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The highly-efficient light-emitting diodes based on
transition metal dichalcogenides: from architecture
to performance

Caiyun Wang,? Fuchao Yang ® *? and Yihua Gao ©®?

Transition metal dichalcogenides (TMDCs) with layered architecture and excellent optoelectronic
properties have been a hot spot for light-emitting diodes (LED). However, the light-emitting efficiency of
TMDC LEDs is still low due to the large size limit of TMDC flakes and the inefficient device architecture.
First and foremost, to develop the highly-efficient and reliable few-layer TMDC LEDs, the modulation of
the electronic properties of TMDCs and TMDC heterostructures is necessary. In order to create efficient
TMDC LEDs with prominent performance, an in-depth understanding of the working mechanism is
needed. Besides conventional structures, the electric (or ionic liquid)-induced p—n junction of TMDCs is
a useful configuration for multifunctional LED applications. The significant performances are contrasted
in the four aspects of color, polarity, and external quantum efficiency. The color of light ranging from
infrared to visible light can be acquired from TMDC LEDs by purposeful and selective architecture
construction. To date, the maximum of the external quantum efficiency achieved by TMDC LEDs is 12%.
In the demand for performance, the material and configuration of the nano device can be chosen
according to this review. Moreover, novel electroluminescence devices involving single-photon emitters
and alternative pulsed light emitters can expand their application scope. In this review, we provide an
overview of the significant investigations that have provided a wealth of detailed information on TMDC
electroluminescence devices at the molecular level.

1. Introduction

Transition metal dichalcogenides (TMDCs) have become a hot
spot for two-dimensional material investigations.'” Generally,
TMDCs have the chemical formula MX,, where M = Mo, W, Re,
and X = S, Se, Te. The research on TMDCs cover their effective
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TMDCs depend critically on the number of layers, N. For
example, the bandgap transforms from the indirect bandgap of
TMDCs bulk to the direct bandgap of the monolayer, and for
another example, the photoluminescence (PL) quantum yield
(QY) of monolayer MoTe, is approximately three times (forty
times) more than that of the bilayer (bulk)."* Due to their
excellent layer shape structure and optoelectronic properties,
much research has been conducted on TMDCs-based light-
emitting diodes (LED) to date.

The research on TMDCs-based LED is mainly focused on the
device structure to acquire an abundant luminous performance.
According to different demand and supply, two-dimensional
TMDCs can be fabricated with arbitrarily structured material
to form heterostructures, such as 2D-2D heterostructures,*™**
2D-0D heterostructures,™® 2D-1D heterostructures,"* and
2D-3D heterostructures.”*>* TMDC heterostructures have been
extensively fabricated to achieve special luminescence perfor-
mance, for instance, high quantum optical properties of single-
photon emitters.** The heterostructures have also been applied
to highly light-sensitive photodetectors.>®** In order to be
utilized as LEDs, TMDCs have been combined with other
materials of different electronic band structure to construct
heterostructures. The accessible device architectures include
MIS (metal-insulator-semiconductor) junctions, p-n (p-type
semiconductor/n-type semiconductor) junctions, and MS
(metal-semiconductor) junctions. P-n diodes represent the
most common building units for TMDC-based LEDs.”

The investigation and improvement in the performances of
TMDC-based LEDs are significant for their future applications.
The luminescence performances of LEDs include the light-
extraction efficiency, external quantum efficiency (EQE), and
chroma. Nowadays, less research is conducted on TMDC LEDs
and it is not as intensive as that of other light-emitting mate-
rials, for example, the ZnO.?® The EQE of the layered TMDC LED
is still low, which restricts its application. In particular, the low
QY of 1L-TMDCs is due to the high density of lattice defects. In
order to enhance the EQE, the QYs of 1L-TMDCs urgently need
to be improved. The QYs of layered-TMDCs have been deeply
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studied by theoretical calculations and some experimental
methods; for example, it was found that oxygen absorbance
affects the QY.* To build highly-efficient TMDC LEDs, the
electrical and optical properties of TMDC heterostructures were
studied by density functional theory or first-principles calcula-
tion.**** The EL may originate from bound-excitons, defect
bound-excitons, hot electrons, and defect-related light.>> Hong
et al.* studied the energy band gap of monolayer ReSe, using
STM and PL, and the exciton binding energy of ReSe, was
deduced. The defects in TMDC-layered materials have been
advantageously explored using STM technology.**-*¢

In this review, we present the electronic properties of TMDCs
and the heterostructures studied via density functional theory
in Section 2. The device configuration and light emission
mechanism of TMDC-based LEDs are reviewed in Section 3. The
performances of TMDC-based LEDs are analyzed in Section 4.
Novel EL devices are reviewed in Section 5. Herein, the pros-
pects of TMDC-based LEDs are also put forward and the chal-
lenge will be predicted.

2. Theoretical research on TMDC
heterostructures

The structure of monolayer TMDC involves a transition metal
atomic layer sandwiching two chalcogen atomic-layers, in the
cross-sectional view. TMDCs have two typical phases, 2H and
1T, which show the semiconductor properties and conductor
properties, respectively. Their optical and electronic properties
can be studied by first-principles calculation and scanning
tunneling electron microscope (STM) technology. The structure
construction of few-layer TMDC-based LEDs could be classified
into metal-TMDC junctions like graphene/MoS,, metal-insu-
lator-TMDC structures like graphene/BN/WSe,, and p-n junc-
tions based on two TMDCs like MoS,/WSe,, or p-n junctions
based on one TMDC with a wide-bandgap semiconductor like
MoS,/GaN, as shown in Fig. 1. The luminescence performances
of TMDC-based LEDs are outlined, including, EL chromaticity,
EQE, and polarization. Novel EL devices, including single-
photon emitters, alternating voltage pulsed LED, and thermal
light-emitting devices, will be reviewed in detail.

