FRONTIERS OF PHYSICS fop | REviEw ARTICLE

/ Volume 18 / Issue 5 / 53603 / 2023
TR e e e e e e e e e e e e e e e

Recent developments in CVD growth and applications
of 2D transition metal dichalcogenides

Hui Zeng'”, Yao Wen'”, Lei Yin!, Ruiging Cheng!, Hao Wang!, Chuansheng Liu?!, Jun He!:23:41

1 Key Laboratory of Artificial Micro- and Nano-structures of Ministry of Education,
and School of Physics and Technology, Wuhan University, Wuhan 430072, China
2 Wuhan Institute of Quantum Technology, Wuhan 430206, China
3 Hubei Luojia Laboratory, Wuhan 430079, China
Shanxi Normal University, Taiyuan 030031, China
Corresponding author. E-mail: THe-jun@whu.edu.cn
*These authors contributed equally to the work.
Received December 7, 2022; accepted March 20, 2023
© The Authors 2023

ABSTRACT

Two-dimensional (2D) transition metal dichalcogenides (TMDs) with
fascinating electronic energy band structures, rich valley physical proper-
ties and strong spin-orbit coupling have attracted tremendous interest,

and show great potential in electronic, optoelectronic, spintronic and
valleytronic fields. Stacking 2D TMDs have provided unprecedented
opportunities for constructing artificial functional structures. Due to the

low cost, high yield and industrial compatibility, chemical vapor deposition
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(CVD) is regarded as one of the most promising growth strategies to obtain
high-quality and large-area 2D TMDs and heterostructures. Here, state-of-
the-art strategies for preparing TMDs details of growth control and related
heterostructures construction via CVD method are reviewed and
discussed, including wafer-scale synthesis, phase transition, doping, alloy
and stacking engineering. Meanwhile, recent progress on the application
of multi-functional devices is highlighted based on 2D TMDs. Finally,
challenges and prospects are proposed for the practical device applications
of 2D TMDs.

Keywords two-dimensional (2D) semiconductor, transition metal
dichalcogenides (TMDs), chemical vapor deposition (CVD),
heterostructures, device applications
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1 Introduction

Two-dimensional (2D) transition metal dichalcogenides
(TMDs) have attracted widespread attention in both
theoretical studies and practical device applications due
to their distinct properties, such as atomically thin
geometry, dangling-bond free interface, tunable bandgap,
photoresponse properties, spin and valley polarization,
superconductivity and ferroelectricity [1-7]. To realize
the potential of 2D TMDs, efficient and convenient
preparation methods are highly required. Generally
speaking, mechanical exfoliation, liquid exfoliation,
vapor phase deposition, and molecular beam epitaxy are
commonly adopted strategies for the fabrication of 2D
TMDs, which can be divided into top-down and bottom-
up synthetic approaches. As the representation of top-
down synthetic approaches, mechanical exfoliation is
first applied to obtain thin-layer 2D materials from bulk
[8] due to the weak van der Waals interaction at the
interface. However, it is acknowledged that large-scale
2D TMDs are hard to be fabricated through mechanical
exfoliation. Moreover, the quality of crystal edge and
domain can be hardly controlled during the exfoliation
process. Compared with top-down strategies, bottom-up
strategies enable the weak interaction of micro particles
(such as atoms and molecules) to self-assemble into a
relatively large and complex structural system. By
controlling the growth conditions, several above-
mentioned challenges can be overcome. Molecular beam
epitaxy (MBE) is an efficient bottom-up technology for
synthesizing high-quality 2D crystal films. High purity

sources are evaporated in the wultra-high vacuum
(<107 Pa) reaction vessel and form beams in the form
of molecular clusters. Compared with mechanical exfolia-
tion, MBE shows tunability in crystal component and
structure. Nevertheless, the shortcomings of MBE are
also obvious for costly facilities, complex processes and
slow growth rates.

Chemical vapor deposition (CVD) is regarded as the
most promising technique for large scale and high-quality
growth of 2D TMDs [9]. It is worth mentioning that the
morphology, phase, domain size, number of layers, orien-
tation and defect degree in CVD-grown TMDs can be
effectively modulated by growth parameters, such as
temperature, gas, pressure, growth time,
substrate and the ratio of precursors [10-18]. Several
researches demonstrate the influence of the parameters
from the aspect of thermodynamics and kinetics [19, 20].
For instance, compared with the bilayer counterpart, the
monolayer MoS, flake in a small lateral size is thermo-
dynamically favorable due to the monolayer preference
at the initial stage of nucleation, while the bilayer MoSs
flake becomes dominant with the increase of lateral size.
Through the strong coupling between substrate and
TMDs, mono- and bilayer MoSs can be adjustable [21].
During the nucleation process via CVD method, growth
temperature plays a significant role because the vapor
pressures of solid TMD precursors are highly sensitive to
temperature. For example, WS, epitaxially grows on top
of the MoS; monolayer to form vertically stacked
heterostructures at high temperature, while WSy grows
on edge of the MoSy monolayer to create seamless and
atomically sharp lateral heterostructures at low temper-
ature [22]. Since the growth of several high-quality thin
films can be only achieved by high-temperature CVD,
methods for reducing the melting point of precursors are
required, such as adding salts or decreasing growth pres-
sure. Yang et al. [23] synthesized 6-inch monolayer MoS,
on the solid soda-lime glass in the low-pressure CVD
growth process. The MoSs growth rate on glass
substrate is approximately 38 times higher than that on
quartz substrate because of the Na adsorption. Density
of states theory calculations reveals that the energy
barriers for MoS,; growth along the S-terminated edges
are evidently reduced with the incorporation of Na,
which promotes the formation of large-scale MoS;. To
summarize, the properties of made-up products are
sensitive to growth parameters during the CVD process,
so the proper design of a growth system in a controllable
way is highly required.

