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The emerging 2D semiconductors have aroused increasing attention due
to their fascinating fundamental properties and application prospects.
Technical investigation of 2D semiconductor—based electronics and
optoelectronics is paving the way to realizing practical applications, which
opens up new opportunities to reshape the current semiconductor industry.
Particularly, 2D semiconductor-based optoelectronics can be extensively
utilized in the promising semiconductor and information industries, such
as solid-state lighting, on-chip optical interconnects, quantum computing,
and communication. Here, the research progress regarding the fabrication
and characterization of rapidly growing light-emitting devices and photo-
detectors enabled by 2D semiconductors is reviewed. According to different
emission mechanisms, 2D semiconductor—activated light sources are
classified into four types: excitonic light-emitting diodes (LEDs), quantum
LEDs, valley LEDs, and lasers. Moreover, photodetecting devices based

on atomically thin MoS,, other 2D semiconductors, and van der Waals
heterostructures are discussed, where diverse device structures, perfor-
mance parameters, and working principles are compared. Furthermore, the

1. Introduction

The successful preparation of 2D metallic,
semiconducting, and insulating crys-
tals enables many opportunities for
fundamental studies and device applica-
tions.1 3l Since the experimental explo-
ration of direct-bandgap monolayer
(1L) MoS,*1 2D semiconductors have
rapidly drawn great attention from the
global research communities of materials,
physics, engineering, and chemistry.[*-8l
Optical bandgaps of emerging 2D
semiconductors such as 1L transition-
metal dichalcogenides (TMDs),> 4 1L
black phosphorous (BP),IS) ultrathin
group IIT and IV chalcogenides (e.g., GaS
and GeS),l'®"] and 1L hexagonal boron
nitride (hBN),!'® cover the broad spec-
tral range from ultraviolet to infrared
wavelengths (Figure 1), which promotes

remaining challenges in the realization of practical devices with desirable
features are outlined and new research opportunities for 2D semiconductor

optoelectronics are proposed.

Dr. ). Shang, Prof. W. Huang

Shaanxi Institute of Flexible Electronics (SIFE)

Northwestern Polytechnical University (NPU)

127 West Youyi Road, Xi’an 710072, P. R. China

E-mail: iamwhuang@nwpu.edu.cn

Dr. ). Shang, L. Wu, Prof. T. Yu

Division of Physics and Applied Physics

School of Physical and Mathematical Sciences

Nanyang Technological University

21 Nanyang Link, Singapore 637371, Singapore

E-mail: yuting@ntu.edu.sg

Prof. C. Cong

State Key Laboratory of ASIC and System

School of Information Science and Technology

Fudan University

220 Handan Rd., Yangpu District, Shanghai 200433, P. R. China

E-mail: cxcong@fudan.edu.cn

Prof. W. Huang

Key Laboratory of Flexible Electronics (KLOFE) & Institute of Advanced

Materials (IAM)

Nanjing Tech University (NanjingTech)

30 South Puzhu Road, Nanjing 211800, P. R. China
The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/smtd.201800019.

DOI: 10.1002/smtd.201800019

Small Methods 2018, 2, 1800019

1800019 (1 of 15)

the new development of photonic and
optoelectronic  applications.'”1%  These
2D semiconductors have exhibited many
interesting properties like robust excitonic
effects,?”! significant quantum confine-
ment,2] strong spin-orbit coupling,??
and many-body interactions.l?®l In particular, 1Ls of 2H-type
MoS,, MoSe,;, WS,, and WSe, are direct-bandgap semicon-
ductors, which are intrinsically suitable for light-emitting
and photodetecting applications.[*?426] Meanwhile, atomically
thin TMDs and their heterostructures have shown intriguing
optical responses such as unique valley polarization,!?’~2%
room-temperature excitonic emission, a wealth of excitonic
states (e.g., trion, biexciton, dark exciton),1011133031] yalley
Zeeman splitting,3?4 single-photon emission,>738 valley-
selective optical Stark effect,??) formation of exciton—polari-
tons,[*0#2l and exciton—plasmon coupling.*}! Understanding of
these effects is fundamentally important for developing high-
performance optoelectronic devices with desirable and/or new
features. Structurally, 2D semiconductors can be ultrathin,
flexible, and transparent, which make them suitable for
fabricating wearable optoelectronic devices. Moreover, control-
lable growth*1 and transfer techniques*—#! of large-area 2D
semiconductors make scalable and low-cost device fabrication
practical. Technically, semiconductor-based light sources and
photodetectors are two key elements for the realization of many
prevailing optoelectronic applications, such as general illumi-
nation devices, various light indicators, optical storage, light
sensing, optical interconnects, optical isolators, and optical
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Figure 1. Optical bandgaps of representative 2D semiconductors at
room temperature (RT) and the corresponding emission covering ultra-
violet to near-infrared wavelengths. MUL represents multilayer. Optical
bandgaps are estimated according to previous studies.>-1618]

and quantum communication, which have large industrial
markets and great economic potential. With the development
of material preparation and investigation of optoelectronic
properties of 2D semiconductors, many efforts have been
made toward light-emitting and photodetecting applications.
Consequently, various light-emitting diodes (LEDs),2448-50
lasers,’12l and photodetectors!?>>3 have been demonstrated by
use of 2D semiconductors and their van der Waals (vdW) het-
erostructures as active media.