To gain insight into probable applications of TMDCs, it is
essential to research their electronic properties such as the
bandgap structure, carrier density, and carrier lifetime. Accord-
ing to the Bethe-Salpeter equation, the large difference in elec-
tron (m,) and hole quality (my,) leads to a small exciton binding
energy, thus inducing good optoelectronic properties. The
structural, electronic, and optical properties of CsPbI;/MS, (M =
Mo, W) heterostructures were investigated by density functional
theory (Fig. 2a and b).*” The differences between the conduction
band minimums (conduction band offset, Ac) or valance band
maximum (valence band offset, Av) of the heterostructure are
crucial for electron transport or hole blocking.*” To obtain stable
CsPblI;/MS, heterostructures, the binding energies of CsPbI;/MS,
heterostructures were calculated using the formula below:

Eb = (Eheterojunclion - Eperovskite - EMSZ)/N (1)

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 The four aspects of light-emitting diodes (LED)-based on TMDCs, namely, theory and calculation, structure and working mechanism,
performance, and novel electroluminescence devices. Direction | denotes the theoretical work of TMDCs, including the related semiconductor
theory and density function theory calculation. Direction Il denotes the structure and working mechanism of LEDs based on TMDCs, including
the M—I-S junction, M-S junction, and p—n junction. Direction Il denotes the performance of TMDCs-based LEDs, including polarity, color, and
external quantum efficiency of the light emission. Direction IV denotes novel EL devices like thermal light-emitting devices and single photon

emitters.

where Epeterojunction Fepresents the energies of heterostructures,
Eperovskite and Eys, correspond to the energies of the isolated
CsPblI; surface and monolayer MS,, respectively. N denotes the
interfacial area of CsPbl;/MS, heterostructures. The charge
density difference Ap(Z) along the Z-direction was characterized

as follows:

Ap(Z) = p(Z)tolal - p(Z)pemvskite - p(Z)MSZ (2)

where p(Z)cotal, P(Z)perovskites aNd p(Z)us, are the charge densities
of the heterostructure, the isolated perovskite surface, and
monolayer MS,, respectively.

The electronic properties of TMDC LEDs can be mediated by
the external electric field and external stress. Based on density
functional theory, Li et al.*® indicated that the electric field had
little influence on the bandgap of the MoS, monolayer but it can
adjust the charge transfer between the MoS, monolayer and the
graphene substrate. Moreover, Hu et al* proposed that the
weak vertical electric field had little influence on the E, of MoX,,
while the strong one could effectively achieve its modulation of
E,. The band gaps of monolayer SnSe, slightly increased with
the in-plane tensile strains (Fig. 2¢).*° A semiconductor-to-metal
transition at 10% strain was present for bilayer SnSe, (Fig. 2¢).*
The electrical field perpendicular to the bilayer SnS, and SnSe,
modulated their electronic bandgap (Fig. 2d). The charge
density difference and built-in electric field across the interface
of TMDC van der Waals (vdWs) heterostructures prevent pho-
togenerated electron-hole recombination, which goes against

This journal is © The Royal Society of Chemistry 2020

the light emission.* By using first-principles calculations,
Zhang et al.*” demonstrated that the MoSe,/WSe, heterobilayer
experienced transitions from type-II to type-I and then to type-II
under various external electric fields perpendicular to the
layers, which provides great application potential for ultrathin
MoSe,/WSe, heterostructures in future nano-devices and opto-
electronics. As shown in Fig. 2e, the charge distribution can be
controlled by an external electric field and the light emission
properties will vary with the electronic properties (Fig. 2f).*

The light-emission properties of TMDCs can also be
manipulated by the working temperature. Li et al.** investigated
intralayer excited-state bi-excitons in graphene/WS, hetero-
structures. The binding energy and thermal activation energy of
the excited-state biexcitons were obtained to be about 78 and 32
meV, respectively, by temperature-dependent PL intensity
analysis, which was further confirmed by theoretical calcula-
tions using the stochastic variational method. The PL intensi-
ties of trions and bi-excitons as a function of the inverse of
temperature were well fitted using the following thermal acti-
vation equation (solid lines):

Iy
(1) = 3)
1+ [A exp (I;f;)}

where I,, Eg, and kg are the PL intensity at 0 K, the thermal
activation energy, and the Boltzmann constant, respectively
(Fig. 2g). The obtained thermal activation energies for trions
and bi-excitons were 34 and 32 meV, respectively.**

Nanoscale Adv., 2020, 2, 4323-4340 | 4325
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Fig. 2 (a) Top and side views of CsPbls/MS, (M = Mo, W) heterostructures with Pb—I termination (left panel); top and side views of CsPblz/MS; het-
erostructures with Cs—I| termination (right panel). (b) Projected band structures of CsPblz/MoS, heterostructures with (left panel) Pb—I and (right panel)
Cs—I terminations. Green, blue, red and dark yellow points represent the contributions of Pb, I, Mo (W), and S atoms, respectively. The short lines in the
right planes are the band edges of the perovskite and MS, parts of the heterostructures. (a and b) Reproduced with permission;*” Copyright 2019,
American Chemical Society. (c) Variations of (left) the band gaps for monolayer SnS, and SnSe,, (right) the band gaps for bilayer SnS, and SnSe, under
biaxial compressive and tensile strains. (d) The variation of band gaps as a function of an applied electric field in a normal direction. (c and d) Reproduced
with permission;* Copyright 2019, Elsevier. (e) Changes in the electronic charge densities. The red and blue isosurfaces correspond to charge increase
and decrease, respectively. (f) Integrated PL intensity of excitonic emissions as a function of gate voltage. (g) Integrated PL intensity for X and T emissions
as a function of inverse of temperature (1/7). (e—g) Reproduced with permission;** Copyright 2019, Royal Society of Chemistry.

i the vertical heterostructure of a single layer of graphene (SLG),
3. The structure and working
mechanism of TMDC-based LEDs hexagonal boron nitride (hBN) layer and a layered WSe,

(Fig. 3a), a single quantum well structure. Without bias voltage
between the SLG and the monolayer TMDC, the Fermi energy
(Er) of the system is constant across the heterojunction, keeping
the net charge from flowing between the layers (Fig. 3b). With
a negative bias, the Er of SLG is raised above the minimum of
the conduction band (Ec) of WSe,. As a result, electrons tunnel
from the SLG into the monolayer WSe,, and then tunneling
electrons recombine with holes in WSe, and release light
(Fig. 3c). In the MIS junction, the injection of carriers into the
semiconductor layer is unipolar.** A double quantum well
structure was reported in another work.* Clark et al** put
forward the single-defect LED based on a vertical device con-
TMDC LEDs based on MIS junctions have been extensively re-  structed by two graphenes separated by WS, using layered
ported. Berraquero et al.*® prepared a tunneling diode based on

TMDC-based LEDs have been fabricated in a variety of refined
structures, including metal-insulator-semiconductor (MIS)
junction, p-type semiconductor/n-type semiconductor (p-n)
junction,® metal-semiconductor (MS) junction.* Among these
structures, the p-n junction of two TMDC layers or TMDC with
other routine materials is the key.*® For instance, Ghorai et al.*’
fabricated highly luminescent WS, quantum dots/ZnO hetero-
junction devices that emit white light.