Stacking 2D TMDs for constructing artificial functional
structures, attractive physical and chemical characteristics
in electronic [1, 24, 25], optoelectronic [26, 27], ferroelec-
tronic [28, 29], ferromagnetic [30, 263], spintronic [31, 32]
and valleytronic [6, 33, 34] fields may emerge. In general,
van der Waals (vdW) interaction is the force that holds
hybrid heterostructures between constituent 2D TMD
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nanosheets. According to the source of force, the vdW
interaction includes three different types: dipole-dipole
interaction (orientation force), dipole-induced dipole
interaction (induction force) and instantaneous dipole-
induced dipole interaction (dispersion force). All the
three types of vdW interaction are about 2-3 orders of
magnitude weaker than that of ionic or covalent bonds.
Therefore, the interface properties can be easily tuned
by external factors, such as doping, strain, intercalation,
electric and magnetic fields, offering unprecedented
opportunities for both theoretical studies as well as
adventurous device applications.

Herein, we start with the modulation of 2D TMD
crystal growth via CVD method, including wafer-scale
synthesis, phase transition, doping and alloy engineering.
Then, the stacking engineering for heterostructures is
summarized. After that, recent progress on the application
of multi-functional devices based on 2D TMDs is high-
lighted. Finally, the challenges and prospects are
proposed for the practical device applications of 2D
TMDs.

2 Growth modulation and heterostructure
construction

Herein, we conclude several methods for modulating
TMD growth via CVD method and constructing
nanoscale heterostructures, each of which has its own
unique properties. For instance, wafer-scale synthesis
provides opportunity for realizing massive and high-end
device applications of 2D TMDs; phase transition engi-
neering enhances physical and chemical properties like
many-body interaction, modulating bandgap and elec-
tron-photon coupling; doping and alloying introduce
more defects and activate the active centers of the basal
plane and edge sites. The construction of vertical and
lateral heterostructures regulates the relative formation
energy in the interfaces between two or more different
materials and emanates massive interesting physical
phenomena. Below, we will give several concrete examples
to introduce methods for growth modulation and
heterostructures construction.

2.1  Wafer-scale synthesis

Chemical vapor deposition (CVD) growth of wafer-scale
single-crystalline  two-dimension  transition  metal
dichalcogenides (TMDs) is of great importance in elec-
tronics, optoelectronics, spintronics, valleytronics, etc.
To completely realize massive and high-end device appli-
cations of 2D TMDs, fast growth speed and high-quality
single-crystalline are two main challenges up to now.
Based on relevant studies in regard to growth dynamics,
faster growth of domains would further lower the
appearance of new nuclei for shorter growth time and

higher coverage. The introduction of oxygen to the
growth environment has been shown to accelerate the
decomposition of hydrocarbons and edge deposition of
carbon [10]. Apart from oxygen, fluorine released from
the decomposition of metal fluorides can play a more
efficient role to increase the growth rate of 2D materials.
Liu et al. [11] placed the WOz powder on the BaF,
substrate. When the temperature rose, the fluorine
released by the BaF; substrate participated in the reaction
and significantly enhanced the growth of WS, seeds [Fig.
1(a)]. The domain size of WS, increased from ~1 pum to
~100 um and the growth rate increased from
0.2 pm'min~! to 20 pm'min~!, while star-like WS,
domains formed without a fluorine supply for the same
time [11] [Figs. 1(b, c)]. This method of accelerating
formation of crystal seeds via self-capping vapor-liquid-
solid can be also applied in the growth of other large-
scale 2D TMDs such as WSe; [35] and MoSsy [36], which
turns out to be a universal kinetic and thermodynamic
modulation method for growth promotion. Another chal-
lenge in the wafer-scale CVD growth of 2D TMDs is to
grow high-quality single crystals. To solve this problem,
there are two mainstream strategies. One is to control
the precursors so that only one nucleus forms and grows
up. The other is to control all the nuclei that have the
same orientation. It is acknowledged that 2D domains
with the same orientation can seamlessly stitch into an
entire single-crystalline piece. And the core idea is to
regulate the interplay between domains and the single-
crystalline substrates [37]. Unlike graphene [38-40] and
hexagonal boron nitride growing on metal surfaces [41],
2D TMDs single crystal films are difficult to grow on
wafer-scale insulating substrates because of substantial
differences in growth kinetics. The challenge mainly
comes from the non-centrosymmetric Cs, lattice of
TMDs, which leads to nonparallel domain orientation on
most high-symmetry substrate surfaces. To solve this
problem, Wang et al. [9] took advantage of a new mech-
anism of double coupling coordinated regulation of in-
plane van der Waals coupling and step interaction
between 2D TMDs and insulating substrates. The
sapphire substrates were first annealed in oxygen atmo-
sphere to stabilize the parallel atomic steps, which broke
the Cy symmetry of o-plane sapphire and guide the
unidirectional alignment of WS, islands for the epitaxial
growth of the single-crystal monolayer film [Fig. 1(d)].
The coupling between WSy and o-plane sapphire
induced WS islands to grow along two energetically
degenerated antiparallel alignments. And the coupling
between WS, and step edges of sapphire broke the
degeneracy of two antiparallel alignments of WSs islands
on the o-plane sapphire surface so that the domain
retained only one dominant orientation. Researchers
used a series of characterization techniques from macro-
scopic scale to atomic scale to confirm the single nuclei
orientation in the two-inch monolayer firms.