Here, we focus on the research progress on two classes of
2D-semiconductor-enabled optoelectronic applications: light
sources and photodetectors. More specifically, four types of
lighting devices are discussed according to their emission char-
acteristics. Moreover, 2D semiconductor—based photodetectors
are reviewed and compared in terms of different active
materials. Subsequently, we list the remaining challenges in
the development of these optoelectronic devices and highlight
the exciting research opportunities.

2. 2D Semiconductor—Activated Light Sources

Semiconductor light-emitting devices are the fundamental
building blocks of many modern optoelectronic applications,
such as optical communication, quantum information, optical
data storage, lighting, displays, and indicators. In general, in
contrast to conventional light sources like incandescent lambs,
fluorescent tubes, and gas and solid-state lasers, semicon-
ductor light sources have competitive advantages, including
low power consumption, long lifetime, stable output, and so
on. The rising 2D semiconductors are providing a new mate-
rial platform to boost the development of next-generation
light-emitting devices with the attractive features of ultrathin
thickness, compactibility, flexibility, transparency, and excel-
lent compatibility with integrated-circuit manufacturing tech-
nology. Here, we outline four types of the most promising light
sources: excitonic 2D-semiconductor-based LEDs (2DLEDs),
quantum 2DLEDs, valley 2DLEDs, and 2D semiconductor
lasers.
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2.1. Excitonic 2DLEDs

With the dimensional reduction of semiconductor crystals,
a strong excitonic effect and quantum confinement can be
expected,?234 which may enable efficient excitonic emission
at room temperature (RT). Indeed, large exciton binding ener-
gies have been observed for ultrathin layered TMDs such as
1L MoS,, WS,, MoSe,, and WSe,.’>) Meanwhile, stable exciton
emission with high quantum efficiency in 2D semiconductors
prepared by both mechanical exfoliation and chemical vapor
deposition (CVD) techniques has been obtained via superacid
treatment at RT.%58 Thus, developing highly efficient light-
emitting devices based on 2D semiconductors is practical
and promising. In 2013, Sundaram et al. reported excitonic
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electroluminescence (EL) generated around the contact region
between 1L MoS, and a Cr/Au electrode in a field-effect tran-
sistor (Figure 2a), in agreement with photoluminescence (PL)
and absorption data (Figure 2b), where the hot-carrier pro-
cesses were considered to be the main emission mechanism.?4l
By creating vertical p—n junctions consisting of n-type 1L MoS,
and p-type bulk silicon (Figure 2c), EL due to excitons, trions,
bound excitons, and excited excitons has been observed at RT
(Figure 2d) and low temperatures,??%% where Auger recombi-
nation via exciton—exciton annihilation has contributed to the
bound exciton emission.®¥) With the closely arranged dual-
gate configurations, excitonic EL has been obtained from
in-plane p-n junctions of 1L WSe, flakes formed under the
proper electrostatic doping, #0192l representing a major step
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Figure 2. a,b) EL intensity image of a 1L MoS, field-effect transistor (a), and the corresponding absorption, PL, and EL spectra (b). a,b) Reproduced
with permission.?¥ Copyright 2013, American Chemical Society. c,d) EL intensity image of an n-MoS,/p-Si heterojunction (c) and its EL spectrum
with three fitting components (d). c,d) Reproduced with permission.’®l Copyright 2014, American Chemical Society. e,f) False color image of a WSe,
LED (e), and its device structure with EL spectra collected at negative and positive voltages (f). e,f) Reproduced with permission.[®* Copyright 2015,
American Chemical Society.
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Table 1. Excitonic LED-based 2D semiconductors.

www.small-methods.com

Device structure Observed EL A; temperature Threshold; Dominant emission Reference
[nm]; [K] EL efficiency mechanism
1L MoS,? /metal (Cr/Au) 580-740; NA 15 kW cm™2; NA Hot-carrier effect [24]
n-type 1L MoS,?/p-Si 550-800; RT 3.2Wcm 2% NA p—n junction [59]
n-type 1L MoS,¥/p-Si 500-800; RT, 10 K 15 uA; NA p—n junction [60]
1L WSe,? with dual gates 710-800; RT, 60 K <0.2 nA; NA p—n junction [48]
1L WSe,? with dual gates 700-800; RT NA; 1% p—n junction [61]
1L WSe,? with dual gates 690-1000; RT NA; 0.1% p—n junction [62]
Graphene/multiple quantum wells of MoS,?~hBN/graphene 620-880; RT-6 K 1.8 nAum? 8.4% Quantum-well emission [49]
Graphene/hBN/1L WSe,? /hBN/graphene 690-825; RT-6K NA; 5% Quantum-well emission [63]
1L and 2L WS, with ion liquid gate 560-890; NA NA p-n junction [64]
Multilayer MoS,?/Al,05/GaN 485-850; RT NA; 0.01% Electric-field effect [68]
Graphene/hBN/1L WSe,? /hBN/graphene/nanocavity 710-790; RT NA; 0.2% Carrier tunneling [69]

AExfoliated samples.