3.1. MIS junction

4326 | Nanoscale Adv, 2020, 2, 4323-4340 This journal is © The Royal Society of Chemistry 2020
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& hexagonal boron nitride (BN) barriers (Fig. 3d—-f). Liu et al.®® spontaneous emission rates of WSe, by the Purcell effect
% fabricated the vertically assembled double quantum well induced by the photonic crystal cavity.”

structure LED using graphene/boron nitride as top and bottom
tunneling contacts and monolayer WSe, as an active light
emitter, which increased the probability of radiative recombi-
nation as compared to a single quantum well structure. They
locally enhanced the EL by integrating a photonic crystal cavity
on top of the heterojunction, as shown in Fig. 4a. The
enhancement of EL can be attributed to the increase in the

(cc)

Pinhole

Spectrometer
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The aforementioned works are based on the vertical MIS
structure. The following works are based on the paratactic MIS
structure. Bie et al>* demonstrated the MoTe,-based lateral
junction with an electrostatic split-gate configuration integrated
with a silicon photonic-crystal (PhC) waveguide, as shown in
Fig. 4b. The structure can also be seen as the paralleling of two
MIS junctions. Remarkably, the device had a grating coupler at
the far end of the waveguide to allow excitation and collection.

Fig.4 Metal-insulator—semiconductor LED integrated with some kind of functional unit. (a) Schematic of light-emitting vdWs heterostructures
of the graphene/boron nitride and its integration with a photonic crystal cavity and the EL measurement setup. Reproduced with permission;*°
Copyright 2017, American Chemical Society. (b) Schematic of the encapsulated bilayer MoTe, p—n junction on top of a silicon PhC waveguide.
Reproduced with permission;* Copyright 2017, Springer Nature.
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When the device works as an LED, the emitted light near the
junction section couples to the waveguide, where it travels in-
plane to the grating coupler. As a result, the light emission
can be detected near the grating coupler. The integration of
TMDC LED with a photonic-crystal provides an effective strategy
for enhancing the EL intensity.

3.2. P-n junction (p-i-n junction)

The P-n junction is the most important LED structure. Two
kinds of TMDCs can be fabricated as 2D-2D heterojunction
diodes. With different band gaps of the p(n) type materials, the
p-n junction LED can emit light of different colors.”®** In
general, TMDC-based LEDs cannot emit light in the full visible
light range due to the narrow bandgap. The injection of carriers
into the semiconductor layer is a bipolar injection in the p-n
junction LED.* Cheng et al.>* created a p-n diode using the p-
type monolayer tungsten diselenide (WSe,) and n-type few-
layer molybdenum disulfide (MoS,) (Fig. 5a). As for the
working mechanism of this LED, the conduction band of MoS,
is below that of WSe,, and the valence band of WSe, is below
that of MoS,. At a small bias voltage, holes can go across the
junction, then inject into the MoS, region and recombine with
the electrons, emitting light; the electrons cannot go across the

n-MoSe; p-MoSe,

n-type

monolayer emitted light
MoS,
- \ % % % % %

Drain HF

n-type MoS, 1: e .

View Article Online

Review

junction (Fig. 5b). At a large bias, the conduction band in MoS,
shifts upward and is higher than that in WSe,; the electrons can
go across and are injected into the p-WSe,, while the holes can
go across and are injected into the n-MoS, (Fig. 5¢). Therefore,
the light intensity undergoes a marked increase with more
electron-hole recombination in both WSe, and MoS, regions. A
scalable, two-step and in situ growth chemical vapor deposition
strategy was employed to synthesize self-aligned WSe,-MoS,
monolayer lateral heterojunction arrays and demonstrate their
LEDs.>*

Superior to the heterojunction, the p-n homojunction
exhibits ideal diode characteristics (Fig. 5d) because there is no
potential discontinuity on the homojunction. In the hetero-
junction, the tip or notch between the conduction band and the
valence band can result in carrier scattering and trap positions
near the boundary surface. Jin et al.>® proposed a p-n homo-
junction based on the p-type Nd-doped MoSe, and intrinsic n-
MoSe, (Fig. 5¢). When the Fermi level moves up at the
positive Vg, this ideal diode behavior degenerates. In Fig. 5f,
when V, > 0V, electron diffusion promotes the increase of the
in-band composite current. They assumed that the Fermi levels
of p-MoSe, and n-MoSe, moved upward with the same energy
through the V, bias.*® Li et al®® fabricated the MoS, p-n
homojunction by spin-coating AuCl; and benzyl viologen on

n-Mos,
n-Mos, *

____B_I“I o

p-WSe,

Bias

AE, prype Si

emitted
light

Equilibrium

Forward bias

Fig. 5 Schematic illustration and band diagram of a p—n heterojunction diode. (a) The cross-sectional schematic illustration of the WSe,/MoS,
heterojunction. (b) The ideal band diagram of the WSe,/MoS, heterojunction under a small forward bias, and (c) under a large forward bias. (a—c)
Reproduced with permission;>* Copyright 2014, American Chemical Society. (d) V5-dependent rectifying behavior of the MoSe, homojunction
p—n diode. (e) Energy bandgap schematic for the MoSe, homojunction. (f) Ideality factor of the MoSe, homojunction as a function of gate bias.
(d—f) Reproduced with permission;>® Copyright 2015, WILEY-VCH. (g) The cross-sectional view of the structure of the MoS,/Si heterojunction
LED. (h) Band diagram of the MoS,/Si heterojunction in equilibrium conditions and (i) under forward bias. (h and i) Reproduced with permission;
Copyright 2014, American Chemical Society.>”
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MoS, with post-annealing, respectively. The ultimate thickness
of the MoS, vertical homojunction is 3 nm and the depth of
chemical doping is 1.5 nm.