Hui Zeng, et al., Front. Phys. 18(5), 53603 (2023)
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Fig. 1 CVD growth of wafer-scale single-crystalline 2D TMDs. (a) Schematics of the experimental design for WS,y growth;
the WO3 precursor powder is directly placed on a BaFs substrate. (b, ¢) Optical images of the WSy domains on SiOs/Si
substrates with (b) and without (c) a fluorine supply for the same growth time. (d) Schematic of the growth process of a
WS, monolayer on vicinal a-plane sapphire. (e) Schematic diagrams for the in-plane 2D-epitaxy synthesis of wafer-scale
single-crystalline 2H-MoTe; thin film. (f) Optical image of a 2H-MoTe; nanoflake assembled in the center of the 1T'-MoTe,
wafer as a seed to induce the phase transition and recrystallization. (g) Optical image of the wafer after intermediate growth
at 650 °C for 2 hours. Inset shows the seed crystal with a needle probe-punched hole. (a—c) Reproduced with permission [11].
Copyright © 2019, Springer Nature. (d) Reproduced with permission [9]. Copyright © 2021, Springer Nature. (e-g) Reproduced
with permission [44]. Copyright © 2021, The American Association for the Advancement of Science.
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At present, most studies of the wafer-scale single-crystal
2D TMDs growth focus on nucleation at different sites
and regulating the interface between domains and
substrate surface; however, both of the two strategies
cannot make sure 100% 2D film coverage, which limits
industrial implementation of 2D semiconductors for next-
generation nanoelectronics. Phase transition proves to be
a nonnegligible method for growth of wafer-scale single-
crystal 2D TMDs. Taking MoTe, as an example, the
free energy difference between semiconducting 2H phase
and metallic 1T phase (~40 meV per MoTey formula
unit) [42] is small enough to realize phase transition in a
wafer-scale large. DFT calculations confirm that the 1T’
phase is more stable phase when the Te deficiency is
larger than 2% [43], so 1T'-MoTe; phase was first for-
med. As increasing growth time, 2H-MoTes circles
emerged, grew up and finally formed a uniform 2H-
MoTe, film. Xu et al. [44] first prepared a polycrystalline
1T"-MoTe, wafer, and a single-crystal 2H-MoTe; nano-
plate was placed on the surface of 1T'-MoTe, wafer as
the seed. A needle probe-punched hole was created for
Te atoms supply. The phase transition process was
driven by Te atom diffusion and formed an in-plane 2H/
1T MoTes heterostructure [Fig. 1(e)]. After a long-term
growth, the entire film transformed into 2H phase with
continuous, smooth and uniform surface [Figs. 1(f, g)]. It
is worth noting that the whole in-plane phase transition
process is accompanied by recrystallization with 2H-
MoTes as the template, so that the lattice structure and
lattice orientation of the whole film after phase transfor-
mation are completely consistent with the single-crystal
seed [44].

Currently, 2D devices based on wafer-scale TMDs
mainly concentrate on electronics, optoelectronics, spin-
tronics and catalysis. In digital electronic device applica-
tions, the field-effect-transistor (FET) is the most basic
and significant component with the function of a switch,
which means two terminals (source and drain) must be
short-circuit or open-circuit whenever the voltage
applied to the gate is larger than the threshold voltage
[45]. Mobility (u) and on/off ratio (/L) are usually
used as figures of merit to evaluate electronic device
performance. Mobility (u) affects the conductivity of
semiconductor materials and the working frequency of
devices. Improving x can reduce the power consumption,
improve the current carrying capacity and enhance the
switching speed of FET. Generally speaking, devices for
high-performance applications have high switching speed
while possessing high power dissipation, even in standby.
Therefore, higher I/l ratio can bring more effective
switching and lower power consumption. The I,/ o
ratio needs to be larger than 10* for future device gener-
ations [46]. Among TMDs, MoS; is an excellent semicon-
ductor for its magnificent charge transport [47] and
direct moderate bandgap [48] (1.8 eV for monolayer) so
that it has become the most investigated 2D materials

for realizing future-generation FETs. Li et al. [49] fabri-
cated transparent MoSs-based transistors and logic
circuits on flexible substrates using 4-inch wafer-scale
MoSs, monolayers. 4-inch monolayer MoSs was epitaxially
grown on sapphire via traditional powder chemical
vapor deposition with only two crystal orientations: 0°
and 60°. These wafer-scale MoS, monolayers on sapphire
were transferred onto PET substrates pre-deposited with
30-nm indium tin oxide (ITO, serving as the back-gate
electrode layer) and 35-nm aluminum oxide (serving as
the dielectric layer) on the top to enable further device
fabrications. The device obtained magnificent mobility
(~55 ecm?>V 1s!) and I,/Lg ratio (10'%) performance
compared with other large-scale flexible transistors
[Fig. 2(a)]. Furthermore, the superior mobility and I,/
Ly ratio preserved after 10 cycled tests of bending and
releasing [Fig. 2(b)], which proved the reliability of
MoSs-based transistors. Moreover, Seol et al. [50]
prepared 6-inch wafer-scale monolayer MoS; and WSs
via rapid metal-organic chemical vapor deposition
(MOCVD) and fabricate high-performance FETs
[Fig. 2(c)]. All the 900 FET devices showed a high I, of
1.1 &£ 0.1 pA, an extremely low I of 32.0+3.0 fA, a
high I/ L ratio of 107 and field-effect mobility upg of
3.4 cm?V 1-s'! uniformly [Fig. 2(d)]. It provides a route
for high-throughout, scalable production and low-
temperature back-end-of-line (BEOL) integration into Si
CMOS platforms.