toward the development of electrically tunable 2DLEDs. By
alternatively stacking 1L MoS, or WS, and hBN layers, single-
and multiple-quantum-well structures have been prepared to
realize relatively high efficiency EL (i.e., =8.4%) at 6 K, where
graphene layers have been employed as contacting electrodes.*’]
Enhanced EL brightness via carrier tunneling was observed
from single-quantum-well LEDs employing 1L WSe, as the
emitting medium (Figure 2e,f); the external quantum efficiency
increased with the temperature and reached 5% at RT, which is
unlike the typical behavior of 1L MoSe, and MoS, LEDs with
similar structures, owing to the reverse band alignments of
the bottom conduction-band states.[%] By employing the ion-
liquid-gated field-effect configuration, EL from 1L and 2L WS,
was realized, where electrons and holes were accumulated at a
proper gate voltage around two opposite contact regions, respec-
tively.[*l Moreover, EL from the suspended MoS, transistor was
demonstrated under ambipolar injection, where the emission
mechanism was attributed to the Joule heating effect.l! Field-
emission tunnel diodes based on 1L WS, were demonstrated
by use of the metal-insulator (BN)-semiconductor configura-
tion, where excitonic EL with a quantum efficiency of =1% was
observed at a very low current density of several pA um=2.1
The vertical heterojunction of p-type 1L or 2L WSe, and n-type
few-layer MoS, was used to realize EL, where hot-electron lumi-
nescence and indirect-bandgap emission were also identified
in addition to the exciton emission.’”] Furthermore, with the
vertically stacked heterostructures made of multilayer MoS, or
WSe,, Al,O;, and GaN, unconventionally electric-induced EL
associated with the direct excitonic transition has been observed
from multilayer MoS, or WSe,,[%8! which paves the way to the
development of atomically thin LEDs based on multilayer indi-
rect-bandgap semiconductors. By integrating a 1L WSe, LED
with a photonic-crystal cavity, enhanced EL was realized and
high-speed modulation was achieved.® In addition, with the
help of an electrolyte film, centimeter-scale LEDs based on 1L
WSe, and MoS, have been accomplished, which takes an impor-
tant step toward the realization of large-area lighting appli-
cations based on 2D semiconductors.’% As illustrated above,
excitonic EL in atomically thin semiconductors with direct or

Small Methods 2018, 2, 1800019

1800019 (4 of 15)

indirect bandgaps has been demonstrated at different experi-
mental conditions by use of diverse device structures and
Table 1 illustrates the details of device structure, emitting
wavelength, operation temperature, threshold, efficiency, and
emission mechanism for comparison.

2.2. Quantum 2DLEDs

Single-photon emission from solid-state material systems is very
promising for the development of next-generation quantum-
information technologies’!] such as quantum computing,’?
quantum teleportation,”?l and quantum cryptography.’# Since
2015, optically pumped quantum emission from atomically thin
materials®>337% has aroused rising attention from the global
research communities of 2D materials and quantum optics.
Moreover, some efforts have been made to achieve electrically
driven quantum LEDs based on 2D semiconductors. With a verti-
cally stacked architecture consisting of graphene, few-layer hBN,
and TMD layers (e.g., 1L WSe,), narrow quantum emission was
demonstrated under electrical pumping at 10 K, where electrons
were injected from the graphene to the TMD layers by passing
the tunnel barrier of the ultrathin hBN (Figure 3a—d).”®l The
defective nature and the doublet features of the quantum emis-
sion from vertical graphene/hBN/TMD layers/hBN/graphene
junctions have been revealed at low operation voltages (e.g., 2 V)
and low temperature (Figure 3e-g).””’8] Meanwhile, quantum
light from the lateral LED based on 1L WSe, was realized, where
split back gates were employed to form the in-plane p—i-n junc-
tions.”® In practice, such quantum 2DLEDs can be very prom-
ising for many on-chip quantum information applications.

2.3. Valley 2DLEDs

Strong spin—orbit coupling of 1L TMDs results in the large
band splitting in the valance and conduction bands, enabling
unique valleytronic properties. By using the electric-double-
layer transistor configuration together with a gated ionic liquid,

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. a,b) Optical image of a WSe,-based QLED (a), and EL intensity image (b). c) EL spectra from 1L and 2L WSe, quantum emitters. d) Second-
order correlation measurement of a WSe, quantum emitter. a—d) Reproduced with permission.’®l Copyright 2016, Springer Nature. ) Schematic of
the device structure and optical image. f) Band alignment of the heterostructure of graphene/hBN/1L WSe,/hBN/graphene under a bias voltage.
g) EL spectra from single-defect light emitters at various voltages. e-g) Reproduced with permission.l”’] Copyright 2016, IOP Publishing.

valley-polarized EL from 1L and few-layer WSe, was demon-  the opposite current-injection directions.’” Moreover, with a
strated and explained in terms of different electron-hole over-  similar device structure except for the emitting material, EL
laps caused by the electric fields, which was switchable under ~ from 1L MoSe, with a high circular polarization (i.e., 66%) was

Small Methods 2018, 2, 1800019 1800019 (5 of 15) © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. a) Schematic of a valley LED based on the p-Si/i-1L WS,/n-ITO junction. b) I-V curve with optical and EL images. c) Valley-polarized
EL collected at three injection currents. a—c) Reproduced with permission.% Copyright 2016, American Chemical Society. d) Optical image and the
corresponding diagram of a heterojunction of 1L MoS,/1L WSe,. e,f) Schematic and circularly polarized EL under different magnetic fields of an
LED based on a heterojunction of 1L MoS,/1L WSe,, respectively. d—f) Reproduced with permission.?8l Copyright 2016, American Chemical Society.