To expand the application range of TMDC LEDs, 2D/3D
heterojunction diodes based on TMDC in contact with wide
band-gap bulk materials were developed. Lopez-Sanchez et al.*”
studied vertical heterojunctions composed of n-type monolayer
MoS, and p-type silicon (Fig. 5g). Because of the difference in
electron affinity and bandgap between Si and MoS,, the junc-
tion has the characteristics of conduction (3E. = 200 meV) and
valence state band shifts (3E, = 900 meV) (Fig. 5h). Under
forward bias to the heterojunction, electrons from the n-MoS,
side and holes from p-Si can radiatively recombine in the
junction, resulting in light emission. For the valence band and
conduction band offset, the valence band and conduction band
tip will affect the charge carrier injection efficiency and limit the
device current (Fig. 5i). The tunneling diode (p-i-n) composed
of a vertical MoS,/Si0O,/Si heterostructure was also demon-
strated.*® The ionic-liquid gated light-emitting transistor was
fabricated on WS, monolayer and bilayers.** For TMDCs, the p-
n junction can be divided into two kinds: the first one is the
vertical p—n junction, which shows large EL intensity for large
junction area; the second one is the lateral p-n junction, which
shows weaker EL intensity for relatively smaller junction area.

The field-induced p-n junction is an important atomic p-n
junction because TMDC possesses atomic thickness and has
the potential to be used in microelectronics. Electric field-
induced p-n junctions can be used to realize peculiar func-
tionalities in TMDC materials, for which the conventional
chemical doping method is difficult to achieve. The field-
induced p-n junctions play crucial roles in realizing LED
operations as well as circularly polarized EL. Zhang et al.*®
fabricated electric field-induced p-n junction and demon-
strated that the built-in potential became negative under
a forward bias voltage. Baugher et al.** constructed LEDs based
on the field-induced p-n diode on monolayer WSe,. Yumin
et al.®® prepared an anion-induced p-n junction based on a WS,/
boron nitride heterostructure, which is another method for
creating p-n junctions. A 0D-3D p-n diode composed of MoS,
quantum dots and Si was also fabricated to exhibit white light
emission from ~450 nm to 800 nm under forward bias.®® The
construction of mixed-dimensional van der Waals hetero-
structures can take advantage of the different dimensional
properties to produce devices with novel functionalities.

3.3. M-S junction

Another type of TMDC LED is based on the M-S junction, which
is also called the Schottky diode. Lien et al.®* created an AC
voltage pulsed LED based on the Schottky diode of the TMDC
monolayer/Au junction. Puchert et al.** focused on broadband
silver EL in Ag/MoS, nano-LEDs. Due to the low luminescence
efficiency of TMDCs LED, several studies were devoted to
enhancing the light-emitting performance. Hole injection into
the single-layer WSe, was enhanced by incorporating a metal
contact and the EL was enhanced.®® To optimize the device
performance of LEDs, the solution-processed MoS, was used as

This journal is © The Royal Society of Chemistry 2020
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a hole-injecting electrode, and an electron blocking layer in the
form of MoO; was fabricated.” A visible organic LED was
fabricated using tris(8-hydroxy-quinolinato)aluminum as the
emissive layer and MoS, + PEDOT:PSS as the hole-injection
layer, emitting 375 nm electroluminescence with high efficien-
cies of 8.1 cd A™" and 5.7 Im W%

4. Luminescence properties of TMDC
LEDs

4.1. EL peak location and origin

The luminescence properties of LEDs cover parameters such as
EL peak location, EQE, International Lighting Commission
chromaticity coordinates (CIE 1931 color diagram), EL polari-
zation, rectifying characteristics, ideality factor, and the
switching ratio of the LED p-n junction. The luminescence
properties of few-layer TMDC LEDs are reviewed as follows.

Generally, EL is related to the energy bandgap of TMDCs.
Light of long wavelength results from narrow bandgap charac-
teristics, and broad bandgap emission will bring out short
wavelength light. The EL of TMDC LEDs varies from infrared to
green light. The EL peaks of TMDC LEDs are often compared
with the PL peak to ascertain the origin.*® In layered TMDCs, the
EL is primarily attributed to intrinsic excitons (X°), charged
excitons or trions (X'/X7), free-space emission, and defect-
trapped excitons. It is necessary to note that white light emis-
sion can be achieved in TMDC-based LEDs by combining TMDC
with a broad bandgap semiconductor.

2Monolayer TMDCs can emit light in a highly efficient manner
despite being sub-nanometers thick.” Ross et al.* observed the EL
of a WSe, monolayer p-n junction at an injection current as low as
200 pA; the EL and PL peaks were consistently located at 1.65 eV
(red light) (Fig. 6a). This PL peak is the natural result of the large
exciton binding energy of monolayer TMDC due to strong
Coulomb interactions, which indicates that in the EL mechanism,
the injected electrons and holes form excitons before radiative
recombination (Fig. 6b).”"”> With the increase in the injected
current, the EL emission intensity increased until it was beyond 2
mA. This is related to the heating effect of the device. Ghorai et al.*”
fabricated light-emitting devices of highly luminescent WS,
quantum dots/ZnO heterojunctions (Fig. 6¢). Under the injection
current of 1.4 mA, the deconvolution of the wide EL spectrum
showed three different emission peaks at about 450 nm, 505 nm,
and 597 nm. The first peak is the characteristic emission of WS,
nanocrystals, the remaining two peaks are from the emission of
defect-related excitons in ZnO (Fig. 6d). Ye et al.” identified the
direct-exciton and bound-exciton recombination process in MoS,/
Si LED. The auger recombination of the exciton-exciton annihi-
lation of bound exciton emission was observed.” Sundaram et al.”
measured the EL of monolayer MoS, field-effect transistors
(Fig. 6€), which showed a peak at ~685 nm, matching well with the
PL peak at ~680 nm; therefore the EL and PL of that device
involved the same excited state, the B exciton (Fig. 6f).

Importantly, temperature-dependent PL measurements can
be used to profoundly probe the EL peak origin. Yang et al.”®
measured the EL from the p-Si/i-WS,/n-ITO heterojunction at 77
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Fig.6 The PL and EL spectral contrast of TMDC-based LEDs in search
of the EL peak origin. (a) At 300 K, the EL spectrum (blue) of the
monolayer WSe, p—n junction generated by a current of 5 nA closely
resembles the PL spectrum (red). (b) The EL image (red) superimposed
on the WSe, p—n junction device image (grayscale). (a and b) Repro-
duced with permission;®® Copyright 2014, Springer Nature. (c) The TEM
images of the as-synthesized WS, nanocrystals. Inset is the photo of
WS, nanocrystals suspended in DMF. (d) EL spectra of the Al/PEDOT-
PSS/WS,/ZnO/ITO device under different applied currents. Repro-
duced with permission;*” Copyright 2017, American Chemical
Society. (e) EL spectrum of a 1L-MoS; field effect transistor measured
at Vp =5Vand /p =100 pA. (f) Absorption (Abs), EL, and PL spectra on
the same 1L-MoS,. The EL spectrum was measured at Vp = 8 V and
Ip = 164 pA. Reproduced with permission;”* Copyright 2013, American
Chemical Society.