Emblematic optoelectronic devices include photodetec-
tors, light emitting device (LED) and photovoltaics. The
most devices based on wafer-scale 2D TMDs so far are
photodetectors [51]. Zeng et al. [52] synthesized wafer-
scale PdTe, film by depositing Pt metal layers on SiOy/
Si using magnetron sputtering system and selenization
via powder CVD. The PdTey/Si photodetector was
fabricated by etching and photolithography. Solution-
processable black phosphorus quantum dots (BPQDs)
was decorated onto top surface of the PdTe; film by
spin-coating method to synthesize hybrid structure [Fig.
2(e)]. After decoration, BPQDs@PdTes/Si heterojunction
photodiode performed a high responsivity (300.2
mA-W 1) and specific detectivity (~10'® Jones). In addi-
tion, the response speed of 38/44 us is faster than that
of graphene/Si Schottky junction (93/110 us [53]),
comparable with that of MoSy/Si heterojunction (30.5/
71.6 ps [54]) in previous researches. Apart from this, the
photocurrents are all enhanced by 1-2 folds under deep
ultraviolet (DUV), near-infrared light (NIR) and mid-
infrared light (MIR) illuminations compared with those
without BPQDs decoration [Fig. 2(f)], which may result
from the defects in the BPQDs.

The density of state (DOS) of metallic TMDs shows
two main properties: (i) The Fermi level of the undoped
material is always crossing a band with d-orbital character
and (ii) the DOS at the Fermi level is usually quite high,
which hints at a common explanation for the phase

Hui Zeng, et al., Front. Phys. 18(5), 53603 (2023)
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Fig. 2 2D devices based on wafer-scale TMDs. (a) The on/off ratio and mobility of FETs based on 4-inch monolayer MoS
compared with various large-area flexible transistors reported in the literature. (b) The on/off ratio and charge-carrier mobility
of a device subjected to 103 cycled tests of bending and releasing. Inset: Photograph of flexible devices at 1% strain.
(c) Photograph of the batch-fabricated MoSs-based FETs on a 6-inch wafer. Inset: Schematic of the MoSy-based FET.
(d) Histograms showing the distribution of on/off ratio and ure for the 900 FETs. (e) Schematic illustration of PdSs/Si
detector. (f) 2200 nm (150 mW-cm 2), and 3044 nm (100 mW-cm 2) light illumination at 0 V. (g) Large scale optical image
of centimeter-size monolayer 2H-TaSe; film on SiOy/Si substrates. (h) Photograph of wafer-scale 1T-WS, with the 25 points
used for the Raman mapping image, indicated by the red circles. (i) Electrochemical HER performance before and after 1000
cycles at 100 mV-s ! for 1T-WS, with a potential shift # from —0.39 to —0.32 V at 10 mA-cm 2. The stars and circles indicate
previously reported results. (a, b) Reproduced from Ref. [49]. Copyright © 2020, Springer Nature. (¢, d) Reproduced from Ref.
[50]. Copyright © 2020, Wiley-VCH. (e, f) Reproduced from Ref. [52]. Copyright © 2018, Wiley-VCH. (g) Reproduced from
Ref. [56]. Copyright © 2018, Wiley-VCH. (h, i) Reproduced from Ref. [12]. Copyright © 2020, Wiley-VCH.

transitions [55]. However, charge-density-wave (CDW)
order exists in 2D metallic TMDs due to the limit of
scale and thickness. Shi et al. [56] directly synthesized
wafer-scale uniform monolayer 2H-TaTey films and
thickness-tunable flakes on Au foils by atmospheric pres-
sure CVD (APCVD) method [Fig. 2(g)]. Based on the
thickness-tunable 2H-TaSes, the robust periodic lattice
distortions which transferred from normal metallic to
CDW orders were directly visualized by low-temperature
transmission electron microscopy. With decreasing thick-
ness from ~15 nm (about 20 layers) to ~0.8 nm (mono-

layer), the CDW phase transition temperature increased
from ~90 to ~125 K, which was consistent with detailed
DFT calculation and similar tendencies like NbSes and
TiSe; layers [57, 58]. It highlights the possibility to integrate
wafer-scale TMDs material into the spintronic applica-
tions.