achieved, where the mechanism of the valley polarization of the
EL was found to be different from that of the low valley polari-
zation of PL associated with ultrafast intervalley scattering.”’!
By employing scalable CVD-grown 2D semiconductors, an
electrically tunable LED consisting of p-Si, 1L WS,, and n-type
indium tin oxide (ITO) layers has been realized (Figure 4a—c),
which indicates the practicality of large-scale production of
circularly polarized optoelectronic devices.® Circularly polar-
ized EL was observed in a vertical p-(Ga, Mn)As/n-WS, diode,
where the dilute ferromagnetic semiconductor of (Ga, Mn)
As acted as a spin-injection layer under out-of-plane magnetic
fields.®Y Furthermore, by injecting spin-polarized charge car-
riers from the ferromagnetic electrode, valley-polarized EL from
an LED made of the heterostructures of 1L WSe, and MoS, was
obtained under external magnetic fields (Figure 4d-f), where

Small Methods 2018, 2, 1800019
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the spin-valley locking in the 1L WSe, played a key role in the
observed valley polarization.[®!

2.4. 2D Semiconductor Lasers

Semiconductor lasers are playing key roles in many prac-
tical applications, such as optical communication, on-chip
optical interconnects, laser printing, and data storage and
reading. Owing to their unique structural and optical proper-
ties, making 2D semiconductor lasers is very attractive, where
new features (e.g., ultrathin and flexible) and functionalities
(e.g., valley-selective lasing) can be expected. Recently, opti-
cally pumped pointP! and edge-emitting®>#? dominant lasers
based on 1L and few-layer TMDs have been demonstrated. In

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. a) Multimode lasing of 4L MoS,~based lasers employing a
microsphere—microdisk resonant cavity. Reproduced with permission.[#2
Copyright 2015, American Chemical Society. b) Cross-sectional scan-
ning electron microscopy (SEM) image of a 1L WS,—activated VCSEL.
c) Normalized PL spectra taken at the cavity center (black), the top sur-
face (red), and 5.1 um above the cavity center (blue). d) Normalized
integrated PL intensity of LE and LSE at different Z-positions; LE and
LSE in (c) and (d) represent lasing emission and leakage spontaneous
emission, respectively. b-d) Reproduced with permission.B¥ Copyright
2017, Springer Nature.

detail, ultralow threshold and continuous-wave (CW) lasing of
1L WSe, was obtained at temperatures below 160 K by using
a photonic-crystal nanocavity.?!! At 10 K, 1L WS, lasing was
achieved with a microdisk resonator and under the excitation of
a femtosecond pulsed laser.’? By employing a coupled micro-
disk-microsphere cavity, multiple CW lasing peaks have been
observed from few-layer MoS, at RT (Figure 5a).82 Previously,
in view of the intense and nonblinking PL of 1L WS, together
with its planar nature, 2D semiconductors were proposed to be
employed as the active medium to realize vertical-cavity surface-
emitting lasers (VCSELs).3l Consequently, room-temperature
single-mode 2D lasing from a 1L WS, in an ultimately thin
(4/2) vertical cavity has been achieved under CW ultralow-
power photoexcitation (Figure 5b—d), where the fabrication tech-
niques are compatible with conventional planar technology.®¥
By use of the Si-based photonic-crystal nanobeam cavity, exci-
tonic lasing from 1L MoTe, has been realized in the infrared
spectral range (=<1132 nm) at RT, which opens up a new mate-
rial platform to develop on-chip nanolaser sources for Si-based
nanophotonic applications.®” Moreover, RT low-threshold
lasing of few-layer MoTe, on the Si photonic crystal nanocavity
has been demonstrated at an emission wavelength of 1305 nm,

Small Methods 2018, 2, 1800019
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Table 2. 2D semiconductor lasers.

Sample Resonant cavity Operation Threshold  Reference
structure temperature; mode

1L WSe, Photonic-crystal 80-160 K; CW 1Wcm™ [51]
nanocavity

1L WS, Microdisk cavity 10K; pulsed  5-8 MW cm™  [52]

4L MoS, Microsphere-microdisk RT; CW 7.1 kW cm™ [82]

1L MoTe,  Silicon nanobeam cavity RT; CW 6.6 W cm™ [85]

1L WS, Vertical cavity RT; CW 0.44Wcm™2  [84]

4 nm MoTe, Photonic crystal RT; CW 1.5 kW cm™ [86]

nanocavity

which is suitable for conventional fiber-optic communication.[®¢!
For a better comparison, Table 2 shows the information of active
medium, resonant cavity structure, operation temperature,
working mode, and threshold of the 2D semiconductor lasers
described above.

