improving the PL QY of 4 ML doped
NPLs by improving the PLMA matrix and by using advanced heterostructures of doped NPLs, e.g.
doped core-crown and core-crown-shell.
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Figure 9 (a) PL intensities which are spectrally integrated for different luminophores (4 ML and 3 ML NPLs) as
a function of excitation distance from both experiments and numerical modeling. (b) Reabsorption probability
versus reduced length. (c) Photograph of the one-dimensional liquid waveguide setup with a fiber-coupled
excitation source and related optics at the collector end. (d) Steady state absorption and emission spectra of Cu-
doped 3 and 4 ML NPLs in toluene solution and in a PLMA matrix. (e) Real-color photographs of a fabricated 10
x 10 cm? LSC with 3 ML NPLs incorporated in a PLMA matrix under UV illumination and similar sized LSCs
with Cu-doped 3 ML and 4 ML NPLs and CQDs in daylight. The panels were reprinted (adapted) with permission
from ref [20] (panels a-e; copyright 2018, Wiley).

V. OUTLOOK AND FUTURE PERSPECTIVE

In this review, we discuss recent developments in the field of colloidal semiconductor NPLs. With the
tremendous efforts of the scientific community, the synthesis of CdSe-based NPLs and their
heterostructures (e.g., core-shell and core-crown) has matured in recent years. Along with possessing
the unique physical properties of 2D QWs, these solution-processed CdSe based NPLs have also
benefited from the processing advantages of solution-processed materials. The solution processability
of NPLs, as discussed above, suggests that the nanophotonic devices made from NPLs can be integrated
essentially onto any (flexible) substrates that may find application in lab-on-chip diagnostics systems,
chemical sensing, etc. In the last decade, based on their strict 1D quantum confinement, which is
controllable with atomic precision, these materials were explored for different optoelectronic and
nanophotonic applications. With the extensive expertise gained with the exploration of 0D and 1D NCs,
the colloidal synthesis of these 2D NCs and their successful utilization in different devices is
accelerating. This review has summarized selected examples from the literature indicating that this new
category of optoelectronic materials exhibits several advantages that are promising for establishing
high-performance LEDs, lasers and LSCs. However, several open questions need to be addressed before
the widespread utilization of these materials in the nanophotonics industry.

First, for almost all optoelectronic devices, the solution-processed NPLs must be successfully
transformed into uniform and densely packed solid films. In solid film form, these anisotropic platelets
tend to form long vertical stacks, which drastically limits their performance.[74], [128] Recently, some
groups have focused on controlling the self-assembly of 2D NPLs in the horizontal vs. vertical
direction.[129]-[131] Thus, for all optoelectronic devices, a solution to this orientation-related problem
in NPLs and their successful deposition on any desired substrate with high packing density should be
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realized while maintaining the high PL QYs in film form. Second, for LEDs based on NPLs, very little
effort has been made to improve their performance and device stability. To date, no inorganic CTLs
have been applied in NPL-based devices. For QD-LEDs, all-inorganic CTLs are shown to possess high
performance with improved operational lifetimes. Moreover, with the recent development of near-unity
emitting and highly stable core-shell CdSe/ZnS NPLs synthesized by high-temperature shell growth
procedures, the performance of NPL-based LEDs is expected to reach close to that of the best-reported
QD-LEDs, along with high color purities. Reduced Auger recombination in core-shell NPLs can benefit
their application in LEDs. Under high current operation of these LEDs, the minimization of the Auger
rates could improve the overall efficiencies.[26]

Third, very few reports on doping of flat CdSe NPLs have been presented. However, initial reports
suggest great potential for these doped atomically flat NCs. In the case of Cu-doped CdSe NPLs, further
shifting of the absorption and emission spectra close to the silicon bandgap will support the successful
utilization of these materials in future LSCs. This shift can possibly be achieved by successfully doping
core-shell NPLs; however, initial studies suggest that their near-unity PL QYSs significantly drop to only
5-10% after coating with a thin CdS shell. Thus, successful utilization of doped NPLs as potential
emitters in LSC applications requires further work aimed at high photostability and sustained PL QY's
in core-shell architectures. Very recently, LSCs based on quantum-cutting Yb®*":CsPb(Cl.xBryx)®> NCs
have been documented with PL QYSs as high as ~200%.[132], [133] These materials also possess narrow
emission linewidths with a very large Stokes shift that enables spectral matching with Si solar cells.
However, to realize a perfect LSC emitter material, the low photostability and low solar absorption
remain concerns for the doped perovskite NCs.[133], [134] CdSe-based NPLs and their heterostructures
with very high absorption cross-sections are potential candidates for doping with Yb®*, which may lead
to similar quantum-cutting-enabled high PL QYs along with tunable and higher solar absorption.

The well-investigated field of application for flat NPLs in recent years is the high-performance ASE
and lasing. In the last five years, NPLs have been shown to be very good gain materials with low gain
thresholds and high gain coefficients. Continuous-wave lasing at room temperature was successfully
shown by incorporating core-shell NPLs into photonic crystal cavities with small mode volumes. These
initial results showed the best performance among all of the reported studies on room-temperature
lasing. More importantly, these lasing thresholds are almost always limited by the quality factor of the
cavity. Therefore, further improvements by improving the quality factor of photonic crystals are
projected. Thus, the extreme color purity and reduced Auger rates for core-shell NPLs with excellent
lasing properties make these materials potential candidates for future lasing applications. The broad
emission tunability of CdSe NPLs would enable lasers with multiple colors, which are difficult to realize
using semiconductor and solid-state lasers. The scientific community envisions that future work in this
field will involve improving the stability of NPL materials via suitable surface treatments and better
encapsulation of the devices and achieving lasing through electrical injection rather than optical

pumping.

In conclusion, future studies in the field of semiconductor NPLs should continue to build a library of
atomically flat NCs that include improved CdSe-based NPLs and their advanced heterostructures as
well as cadmium-free 2D NPLs (e.g., ZnSe, ZnS, CulnSe and their heterostructures) to completely
understand their interesting and useful photophysical properties and to successfully utilize these
materials in different optoelectronic applications. However, in order to become a practically viable
option, the other forms of 2D NPLs should possess good enough optoelectronic performance and
preferably surpass or at least match that of current CdSe based NPLs and their heterostructures. Current
and envisioned advances in the nanophotonics field would enable colloidal semiconductor CdSe-based
NPLs to be a new paradigm for solid-state material discovery and analysis.
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