In addition to above applications, electrocatalysis for
stable hydrogen evolution reaction (HER) is an
assignable highlight based on wafer-scale 2D TMDs. The
metallic 1T-WS; can be used as an efficient electrocatalyst
for HER relying on its boost charge transfer between the
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electron source and active edge sites. Kim et al. [12]
synthesized wafer-scale 1T-WSs via a plasma-enhanced
CVD (PECVD) system. Compared with CVD, the
PECVD is low-temperature (150°C) and has faster depo-
sition rate. 1T-WS, seed was deposited on a 4-inch wafer
of SiOy/Si or plastic substrate using an e-beam evapora-
tor. Then the substrate was heated to 150°C in an Ar
atmosphere, and the sulfurization of the W film was
treated under HoS and Ar plasma (10:10 sccm), chamber
pressure (100 mTorr), and plasma power (550W) for
1.5h, resulting in a uniform 1T-WS, film [Fig. 2(h)]. As
for the electrocatalytic behavior, the onset overpotential
() and initial Tafel slope of the 1T-WS, film at
5 mA-em? were 0.35 V and 95 mV-dec!. The Tafel
slope suggests the HER can take place through the
Volmer mechanism, which indicates the overall reaction
occurs by the reduction of H3O% ions and electrochemical
adsorption of H on the surface [Fig. 2(i)].

On the whole, many challenges still need to be overcome
in the CVD growth of wafer-scale 2D TMDs. Up to now,
only graphene and h-BN have been reported for meter-
scale single-crystal growth on metal or sapphire
substrates with proper surface symmetry by CVD
method [40, 59]. The gap of sub-meter single-crystal 2D
TMDs growth still needs to be filled. And currently, the
wafer-scale TMDs growth is largely about group VIB
WSs and MoSs. More other wafer-scale 2D TMDs like
ferromagnetic and ferroelectric materials have not been
reported for wafer-scale growth by CVD, and the wafer-
scale alloy TMDs like WSey ,S, or “Janus” TMDs like
Mo-S-Se [60] are also worthy studying. Different from
graphene and h-BN, TMDs have various metastable
phases, and it is very significant to control the single
phase growth. Furthermore, it still awaits more investi-
gation to lower the nucleation densities, increase the
grain size and control the stitching of the grains in the
wafer-scale TMDs growth. To solve above problems, we
long for the combination of theoretical calculation and
growth technologies. With the formation of a complete
model of wafer-scale TMD growth by CVD, massive and
high-end device applications will soon be realized in the
near future.

2.2  Phase

The different phases of TMDs have attracted colossal
interests in the past decade. On account of their
enhanced physical properties through many-body inter-
action, direct bandgap and electron-photon coupling,
phase transitions like polymorphic, ferroic and high-
temperature diffusive phase changes can be applied into
charge-density-waves (CDW), ferromagnetism, high- Tt
superconductivity, the quantum spin Hall effect and the
quantum anomalous Hall effect via CVD method.

The theory of 2D phase transition mainly comes from
the exact solution of the 2D Ising spin model [61], the

proposition of the Hohenberg—Mermin—Wagner theorem
[62, 63] and the discovery of the Kosterlitz—Thouless
transition [64, 65]. Most 2D phase transition TMDs are
MX, structures, which have an X-M-X arrangement
with three layers. Monolayer MX, has three structural
polymorphs: 2H, 1T and 1T’ [66, 67] [Fig. 3(a)]. The 2H
phase has a trigonal prismatic pattern and the sequence
of 2H phase MX,; is ABA (A represents chalcogen
elements like S, Se, or Te, and B represents a transition
metal). The 1T phase has an octahedral pattern and can
be considered as a result of the horizontal shift from the
initial position of one of the sulfur atomic layers in the
1H phase MX,. Through the distortion of 1T phase MXj,
a 1T (1T” and 1T™) phase can be obtained. The phase
transition of 2D TMDs can be considered to tune electron
band structures in the Brillouin zone or change the
density of electrons. The transition of TMDs from 2H
phase to 1T or 1T’ phase can be induced by physical
factors like temperature [68], strain [69], laser irradiation
[70], electrostatic doping [71], plasma [72, 73] and electric
fields [3] and chemical factors (intercalation of alkali
metals [13]). Hou et al. [69] switched MoTe; between the
1T"-MoTe; (semimetal) phase and the 2H-MoTe; (semi-
conductor) phase reversibly with an electric-field-
induced strain in field-effect transistor geometry [Fig.
3(b)]. Through the thin-film stress induced by the
contacts, the non-conductive regions near the contacts
were closed, showing a higher conductivity, which was
measured via conductive atomic force microscopy
(CAFM) [Fig. 3(c)]. The channel conductivity changed
greatly (Gon/Goi~107 versus Gon/ Go~0.04 in the control
device) due to non-volatile strain phase transition at
room temperature. Zhu et al. [73] found that a weak Ar-
plasma bombardment could locally induce 2H—1T
phase transition in monolayer MoSs to form mosaic
structures. Weak Ar-plasma wrenched the S-Mo bond to
induce the lateral sliding of the top S-layer and transferred
the 2H semiconducting phase to a 1T metallic phase [Fig.
3(d)]. Lin et al. [13] created butterfly-like single crystals
with the 1T-WS, in one wing and the 2H-WS, in the
other through the reduction of the energy barriers due
to the adsorption of Na atoms on WSy [Fig. 3(e)]. The
1T structure was thermodynamically stable, which even
persisted at a high temperature of above 800 °C, allowing
for a stepwise edge epitaxy of lateral 1T heterostructures.
It has been investigated that the mechanism of alkali
metal inducing phase transition from 2H to 1T should
be imputed to the electron transfer from the intercalated
alkali metal ions leading to an increased electron count
on the d-orbitals of TMDs [74].