3. 2D Semiconductor—Based Photodetectors

Photodetecting devices are key elements for semiconductor-
based optoelectronic applications such as on-chip optical
interconnects and optical communications. 2D semiconductors
and their vdW heterostructures absorb light ranging from the
ultraviolet to infrared regions, which provides a new playground
for the development of next-generation photodetectors. Diverse
device structures have been employed to achieve a high-perfor-
mance photoresponse, typically including 2-4 electrodes, die-
lectric layers, and 2D semiconductors or their heterostructures.
The active regions of these photodetectors can be made by 2D
semiconductors or vdW heterostructures, where p—n, p-i-n,
or Schottky junctions often form to realize charge separation.
Direct contacts with the active regions can be conventional
metal electrodes or ultrathin graphene layers, where the Fermi
level of graphene electrodes can be electrically or chemically
controlled to reduce the contact resistances; thus, the collec-
tion efficiency of photocarriers can be enhanced.>#-%% Typical
generation mechanisms of a photoresponse from 2D materials
include photovoltaic, photogating, photo-thermoelectric, and
photobolometric effects.’®2 In general, the key performance
metrics to evaluate photodetectors include the photorespon-
sivity, the spectral region for the photodetection, the response
time, and the external quantum efficiency.”>-*l Moreover, other
important parameters have also been introduced to characterize
the device performance, such as on—off current ratio, detec-
tivity, photogain, and noise equivalent power.96-]

3.1. MoS, Photodetectors

Since 2010, atomically thin MoS,, as one of the most rep-
resentative 2D semiconductors, has aroused increasing
attention for its fundamental physics and optoelectronic
applications.[#26:190.101] 11, and multilayer MoS, are direct- and
indirect-bandgap semiconductors, respectively, which promote
the development of high-performance photodetection devices

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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operating in the visible and infrared spectral ranges. 1L MoS,
with two separate electrodes can be used to form a simple pho-
totransistor, where the photoresponse is monitored by meas-
uring the photocurrent or the photovoltage. Such 1L MoS,
phototransistors with fast photoswitching and good stability
were demonstrated by Yin et al. (Figure 6a—d),>! presenting
better photoresponsibility than graphene-based photodetectors
with similar device configurations.['% Moreover, an ultrasensi-
tive photoresponse of 1L MoS, phototransistors was realized
in the broad spectral range from 400 to 680 nm, where a max-
imum photoresponsivity of 880 A W1 was found at 561 nm.[1%3]
In general, the spectral photoresponsivity of a semiconductor
strongly depends on its optical bandgap. As is known, the

(b)

www.small-methods.com

optical bandgaps of MoS, layers are thickness-dependent, and
thus varied photodetecting capabilities can be expected in MoS,
layers with different thicknesses. Indeed, 1L and 2L MoS, pho-
totransistors present good photoresponsivities to green light,
while 3L MoS, phototransistors show better photoresponse to
red light.' Furthermore, multilayer MoS, phototransistors
with high photoresponsivity (>100 mA W) have also been
fabricated, showing a broad photoresponse from the visible to
near-infrared wavelengths.”’] By employing a top-gate ferroelec-
tric material and 3L MoS,, a photodetector with good detectivity
(=2.2 x 10'?) and ultrahigh photoresponsivity (2570 A W) was
demonstrated in the broad range from the visible region to
1550 nm.['%! Except the mechanically exfoliated MoS, samples
used in previous studies,l?>97102-104 CVD.
grown 1L and few-layer MoS, have also been
adopted to fabricate phototransistors.[%¢106:107]
In particular, to obtain high-performance
CVD-grown 1L MoS, phototransistors, the
air-adsorption effect needs to be taken into
account, where air adsorbates at the surface
and the MoS,/substrate interface could result
in the decrease of the photoresponsivity
and the photocurrent decay time.1% With
interdigitated Au electrodes and few-layer

2] V=20V | 29] VmiOV CVD-grown MoS,, high-performance broad-
<os 15 ’ l band phototransistors were demonstrated in
150+ llluminated S04 L 10 harsh environments (Figure 6e-h), where the
i) et 0.0{ - : photoresponsivity, detectivity, and photogain
S 4] veov so] Vem30V reached 0.57 A W1, =10'° cm Hz'/2 W1, and
50 g s "“‘1 e 13.3, respectively.®® Interestingly, a selective
=2 b spin-valley-coupled photocurrent in a CVD-
s =5 o 5ol 4 ; . L_1 3 grown 1L MoS, phototransistor has been
V. (v) 0 80 160 0 80 160 observed, where the circular photogalvanic

] Time (sec) Time (sec)

(e)

€]

effect at resonant excitations was found to
be the dominant reason for the large photo-
current dichroism of 60%.1%! To compare
more quantitatively, the details of working
medium, photoresponsivity, response time,
and wavelength for detection response of
various MoS, photodetectors are shown in
Table 3.

102 10V < 3.2. Photodetectors Based on Other 2D
— = 5V 9 Semiconductors
- 25V 2

§10 pORag E Beyond MoS, photodetectors, many efforts

s g . have been made to develop photodetecting

- 10 (8] devices based on other 2D semiconductors,

i 0 oo g including ultrathin layers of WS,,[M1112]

30 50 70 90 04 08 12 16 MoSe,, "l WSe,,*\#4 BPIIH1S) GaTe, 9

Time (s) Time (ms) GaSe,M7 111 GaS 112 In,Se; % ReSe,, 12!