K; two main emission peaks at 1.950 and 1.985 eV (red light)
were detected, as shown in Fig. 7a. A temperature-dependent PL
measurement had also been carried out in the temperature
range from 81 K to 294 K to trace the emission peaks. The
energy of emission peak located at 1.950 and 1.985 eV (red light)
matched well with the observed X" (defect-induced bound
exciton) and X (trion) in the PL spectra at low temperature.”
Multilayer WSe, emits light more easily than monolayer WSe,
due to its larger light density.”® Schwarz et al.”” measured the
typical EL spectra of a single-defect emitter under different
applied voltages. A single sharp line at 1.607 eV, labeled SDE1,
from the single-defect emitter (SDE) dominated the EL spec-
trum (Fig. 7b). As shown in Fig. 7c, Pospischil et al.”® showed the
EL emission peaks at 1.547 eV of the gate-split WSe, monolayer
LED, which was 93 meV below of PL peak of monolayer WSe, in
energy. The peak shift was assigned to different dielectric
environments in both experiments, which influenced the
exciton bound energy due to Coulomb screening. In addition,
light emission from high-order correlated exciton states was

4330 | Nanoscale Adv., 2020, 2, 4323-4340
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of the LED device. (a) EL spectra of the LED device recorded at 77 K
under different injection currents. Reproduced with permission;”®
Copyright 2016, American Chemical Society. (b) Evolution of EL
spectra under different bias. Labels SDE1 and LE are used to denote the
EL peaks of the single-defect emitters and other localized states,
respectively. Reproduced with permission;”” Copyright 2014, Amer-
ican Association for the Advancement of Science. (c) EL emission
spectra of the monolayer WSe, p—n junction recorded for gate volt-
ages. Reproduced with permission;”® Copyright 2014, Springer Nature.

reported in the hBN-encapsulated monolayer WSe, and WS,
upon bias voltage excitation. The EL was from charged bi-
excitons and dark excitons.”

4.1.1. Visible light LED. Highly efficient visible light emis-
sion is significant for TMDC-based LEDs. Many methods have
been adopted to improve the EL of layered TMDC LEDs.>*7%%
Yumin et al.®* realized orange light emission centered at 620 nm
from anion induced p-n junction of a WS,/boron nitride heter-
ostructure (Fig. 8a—c). Perumal et al® achieved red light from
a single layer n-MoS,/SiO,/p-GaN heterostructure device. Chen
et al.® designed an ultrathin MoSe,/GaN heterojunction diode,
demonstrating high-intensity EL at 407 nm (violet light) and
~850 nm (infrared light) (Fig. 8d and e). Ke et al.*® prepared the
enhanced EL of CdSe quantum dots coupled with MoS,-chitosan
nanosheets. Nikam et al® observed white-light-emitting
constituents of the p-GaN/p-MoS,/n-MoS, heterostructure,
whose EL spectra consisted of three emission peaks of ~481 nm
(blue light), ~525 nm (green light), and ~642 nm (orange light).
The device showed the white color purity of CIE (0.41, 0.41).
Andrzejewski et al.®* reported red light LED, which was fabricated
by embedding a metal-organic (MO-)CVD WS, monolayer into
a vertical p-i-n device architecture of organic and inorganic
injection layers. The multicolor LED can be fabricated based on
MoS, QD, and the emission wavelength can be tuned from blue
to red by adjusting the thickness of the QD layers.”* The repre-
sentative visible light LEDs are summarized in Table 1.

4.1.2. Infrared light LED. Infrared light LEDs based on
TMDCs are easy to construct. The infrared EL peak often origi-
nates from direct transitions in monolayer TMDCs or indirect
transitions in multilayer TMDCs. Bie et al.** fabricated a red light
LED of the MoTe, p-n junction, which realized the EL peak of

This journal is © The Royal Society of Chemistry 2020
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1090 nm and 1175 nm at cryogenic and room temperatures,
respectively. The peaks were due to intrinsic excitons (X°) of
bilayer MoTe,. Both PL and EL peaks demonstrated red shifts at
higher recording temperatures (Fig. 9a). The excitonic (X°) and
trionic (X') peaks can be clearly distinguished in the PL map
(Fig. 9b). Moreover, as seen in Fig. 9c, a narrow peak at 1160 nm
was on top of a broader peak centered at 1175 nm. The 1160 nm
peak was due to the photonic crystal mode, and the 1175 nm
peak matched the free-space emission of the bilayer MoTe,.
Ponomarev et al.*® found EL in the ionic liquid field-effect tran-
sistor based on monolayer MoS,, as shown on the right side of
Fig. 9d. The free exciton peak at 660 nm and an additional EL
peak were found, as seen in Fig. 9e and f. The additional EL peak
was due to the presence of defect states at an energy of 250-300
meV above the top of the valence band, acting as deep traps for

holes. Cheng et al.** found infrared light emission near 880 nm,
which was due to the indirect bandgap transition in bilayer WSe,.
Interestingly, a significant direct bandgap exciton emission was
found in the EL of multilayer MoS,.*® The detection of the
1034.6 nm single EL peak in monolayer MoTe, LED indicated
that the monolayer MoTe, maintained a high quality after the
device fabrication process (Fig. 9g and h).*” The EQE is related to
the current injection efficiency (Fig. 9i). A 2D-1D heterostructure
of p-type MoS, nanosheets and n-type CdSe NW was fabricated as
an LED, exhibiting electroluminescence at 709 nm.*® Zheng
et al® found an infrared cathodoluminescence (CL) peak near
1.572 €V via the hBN/WSe,/hBN heterostructure, which corre-
sponded to the exciton energy of monolayer WSe,. The CL of
TMDCs has been found by sandwiching between two hBN layers,
but the CL of TMDCs was scarcely found by the direct

Table 1 The structure composition and luminescence wavelength of visible light light-emitting diodes based on TMDCs