2D TMD materials with phase transitions enable the
construction of nanoscale flexible devices with potential
usages in electronics, optoelectronics, ferroelectrics,
ferromagnets and high-7, superconductivity. Among
emerging memory devices, phase-change material (PCM)-
based random access memories (PRAMSs) are considered
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represents (Mo, W) and X represents (S, Se, Te). (b) Schematic representation of the strain-based MoTe, ferroelectric phase
change field-effect transistor. (¢) CAFM images after a pulse sequence representing the initial condition (left), then a pulse in
the same direction as polarization (middle) and finally a pulse in the opposite direction as polarization (right). (d) Schematic
representation of the plasma-treated process for 1T-MoSs. (e) High-resolution ADF image of the WS3—MoS; lateral heterojunction
in 2H phase. (f) Schematic diagram of an electrostatic-doping-driven structural phase transition in a MoTe; monolayer FET.
(a) Reproduced from Ref. [67]. Copyright © 2021, Springer Nature. (b, ¢) Reproduced from Ref. [69]. Copyright © 2019,
Springer Nature. (d) Reproduced from Ref. [73]. Copyright © 2017, American Chemical Society. (e) Reproduced from Ref.

[13]. Copyright © 2018, American Chemical Society. (f) Reproduced from Ref. [71]. Copyright © 2017, Springer Nature.

as the most mature application. To store switching
signals, PRAMs take advantage of the huge contrast
between the electrical resistance of high-resistance amor-
phous phases (0) and low-resistance crystalline phases
(1). Conventional PCMs like GesSbeTes; (GST) and
AgyInsSbgrTess (AIST) can be rapidly and reversibly
switched, which are originated from the applied voltage
pulse via Joule heating. However, to obtain a high
switching speed, conventional PCMs usually require a
relative high programming current/voltage and relatively
high temperature. The application of 2D TMDs in phase

transition memories has given a sight to performance
improvement and new phase change mechanisms. Different
from traditional PCMs, the resistance switching of 2D
TMD-based phase change random-access memories does
not involve the melting or crystallization process. For
example, Zhang et al. [71] demonstrated an electrostatic-
doping-driven phase transition between the hexagonal
and monoclinic phase of MoTes. As shown in Fig. 3(f),
the MoTe; monolayer is covered by a drop of ionic
liquid (DEME-TFSI), which can manipulate the electron
population in MoTey, resulting in a structural transition
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between the 2H and 1T’ phases. In addition, melting-free
PCMs such as GeTe/SbyTe;z superlattices [76] and MnTe
[77] have been reported for low-energy and fast-switching
memories, providing a possibility for the materialization
of optically-driven, exceptional and fast nonvolatile
memory based on 2D TMDs.

In summary, we reviewed three most popular structural
phases of monolayer MX,, the means of realizing phase
transition including physical and chemical factors as well
as related device applications based on phase transition.
The CVD growth method is considered to be a versatile
route of phase transition for its relatively low temperature
and flat crystal surface. However, the polymorphic
TMDs of metallic or semimetallic phases are usually in a
metastable structure, so their phase transition is usually
reversible. Meanwhile, for 2D ferromagnetic/antiferro-
magnetic materials, there are only a few reports in
which the 2D forms are mainly obtained through chemical
vapor transport (CVT) and mechanical exfoliation such
as CroGegTeg, FesGeTey and Crls. For practical applica-
tions, more abundant and higher-quality 2D phase tran-
sition materials via CVD are highly desired.

2.3 Doping

2D semiconductors exhibit a tunable electrical conductivity
between those of insulators and conductors. Doping, a
process of introducing charge carriers into semiconduc-
tors, is considered as an effective method to control elec-
trical conductivity. For conventional 3D semiconductors
like silicon, doping is widely and reliably achieved by
introducing impurity atoms to create either free electrons
or holes. However, it is intrinsically difficult to control
the electronic properties of the 2D TMDs by incorporating
impurity dopants due to the limited physical space in
the atomically thin lattices [78]. At present, two main
strategies are used for doping engineering and the func-
tionalization of 2D TMDs, namely (i) substitutional
doping in the growth process and (ii) carrier concentration
control in the device fabrication process.

2.3.1  Substitutional doping

In 2D TMDs, both cationic and anionic elements can be
substitutionally replaced by external atoms with similar
sizes [79, 266-269]. N-type or p-type conductance
depends on the number of valence electrons in the
dopant atoms. The effect of wvalence electrons on
whether the dopant atoms act as donors or acceptors is
determined by the electron density of states (DOS).
Taking MoS; as an example, the formation energy of S
vacancy is more negative than that of Mo vacancy.
When electronic states below the conduction band mini-
mum are introduced by dopant elements with more
valence electrons like Re, Ru and Rh, it results in n-type
doping. Comparatively, when dopant elements are with

fewer valence electrons like Y, Zr and Nb, it results in p-
type doping. Therefore, it is significant to realize
cationic and anionic substitutional doping. For cation
substitutional doping, foreign metal elements are usually
introduced by tuning the source composition and the
growth environment. CVD growth is considered to be an
effective method to realize dopant incorporation at
cation sites. Zhang et al. [80] demonstrated the in situ
Re doping of monolayer MoS, via CVD with a relatively
high doping concentration (1 at%), resulting in nearly
degenerate n-type doping [Fig. 4(a)]. R-plane sapphire
was used to limit substrate film charge transfer. Gao et
al. [14] doped atomically thin monolayer WSy and MoS,
with Nb and Re through low-pressure chemical vapor
deposition (LPCVD). By recording W and Nb atoms
along the line in STEM images, the intensity profiles
simulated based on W-Nb-W (red line) fit well with the
experimental data, while they did not match with the
simulated Cl intensity, confirming that Nb, rather than
Cl (from the NbCls precursor), was the dopant [Fig.
4(b)].