Figure 6. a,b) Optical images of an exfoliated 1L MoS, and the corresponding field-effect tran-
sistor. ¢) Drain—source current versus gate voltage collected under dark (black) and illuminated
(red) conditions. d) Photoswitching behaviors observed at varied gate voltages. a—d) Repro-
duced with permission.[?5l Copyright 2012, American Chemical Society. e,f) Schematic and
optical image of field-transistors based on CVD-grown 3L MoS,. g) Photocurrent as a function
of time collected at different voltages. h) Fast photoresponse observed in a short time period
and at 5 V. e-h) Reproduced with permission.®®l Copyright 2013, American Chemical Society.
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and SnS,.'?2l Typical performance param-
eters of these devices are presented in Table 4
for analysis. In 2014, low-temperature pho-
toresponse behaviors of both exfoliated
and CVD-grown 1L WS, were investigated
(Figure 7a—d), where the photodetection abili-
ties were significantly affected by the material

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

small

methods

www.advancedsciencenews.com

Table 3. Performance parameters of MoS, photodetectors.

Sample Photoresponsivity ~ Response time Detecting A Reference
[mA W] [ms] [nm]

1L MoS,? 7.5 <50 Visible > 400 [25]
1L MoS,? 8.8x10° at 561 nm 600-9000 400-680 [103]
1L MoS,? 5x10* <1 640 [109]
1L MoS,? >2.2%10%at532 nm  55-5x10° 532 [106]
1L MoS,” 1.1 at 514.5 nm <1000 488; 514.5 [107]
1L MoS,” 3.07 <10 633 [110]
3L MoS,? 2570 at 635 nm 1.8-2 Visible to 1550 [105]
35 nm MoS,?  50-120 in visible <2000 455-850 [97]
Multilayer 570 at 532 nm 0.07-0.11 400-700 [96]
MoS,°)

AExfoliated samples; ®’CVD-grown samples.

quality."?! Several multilayer WS, phototransistors have shown
high on/off ratios (=10°),'?¥l fast response times (5.3 ms),!!!!]
good gas sensitivities,!'?* and broadband photoresponse in the
visible range.'!] By employing the electric-double-layer tran-
sistor configuration with controllable doping, a phototransistor
based on CVD-grown 1L MoSe, with slight n-type doping pre-
sented a fast response time (<25 ms) at RT in ambient atmos-
phere (Figure 7e), which was significantly shorter than that (i.e.,

Table 4. Performance parameters of 2D semiconductors beyond atomi-
cally thin MoS,.

Sample Photoresponsivity ~ Response time  Detecting A Reference
[mA W] [ms] [nm]
1L WS, 18.8 <4.5 532 [126]
6 nm WS, 0.092 5.3 457-647 )
42 nm WS, 5700-8.84 x 10° <20 ms 633 [124]
Multilayer WS,? 700 at 635 nm 4100-9900 370-1064 n27]
1L MoSe,? 13 60 532 [128]
20 nm MoSe,” 9.71x10* 15-30 532 [129]
20 nm MoSe,? 9.37 x 10* 400 638 [130]

1L WSe,? 210 at 830 nm - 512-850 [61]
1L WSe,? 171 at 550 nm <23 500-800 [131]
3L WSe,”) 100 at 532 nm 0.04 532 [132]
120 nm BP®) 20 at 532 nm; - 532; 1550 [115]
5at 1550 nm
Multilayer BPY) 4.8 at 640 nm 1 640; 885; 940  [114]
Multilayer GaTe® 107 6 532 [116]
Multilayer GaSe® 2800 at 254 nm 20 254-700 [125]
Multilayer GaS?  1.92 x 10* at 254 nm <30 254-610 [120]
10 nm In,Ses®  3.95 x 10° at 300 nm 18 300-1100  [98]
1L ReSe,?) 9.5%10* 34-68 633 [133]
Multilayer SnS,?  310-2000 at 450 nm 42 450 [122]
80 nm SnS,? 8.8 at 457 nm 0.005 457; 633 [134]

ACVD-grown samples; P Exfoliated samples.
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30 s) of a phototransistor using heavily n-doped 1L MoS, grown
by CVD (Figure 7f).'3] 1L WSe, phototransistors with dual
back-gate electrodes were demonstrated, where the light—power
conversion efficiencies reached 0.2-0.5% and the internal
photoresponsivities were more than 200 mA W~1.[6162] Besides
the TMD-based photodetectors mentioned above, the photore-
sponse properties of ultrathin BP have also drawn attention
owing to the widely tunable bandgaps. As is known, the optical
bandgap of BP layers depends on their thickness, corresponding
to very broad spectral regions (i.e., 600 nm to 4 pm).*! Vis-
ible and infrared photoresponse (e.g., 532-1550 nm) has been
demonstrated by phototransistors using BP layers with dif-
ferent thicknesses, where the representative response time
is about 1 ms."*!5] Furthermore, photodetectors based on
ultrathin semiconducting group-III chalcogenides have been
studied.’®110120125] Ty 2014, an ultrahigh photoresponsivity of
=10* A W~! was achieved in a multilayer GaTe phototransistor,
which is one or two order higher than that for typical MoS,
and Si phototransistors.''®l Phototransistors employing multi-
layer GaSe,?%] GaS,[1?% and In,Se;®! were prepared to realize
an ultraviolet photoresponse (e.g., 254 and 300 nm), where an
extraordinary external quantum yield of 1.63 x 10°% and high
photoresponsivity of 395 A W1 were achieved at 300 nm in an
In,Se; phototransistor.®!