Structure composition Peak position (nm) Peak color Peak origin
MoSe,/GaN®? 407 Violet GaN
850 Infrared MoSe,
P-GaN/p-MoS,/n-MoS, (ref. 83) 481 Blue GaN
525 Green P-MoS,
642 Orange N-MoS,
PEDOT:Poly-PD/WS,/Zn0O% 650670 Red WS,
WS, quantum dots/ZnO*’ 450 Violet WS,
505 Green ZnO
597 Yellow ZnO
MoS, QD! 470-680 Full visible spectrum MoS,

This journal is © The Royal Society of Chemistry 2020
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Fig.9 PLand EL comparison of TMDCs LED. (a) PL and EL spectra of the bilayer MoTe; flake (the MoTe, p—n junction) at room temperature and
at 6 K. (b) Spectrally resolved PL map of the bilayer MoTe; at 6 K as a function of gate voltage Vg = Vig = V,q. (c) EL and transmission of the
waveguide before (orange) and after (green) transfer of MoTe,. (a—c) Reproduced with permission;** Copyright 2017, Springer Nature. (d)
Source—drain current /sp as a function of source—drain bias extending to large Vsp values. The inset shows an image of the device with the region
of the channel close to the hole injecting contact, where light emission occurs. (e) Comparison of the PL (blue curve) and EL (red curve) spectra
(Vsp = 4.1V) measured in the MoS;-based ionic liquid field transistor. (f) Normalized EL spectra recorded for different values of source—drain bias
Vsp. (d—f) Reproduced with permission;® Copyright 2015, American Chemical Society. (g) EL spectra from the hBN/monolayer MoTe,/graphite
LED under —20 V back gate voltage at 83 K. (h) EL mapping image of the MoTe, LED device under back gate voltage of —20 V. (i) EL intensity (left)
and EQE (right) of monolayer MoTe, as a function of the injection current. (g—i) Reproduced with permission;®” Copyright 2018, American
Chemical Society.

measurement of TMDC materials. It can be concluded that it is
still challenging to detect the interband CL signal in monolayer
TMDCs, as the electron-hole creation cross-section is extremely
small and only a small amount of recombination takes place in
the top of the two-dimensional material, most of which takes
place in the supporting slab.* There have been no recent reports
on layered TMDC LEDs emitting ultra-violet light, so this may be
a problem that needs to be solved.

4.2. Polarization electroluminescence

Circularly polarized light is involved in various fields ranging
from 3D displays to spin sources in spintronics, and informa-
tion carriers in quantum computation.”®®* There is a strong

4332 | Nanoscale Adv., 2020, 2, 4323-4340

demand for compact circularly polarized light sources to ach-
ieve high integration and controllable polarization.®* Zhang
et al.®® first demonstrated WSe,-based ambipolar transistors
emitting circularly polarized EL (Fig. 10a). As shown in
Fig. 10b-d, the degree of circular polarization EL from the p-Si/i-
WS,/n-ITO heterojunction LED device can be modulated simply
by the injection current.”” The excitons in monolayer WSe,
forming in the +£K valleys were demonstrated using
polarization-resolved PL.* The excellent matching of the EL
peak with the PL peak thus proves that the EL also comes from
such valley excitons. The injected electrons and holes form
excitons in two valleys, thus producing unpolarized light, as
shown in Fig. 10e.”> Zhang et al® realized bias voltage-

This journal is © The Royal Society of Chemistry 2020
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dependent circular polarization in an ionic liquid-gated field
effect transistor of a bilayer WSe, thin flake, as seen in Fig. 10f
and g, which possesses a peculiar valleytronic functionality
through field-induced WSe, p-n junction. Ye et al.®®* demon-
strated the electrically tunable valley polarization in the exper-
iment. By accessing the extra spin degree of freedom (DOF) in
electronics, spintronics can be applied for information
processes, such as magnetoresistive random-access memory. To

heterojunction, the ideality factor of 1.2 was derived with
a series resistance of 80 MQ, at zero gate voltage, but the ideality
factor of 3 was derived with a series resistance of 33 MQ, at
—20 V gate voltage.>® The I-V characteristics were evaluated to
extract the diode parameters including the reverse saturation
current I; and the ideality factor n of diodes by the following
formula:
qV

realize its potential in electronics, it is necessary to electrically =1 (em - 1) (4)
control the valley DOF. These results are not only extremely
interesting in physics but could also lead to many practical
applications.**

where I is the saturation current derived from the straight line
intercept of In I at V = 0, as seen in Fig. 11c. q is the electronic
charge, Vis the applied voltage across the device, 7 is the diode
ideality factor, k is Boltzmann's constant, and T is the absolute

4.3. . . .
temperature.” From eqn (4), the ideality factor n can be given as

Ideality factor

Clear current rectification behavior was observed for the WSe,/

. . . . . dr 1
MoS, heterojunction (Fig. 11a).” The ideality factor of the het- n= % (dl I) = % X 5 (5)
erojunction device was calculated based on the model of a p-n n siope
diode being in series with a resistor (Fig. 11b). In the same
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Fig. 10 Polarization electroluminescence (EL). (a) Circularly polarized EL spectra from p-Si/i-WS,/n-1TO heterojunction ambipolar transistors for
two opposite current directions. Reproduced with permission;®? Copyright 2014, American Association for the Advancement of Science. (b) The
current-dependent circularly polarized EL spectra from CVD-grown monolayer WS,. (c) Current-dependence of the degree of circularly
polarized EL for the overall emission and (d) component neutral excitons X°, negative trions X~, and bound excitons X°. (b-d) Reproduced with
permission;”®> Copyright 2016, American Chemical Society. (e) Band diagram and device schematic of EL generation from valley excitons.
Reproduced with permission;®® Copyright 2014, Springer, Nature. (f) Simulated polarized EL spectra from the WSe, p—n junction. (g) Bias voltage-
dependence of the degree of circular polarization in the EL of the WSe, p—n junction. (f and g) Reproduced with permission;®® Copyright 2017,
American Chemical Society.
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(a) Gate-tunable output characteristics of the WSe,/MoS, heterojunction p—n diode. (b) The ideality factor of the WSe,/MoS, p—n diode.