However, approaches for the substitutional doping of
TMD cations often exhibit the loss of semiconductor
characteristics, a low carrier concentration and instabil-
ity. By contrast, anion substitutional doping can be
more conveniently achieved [261]. Plasma treatment
emerges as an effective doping technique for few-layer
MoS; due to a wide level of doping, which can be
obtained with modulation and selectivity. In 2016,
Nipane et al. [81] reported a CMOS compatible, controllable
and area-selective CMOS phosphorus plasma immersion
ion implantation (PII) process for the p-type doping of
MoS,, whose field effect hole mobility reached 8.4 and
137.7 cm®>-V s ! respectively for degenerately- and non-
degenerately-doped transistors after correcting contact
resistance. In addition, the absolute rectification ratio of
the diode reached 2x10* when combined with lithography
patterning. However, plasma treatment may damage the
semiconductor crystal structure of monolayer or few-
layer TMDs due to the accompanying etching effect
caused by the energetic ions. Tang et al. [82] developed
a method for the effective and reliable p-type doping of
monolayer and few-layer WSy FETs after N treatment
by introducing a perpendicular electric field to restrain
energetic ions [Fig. 4(c)]. As a result, the monolayer N-
WS, FETs showed a hole mobility of 0.53 cm? V1
and a positive threshold voltage of 9 V without correcting
the contact resistance [Fig. 4(d)].

The successful fabrication of Janus TMDs, a sandwich
structure with chalcogenide anions of broken symmetry,
such as MoSSe and WSSe, has showed novel properties
like Rashba spin splitting, vertical piezoelectricity and a
long exciton lifetime [83]. In 2017, a Janus TMD monolayer
was fabricated through two different strategies. Lu et al.
[84] stripped the top-layer S atoms through H plasma
treatment first and switched off the plasma. Se powders
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from monolayer Nb-doped WSs. The simulated Z-contrast intensity profile based on W-Nb-W (red line) fit well with the
experimental data, while the simulated Cl intensity (dashed blue line) does not match. (c) Cross-sectional view of bottom-
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at a fixed drain voltage of 1 V for the pristine few-layer WSy FETs and N-WSy FETs with gate voltage sweep from OFF
state to ON state. The inset is the optical image of an FL. WSy FET with a channel width of 15.2 pm and length of 11.5 pum;
scale bar is 10 pm. (e) Schematic diagram of two-step synthesis of the Janus MoSSe monolayer. (f) Proposed reaction mechanism
for the sulfurization of monolayer MoSe; on a SiO9/Si substrate at different temperatures. (g) Schematic view of the Rashba
spin splitting around the I' point in monolayer WSSe. (h) Correlation of ez; (left) and dss(right) of multilayer MXY structure
with Ar, X=Mo, W; Y=S, Se, Te. (a) Reproduced from Ref. [80]. Copyright © 2018, Wiley-VCH. (b) Reproduced from Ref.
[14]. Copyright © 2016, Wiley-VCH. (c, d) Reproduced from Ref. [82]. Copyright © 2018, American Chemical Society.
(e) Reproduced from Ref. [84]. Copyright © 2017, Springer Nature. (f) Reproduced from Ref. [85]. Copyright © 2017, American
Chemical Society. (g) Reproduced from Ref. [86]. Copyright © 2018, American Physical Society. (h) Reproduced from Ref.
[87]. Copyright © 2017, American Chemical Society.

were thermally vaporized to achieve the selenization out-of-plane inversion symmetry. However, in Janus

without breaking the vacuum [Fig. 4(e)]. The other
strategy was a one-step method based on monolayer
MoSe; [85]. By strictly controlling the temperature and
the atmospheric pressure, the top-layer selenium atoms
were substituted by S atoms while the bottom layer was
not sulfurized [Fig. 4(f)]. The obtained SMoSe layer
obtained and its reverse configuration SeMoS exhibited
a slightly strengthened hydrogen evolution reaction effi-
ciency. Both synthetic approaches resulted in uniformly
asymmetric structures and showed a vertical broken
symmetry, which offered new opportunities for future
application. For instance, in conventional TMD mono-
layers, a strong Rashba SOC would not arise due to the

TMDs, the Rashba-type spin splitting can be observed
without external electric fields [86] [Fig. 4(g)]. Another
significant feature of Janus TMDs is their vertical piezo-
electric polarization. Dong et al. [87] found a strong out-
of-plane piezoelectric polarization in multilayer MoSTe
by introducing a uniaxial strain in the basal plane,
regardless of the stacking sequence. The out-of-plane
coefficient ds3 reached 13.5 pm/V, which was larger than
that of AIN (ds3 = 5.6 pm/V) [Fig. 4(h)], a commonly-
used 3D piezoelectric material. The strong vertical piezo-
electric effect of Janus TMDs may make them well
suited for piezoelectric sensors and detecting devices. In
summary, the specifically substitutional anion doping
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Springer Nature. (h) Reproduced from Ref. [96]. Copyright © 2018, American Chemical Society.

reveals the potential of utilizing device applications with
novel properties.