3.3. Photodetectors Based on vdW Heterostructures

vdW heterostructures can be formed by integrating 2D
semiconductors with 0D, 1D, 2D, and 3D materials, which
enriches the material platform for the development of diverse
photodetection devices, as listed in Table 5. The 2D-0D vdW
heterostructure consisting of 1L WS, and PbS quantum dots
(QDs) was employed to make a photodetector working in the
infrared range (i.e., 808 nm), where a high photoresponsivity
of =14 A W~! and fast response times (=0.2 ms) were achieved
(Figure 8a).I1*] Moreover, a photodetector using heterostruc-
tures consisting of multilayer MoS, and PbS QDs was fabri-
cated and operated in the broad spectral range from visible
to infrared wavelengths (i.e., 400-1500 nm), demonstrating
much higher photoresponsivity than those of photodetec-
tors solely employing MoS, or PbS QDs.['*® Furthermore,
by taking the advantages of the different absorption features
of the two materials, an ultraviolet to near-infrared photore-
sponse was achieved in a flexible photodetector employing a
hybrid of 2D MoS, nanosheets and carbon QDs, where the
typical responsivities in the ultraviolet, visible, and near-
infrared ranges were 8.4, 18.12, and 2.62 mA W, respec-
tively.'13”] By vertically stacking n-type 1L MoS, and p-type
single-walled carbon nanotubes (SWCNTs), a gate-tunable
phototransistor based on such 2D-1D heterojunctions was
demonstrated, exhibiting a fast photoresponse (<15 us)
together with an external quantum efficiency of 25%.[138
Moreover, a very broadband photoresponse from 400 to
950 nm was demonstrated in a phototransistor based on a
2D-1D vdW heterojunction, which was formed by covering
a single n-type ZnO nanowire with p-type multilayer WSe,
(Figure 8Db).3% Interestingly, after preparing the mixture of
2D MoS, nanoflakes and discrete 1D V,05 nanowires on the

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 7. a) PL spectrum of a phototransistor based on exfoliated 1L WS, together with optical and fluorescence images (the inset). b) PL spectrum
of a field-effect transistor based on CVD-grown 1L WS, together with optical and fluorescence images (the inset). c,d) Excitation power—dependent I~V
curves of field-effect transistors based on exfoliated (c) and CVD-grown (d) 1L WS,, where the insets illustrate the extracted drain currents caused by
illumination. a—d) Reproduced with permission.['"? Copyright 2014, American Institute of Physics. e,f) Comparison of time-resolved photoresponse

behaviors of the photodetectors based on CVD-grown 1L MoSe, (e) at excitation power of 0.59 W cm™2 (e) and 1L MoS, at excitation power of
0.31 W cm™2 (f). e,f) Reproduced with permission.['" Copyright 2014, American Chemical Society.

aluminum foil, an enhanced broadband photoresponse has
been realized on a flexible platform.*% Considerable efforts
have been made to fabricate photodetectors based on 2D-2D
vdW heterojunctions. The photoresponse properties of atomi-
cally thin p-WSe,;/n-MoS, heterojunctions have been system-
atically investigated, which strongly depend on the thickness
of each composite layer, the interlayer carrier tunneling, and
the collection efficiency of photoexcited carriers.”>! A pho-
totransistor using a heterostructure made of multilayer MoS,
and 1L graphene was demonstrated to be possibly used for
multifunctional memory devices, where an ultrahigh photore-
sponsivity was obtained at RT.'*! Particularly, the broadband
photoresponse caused by interlayer excitons was studied in

Small Methods 2018, 2, 1800019
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a phototransistor based on a p-n junction of 1L MoSe,/1L
WSe,, enabled by dual back-gate electrodes (Figure 8c),
where the photocurrent due to such interlayer excitons was
two order smaller than that caused by intralayer excitons.!'*?]
Furthermore, by preparing the vertical 2D-3D heterojunc-
tion with n-type 1L MoS, and p-type bulk Si (Figure 8d), a
phototransistor based on this junction showed promising
application prospects in solar-light harvesting, in view of its
broad photoresponse from 500 to 1000 nm with the external
quantum efficiency of 4.4%.5° Photodetectors based on the
multilayer WS,/n-Si bulk heterojunction showed a signifi-
cantly enhanced external quantum efficiency of >200%, owing
to the abrupt heterojunction formation.'*3] In addition, by