An ideality factor of 1.2 with a series resistor of 80 MQ derived at 0 V gate voltage (red circle), and an ideality factor of 1.3 with a series resistor of
33 MQ was derived at —20 V gate voltage (green triangle). (c) The forward semi-logarithmic /-V relation for the p-Si/n-WS, heterojunction diode
at different thicknesses. The inset shows the In / vs. In V plot in the forward region. (c) Reproduced with permission;®* Copyright 2017, Springer
Nature. (d) Experimental output (/4s—Vys) characteristic of the vertical heterojunction device in the dark (black) and under the illumination of
a laser at wavelength 514 nm with power of 5 mW. The inset denotes the temporal response of the photocurrent generation under 514 nm
illumination (10 pW). (e) Power-dependent EQE of the heterojunction device under laser excitation at 514 and 633 nm, at Vps =0V and Vgg=0V.
A maximum EQE of 12% was observed. (a, b, d and e) Reproduced with permission;*>* Copyright 2014, American Chemical Society.

Notably, if n = 1.0, the diode must have ideal diode behavior.
This characteristic is due to low charge trap density at the
homojunction interface. An ideality factor greater than a unit
represents a low-quality connection and is considered a sign of
recombination loss.”**”

Kapatel et al.*® studied layer-engineered I-V characteristics of
the Si/WS, van der Waals heterostructure diode. In the 10 pm-
thickness WS, diode, the ideality factor was 2 and the reverse
saturated current was 5 x 107 '° A. In terms of the ideality
factor, without laser illumination (514 nm, 5 uW) the electronic
properties of an ideal diode are much better as compared to
homojunction p-n diodes in TMDCs (n = 1.6).*®* The output
characteristics (Igs—Vgs) of the vertical heterojunction with the
photovoltaic effect are shown in Fig. 11d. The ideality factor of
the current-voltage was 1.64 for the homostructured WSe,
rectifying diode.*®

4.4. External quantum efficiency (EQE)

A series of work has been done on the improvement of the QY of
TMDC photoluminescence (PL) and the EQE of TMDC LEDs.***
Monolayer TMDCs usually experience low QY because of the
high density of lattice defects. It is advantageous to increase the
QY by overcoming the lattice defects. Unlike conventional
semiconductors, the thermal treatment of TMDCs cannot repair
the defect but the acid treatment can effectively repair the
chalcogen vacancy defect.'® The strong inter-exciton interac-
tions in 1L-TMDCs were considered to be the primary limiting
factor of QY.”>*** The strong coulombic interactions between
excitons induced an exciton-exciton annihilation (EEA) effect,

4334 | Nanoscale Adv, 2020, 2, 4323-4340

in which excitons decayed in a nonradiative way.** Therefore,
the density of radiative excitons was reduced. For photodetec-
tors, the photo-to-electronic conversion efficiency is defined as
the ratio of the number of carriers collected by electrodes to the
number of incident photons.* The EQE in a MoS,/WSe, vertical
heterojunction can reach 11% under 514 nm laser excitation
with a power of 5 pW (Fig. 11e).

For LEDs, the EQE can be evaluated from the ratio of
collected EL photon number per second to the injected electron
number. The internal quantum efficiency (IQE, 7, and EQE
(mext) can be calculated using the following equation:

Pini /v
o = )
P/hv
Nextraction = pim//hv (7)
P/hy
Next = 1/8 = MintMextraction (8)

where P, denotes the optical power emitted from the active
region and can be simplified to the number of photons emitted
from the active region per second. P denotes the optical power
emitted into free space and can be simplified to the number of
photons emitted into free space per second. I denotes the
injection current and can be simplified to the number of elec-
trons injected into the LED per second.® 7. denotes the
extraction efficiency or external quantum efficiency, and can be
an indicator of the limitations of high-performance LEDs; it is
often lower than 50%. To date, the EQE of LEDs based on

This journal is © The Royal Society of Chemistry 2020
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TMDCs is relatively low.>»* The maximum EQE of 12% was
achieved in the monolayer WSe,/MoS, p-n diode.>® The EQE
reached 9.5% from LED on the graphene-hBN-MoTe, hetero-
structure.*” The EQE of MoS, and MoSe, light-emitting
quantum wells decreased on going from cryogenic conditions
to room temperature.'® On the contrary, the EQE of WSe, light-
emitting quantum wells increased with temperature. The EQE
of the WSe, light-emitting quantum wells reached 5%, which
was much larger than the EQE of MoS, and MoSe, light-
emitting quantum wells in ambient conditions. A perfor-
mance outline of TMDC LEDs is given in Table 2.

5. Novel LED devices

5.1. Single-photon emitter

Recently, significant progress has been made in realizing
efficient single-photon emitters that can be used for
quantum information and technology devices. Single-defects
in monolayer TMDCs may be a new type of single-photon
source.'®'%¢ Clark et al”>* demonstrated a single-defect
emitter by using both vertical and lateral van der Waals
heterostructures of monolayer WSe,. Single-defect emitters
are enabled by integration with a variety of optical compo-
nents such as photonic crystal cavities and waveguides
(Fig. 12a).*° Liu et al.** demonstrated direct modulation of
this single-mode EL at a high speed of ~1 MHz, as seen in
Fig. 12b. The high-resolution PL spectrum of the 1L-WSe,
flake revealed a doublet split by 4 = 726 meV with unequal
intensities, as shown in Fig. 12¢.'°® A strong antibunched
photon emission from this emitter was observed and then
confirmed by fit using the relation g®(t) = 1 — p%e I'V7
(Fig. 12d).**” The coupling single photons were detected from
discrete quantum emitters in WSe,, which was also verified
via the observation of antibunching in the signal (g(0) =
0.42).*°® To date, much research has been conducted on
single-photon emitters of layered TMDCs utilizing PL;
however, little has been done by way of EL. Iff et al.**® showed
a compact and hybrid two-dimensional semiconductor-
piezoelectric device that allows for controlling the energy of
single photons emitted and localized in wrinkled WSe,
monolayers by strain fields (Fig. 12e).'® The ensemble
emission due to defect-bound excitonic complexes can be
seen in both 1L and 2L WSe, (Fig. 12f).**” The realization of
electrically driven polariton LEDs in atomically thin semi-
conductors at room temperature presents a promising step
towards achieving an inversionless electrically driven laser,
as well as ultrafast microcavity LEDs.**°

5.2. AC voltage transient EL in TMDCs

Lien et al.** demonstrated a transient-mode EL device based
on TMDC monolayers (including MoS,, WS,, MoSe,, and
WSe,). The device structure was MS heterojunction, as shown
in Fig. 13a. Pulsed EL was observed at each V, transition
(Fig. 13b). EL from this device was weakly dependent on the
Schottky barrier height or polarity. The main factor limiting
the performance of the time-EL device is QY droop due to bi-