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 5. Performance parameters of photodetectors based on vdW heterostructures. 4, Cha"enges and Opportunities
Sample Photoresponsivity ~ Response time Detecting 4~ Reference  The technological development of light
[mA W] [ms] (nm] sources and photodetectors based on 2D
1LWS,?) /PbS QDs 1.4 % 10* 0.15-0.23 808 [135] semiconductors has been reviewed. Although
2L MoS,?/PbS QDs 6108 300-400 400-1500 [136] significant research progress has been made,
1L MoS," /SWCNTs 100 at 650 nm <15 500-1100 [138] there are still critical challenges, limiting
, the large-scale practicality and the industrial
12 nm WSe,?/ZnO NW 670 at 520 nm <50 400-950 [139] applications of 2D semiconductor—enabled
1L MoS,” /rhodamine 6G 1170 at 520 nm 2300 405-980 [145] light-emitting and photodetecting devices.
1L MoS;?/G 101 1000 635 [141] In the aspect of light sources, one
Graphene/1L MoS,” /graphene 220 at 488 nm <0.05 458633 nag ~ remaining challenge is regarding the finite
b b emission colors of present 2DLEDs, which
1L MoS,?) /1L WSe,? 2 - 532 53] o . . .
limits their further practical applications for
Graphene/1L MoS,?) /1L WSe,?)/ 10 at 532 nm - 500-800 [53] displays and illumination. Up to now, the
graphene main emission of the reported 2DLEDs#961-
Graphene/10 nm MoS,?/9 nm 120 at 532 nm - 500-825 [53] 63,691 has covered the orange, red, and near-
) . .
WSe;"/graphene infrared spectral ranges, while 2DLEDs dom-
1L MoS,?)/hBN/graphene 03 1.1x10 500-700 [147] inantly emitting from the ultraviolet to yellow
1L MoS,/11 nm BPY 418 _ 633 [148] wavelengths are still lacking. In particular,
3.5 nm MoS,/4.5 nm GaTe® 1365 <10 633 [149] blue apd green 2.DLEDs are highly desired
1L MoS S 1200 at 365 o674 165650 150 to realize 2D semiconductor—based full-color
t — — . o . .
0527/Si abshenm [150] displays and while-light illumination. The
25 nm MoS," /320 nm perovskite 2.12x107 4000-7000 520-850 [157] second limiting factor is that the external
at 520 nm

quantum efficiencies of most 2DLEDs
(S10%)#9-61-63.6869 are still very low with
respect to those (e.g., 75%)[1°2133 of conven-
tional LEDs based on III-V semiconductors.
mixing 3D nanostructured MoS, grown on cellulose paper  Further investigation can lead to the improvement of internal
with ZnS sub-microspheres, large-area flexible photodetectors  quantum efficiencies of the emitting media and the optimiza-
based on such composites were demonstrated, presenting a  tion of device structures to increase the extraction efficiency.
broadband photoresponse in the range from the UV to the Note that the superacid treatments of some 2D semiconduc-
near-infrared.!'4 tors have shown dramatically enhanced quantum yields.%8!

ACVD-grown samples; P Exfoliated samples.

(a)

Light
Source
(LED)

nor p type Si substrate

Insulator

Figure 8. a) Schematic of photodetector based on a 2D-OD heterostructure made of 1L WS, and PbS QDs. The inset shows the zoom-in local struc-
ture. Reproduced with permission.['**] Copyright 2017, American Chemical Society. b) Schematic of photodetector based on a 2D-1D heterostructure
based on multilayer WSe, and a ZnO nanowire. Reproduced with permission.['*l Copyright 2017, Wiley-VCH. c) Schematic of photodetector based on
a 2D-2D heterostructure employing 1L WSe, and MoSe,. Reproduced with permission.[*2l Copyright 2017, American Chemical Society. d) Schematic of
photodetector based on a 2D-3D heterostructure formed by 1L MoS, and n- or p-Si. Reproduced with permission.'*% Copyright 2014, Springer Nature.
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Third, the fabrication of most reported 2DLEDg[244%:59-63,68,69]
typically relies on the individual transfer technique of mechani-
cally exfoliated small flakes of 2D semiconductors, where the
individual transfer and the exfoliated flakes are not compatible
with the industrial purpose of large integration. Hence, con-
trollable patterning and assembly of wafer-scale 2D semicon-
ductors onto the targeted region need to be further developed,
which are highly required for realistic lighting applications.
Indeed, EL was observed from CVD-grown 1L WS,, WSe,,
and MoS,,7%8% which moved a step toward making scalable
2DLEDs. Furthermore, the efficiency, purity, indistinguisha-
bility, and emission direction of single photons from 2DQLEDs
can be further improved by additional structural designs, like
the resonant microcavity.'>*15] Finally, previous investigations
of 2D semiconductor lasers were demonstrated under optical
pumping,1°2828486 while electrically driven 2D semicon-
ductor lasing is still highly demanded in order to fit well with
the established Si-based photonic applications.

Diverse photodetectors with high photoresponsivity and
broad response have been demonstrated by using 2D semi-
conductors and their vdW heterostructures. Nevertheless,
the response times of most 2D semiconductor photodetec-
torsl?39>103.105,111.130] gre gignificantly slower than those (<1 ns)
of ultrafast Si,1°6157] Ge, 158159 and InGaAs!'®*1¢! photodiodes,
which limit their promising applications for the high-speed
(>1 GHz) photodetection required in typical fiber-optic commu-
nication. Additional designs and structural optimization may
be helpful to improve the photoresponse speed. For instance, a
fast response from ultrathin InSe was demonstrated in an ava-
lanche photodetector employing a double Schottky barrier.'62]
Furthermore, the development of on-chip optical receivers
based on 2D semiconductors working in the spectral windows
of optical interconnects is a very promising research frontier,
which will contribute to a new device system for realizing
optical computing.

More generally, research into light sources and photo-
detectors based on 2D semiconductors will boost new-
generation optoelectronic applications and bring fascinating
features into the present semiconductor lighting and photo-
sensing technologies. The following research aspects deserve
more attention: i) low-power and highly compact light
sources and optical receivers for on-chip optical intercon-
nects and quantum information; ii) full-color displays and
while-light illumination based on 2DLEDs with enhanced
brightness; iii) ultrathin, flexible, and/or transparent lighting,
displays, and photodetectors for wearable and transparent
electronics.
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