Nanoscale Adv., 2020, 2, 4323-4340 | 4335
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Fig. 12 The performance of a single photon emitter based on layered TMDCs. (a) The measured on-cavity EL as a function of polarization
detection angle. (b) Normalized cavity-enhanced peak intensity (blue dots) and exciton peak intensity (red dots) as a function of polarization
detection angle. (a and b) Reproduced with permission;*® Copyright 2017, American Chemical Society. (c) High-resolution PL spectrum of 0D-X
from the location of WSe, on the p-Si substrate. (d) Normalized second-order correlation function g*?(z) of the 0D-X lines of WSe, on the p-Si
substrate under non-resonant cw excitation at P = 0.5Py. (e) Contour plot of the PL spectra of SPEs as a function of the electric field applied on
a (001) piezoelectric device. Evolution of the hydrostatic strain as a function of the electric field applied to a (001) piezoelectric device calculated
on five different points of the wrinkle. Reproduced with permission;'°® Copyright 2019, American Chemical Society. (f) Typical PL emission
spectra for 1L (black) and 2L (red) WSe, from the smooth and unstrained locations of the flake; color-coded spatial maps of PL with (left)
integrated intensities in the spectral range of 680-840 nm, and (right) intensities in the spectral range of 780-840 nm. (c, d and f) Reproduced
with permission;*°” Copyright 2015, American Chemical Society.

excitonic recombination. The large voltage drop and the steep
energy band bending at the Schottky contact lead to large
transient tunneling currents. Injected electrons diffused

5.3. Thermal light emission

Thermoluminescence occurs from a nanomaterial at elevated
temperatures, which leads to the thermal propagation of
exciton states and the subsequent radiative recombination.*
High temperatures can be reached by minimizing heat loss in
the vertical direction through the substrate or along the lateral
direction toward the contact electrodes. The transverse heat flux
is determined by the thermal conductivity of the material."*
Dobusch et al.*** demonstrated that a MoS, monolayer sheet,
freely suspended in a vacuum over a distance of 150 nm,
emitted visible light as a result of Joule heating (Fig. 13d). Due
to the poor transfer of heat to the contact electrodes, as well as
the suppressed heat dissipation through the underlying
substrate, the electron temperature can reach 1500-1600 K, as
seen in Fig. 13e and f.*''*"* The well-pronounced peak at
around 1.7 eV corresponds to the A-exciton of the MoS,

inward while holes exited the semiconductor through contact
or recombination with incoming electrons. In the steady-state,
the band bending and tunneling current of the semiconductor
and contact decrease. In the alternating current transient
process, the excess electron and hole population occur
simultaneously. The transient EL was applied to display the
letters C-A-L (Fig. 13c). It is rewarding that suspended two-
dimensional materials can produce periodic oscillation in
the reflection and PL spectra, therefore providing a direct way
to fabricate periodic EL devices.'"* Recently, a transient-mode
EL device was been fabricated based on WS,-metal contact;
a centimeter-scale (=0.5 cm?) visible (640 nm) display was
demonstrated, which showcases the potential of TMDC
systems for display applications.**?

4336 | Nanoscale Adv, 2020, 2, 4323-4340 This journal is © The Royal Society of Chemistry 2020
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Fig. 13 AC voltage transient EL and thermal light emission from layered TMDCs. (a) Structure diagram of the time-EL device. (b) Time-resolved
EL. (c) Operation of the seven-segment display of C—A-L. (a—c) Reproduced with permission.®* Copyright 2018, Springer Nature. (d) Optical
images of the thermal light emitter for various bias conditions, ranging from Vps = —13 to —21 V (from left to right). (e) Integrated thermal
emission intensity and corresponding current Ips versus bias voltage Vps plots. (f) Measured thermal emission spectra. (g) Thermal light emission
intensity plotted as a function of temperature. (d—g) Reproduced with permission;'** Copyright 2017, WILEY-VCH.

monolayer. The second (weaker) peak at higher energy, refer-
ring to the B-exciton, arises from the spin-orbit splitting of the
valence band and corresponds to the transition from the lower
spin level of the valence band (Fig. 13g). Compared to the PL
spectra, the thermal emission spectra are usually broader and
shifted in energy.

6. Conclusions

Since the EL light intensity and luminescence power of 2D
layered TMDCs LEDs is low, it is essential to improve the
emission performance of TMDCs LED. It is important to
design effective structures to extend the multifunction of
TMDC LEDs. Nowadays, the highest EQE of TMDC LEDs is
only 12%, which reduces the utilization rate of TMDCs. The
low EQE originates from the low quantum yield (QY). It is
necessary to take measures to improve the QY of TMDCs. The
QY of monolayer MoS, was hugely enhanced by organic
superacid treatment."** This method opens the door for the
development of highly efficient LEDs. Hot carriers can be
injected into the bandgap of the heterojunction, then elec-
trons may be trapped or form an interfacial state. Therefore, to
improve the reliability of electronic devices based on TMDCs,
thermal management may be necessary.'”® Otherwise, the

This journal is © The Royal Society of Chemistry 2020

control of valley-spin polarization in solids is a basic research
area for electronic applications. Further studies on polariza-
tion EL are necessary.

The optical band gap of monolayer TMDCs is so narrow that
the EL peak wavelength is in the range from infrared light to red
light. In order for layered TMDCs heterostructure LEDS to emit
visible light in the full spectrum range, they need to be
assembled with other wide bandgap materials. Moreover, as
a supplement to sunlight, white light is useful in agriculture, for
example, in greenhouse plants. It is rare to emit white light from
TMDCs LEDs up to ultraviolet light, so TMDC-based white light
LEDs may be an important research direction."**"” Haldar
et al."*® have found white light in MoS, QD PL, which provides
instructions for the fabrication of white light LEDs in the future.
Furthermore, flexible devices are expected to meet the
increasing demands for wearable and portable electronics.
MoS,-dependent flexible optoelectronic devices have been
fabricated,"***** so it may be interesting to prepare flexible LEDs
based on TMDCs. MoS, with piezo-phototronic effects has been
fabricated, which indicates a new direction for the study of
other TMDC piezo-phototronic devices.'*® MoS, materials have
also been used in gas sensors and nanogenerators; this is
a potential direction for integrating 2D layered TMDCs LED
with other devices such as gas sensors, nanogenerators.'?>'+12>

Nanoscale Adv., 2020, 2, 4323-4340 | 4337
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