2.3.2  Carrier concentration control

In contrast to substitutional doping by introducing
impurity atoms to create either free electrons or holes,
the charge transfer interaction between host materials
and any adjacent medium is made use of in carrier
concentration control during the device fabrication
process, which is considered to be more nondestructive
and reversible. Popular alternative approaches comprise
electrostatic doping, photo-induced doping and strain-
induced doping. Electrostatic doing is usually achieved
through the modulation of carrier concentration and by
typing in different regions of the same materials via a
floating gate or ferroelectric polarization. Based on the
quantum tunneling effect of electrons, tunneling diodes
with a metal-insulator-semiconductor structure provide
possibility for the reversible electrostatic doping of 2D
TMDs with a floating gate. If the drain voltage is larger
than the gate voltage, the carrier would tunnel through

the insulating layer to the gate. When electrons are
trapped in the floating gate, the semiconductor channel
is p-doped with the same number of holes. On the
contrary, the trapped charges would be accumulated
over the entire semiconductor channel, forming n-type
doping. Therefore, the doping concentration and polarity
can be tuned by biasing voltage. Liu et al. [88] fabricated
a semi-floating gate transistor (MoS;/hBN/HIS,) and a
WSey/MoSy was used as the p—n-junction switch, which
demonstrated both tunable charge persistency and ultra-
fast writing operation speed (10° times that of general
memories based on 2D materials) [Fig. 5(a)]. The maximum
carrier concentration is limited by dielectric breakdown
or an insufficient spatial resolution during conventional
electrostatic gating. To solve the problem, an electron
beam irradiation approach can be used to tailor the
carriers with a nanoscale spatial resolution [89]. Figure
5(b) illustrates the electron-beam-induced doping effect
of monolayer MoSs, which was initially electron-doped
with threshold voltage Vg = —33 V, and after a 1 keV
electron-beam  exposure, the threshold voltage
shifted to 0 V [Figs. 5(c, d)] with a high mobility of
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~130 cm?V !-s! at room temperature.

In floating gate modulation, the charge distribution
and energy consumption are often inhomogeneous with
an indispensable external electric field. However, due to
the different local polarization of ferroelectric materials,
carrier concentration in the semiconductor channel can
be accumulated or deleted to achieve non-volatile doping.
Chen et al. [90] fabricated a non-volatile WSey p—n
homojunction on a ferroelectric BiFeO3 (BFO) substrate
utilizing a locally-reversed ferroelectric polarization [Fig.
5(e)]. Through CVD growth and wet transfer method,
monolayer crystalline WSe; sheets were deposited firmly
to a BFO surface, forming a vdW interface which played
a key role in the formation of the WSes homojunctions.
Through scanning with a metal probe to obtain a ferro-
electric domain pattern, the polarization of ferroelectric
polymers deposited on 2D TMDs can be controlled,
achieving p-type and n-type doping. As presented in Fig.
5(f), the ferroelectric copolymers are alternately polarized
up (Pup state) and down (Paown state), providing a
lateral p—n—p-—n junction in MoTey [91]. The design of
naked ferroelectric copolymers, rather than a ferroelectric
substrate with unalterable polarization, allows the repro-
graming and refreshing of projected p—n homojunctions
by rewriting the polarization configuration using the
probe technique. The p—n homojunctions and corre-
sponding rectification properties can be easily reversed,
erased as well as rewritten, exhibiting a spectacular
potential for their application in 2D functional optoelec-
tronic and electronic devices.

Apart from substitutional and electrostatic doping,
photodoping has been already realized in graphene/h-
BN [92] and WSey/h-BN [93] heterostructures, which
offers a convenient way to in situ and non-destructively
modulate the carrier density of 2D TMDs using UV
light with high photon energy. As presented in Fig. 5(g),
the WSey/h-BN FET is illuminated by a light pulse
(duration 0.5 s, wavelength 405 nm, intensity
210 mW-cm ?) under negative gate pulses, which results
in a remarkable excitation of electrons from the mid-gap
donor-like state of h-BN to its conduction band. The
photon-excited electrons in BN conduction band are
transferred to WSes driven by the electric field, leaving
the positive charges localized in the middle of the BN
bandgap, which can be stored in BN even after removing
the negative gate and switching off the light, thus proving
an effective local gate and generating a non-volatile elec-
tron-storage effect in WSez. Photodoping [94] is imple-
mented to generate and manipulate electron spins in
magnetic semiconductor as well. Hot electrons, which
are excited by absorbing a certain amount of energy
from photons or external fields, play a significant role in
semiconductor luminescence effect. Hot electrons in bulk
semiconductors usually relax via electron-phonon scat-
tering on a sub-picosecond timescale. Quantum-confined
semiconductors such as quantum dots offer a unique
platform to prolong hot electron lifetime through their
size-tunable electronic structure. Wang et al. [95] studied

hot electron relaxation in photochemically n-doped
colloidal CdSe quantum dots and observed 300-picosec-
ond-long hot electrons as a manifestation of the phonon
bottleneck effect. For now, studies on photodoping are
limited to few metal oxides so far, and the loss of
photoexcited holes during photodoping process should be
overcome to ensure device efficiency and stability in the
future.

The strategy of introducing strains to 2D TMDs can
be classified into lattice induction, local deformation,
macroscopic regulation and so on. Lattice induction
demonstrates that the microenvironment is affected by
strains and that doping atoms can be introduced to 2D
TMDs through atomic vacancies. Li et al. [96] studied
strain-driven Se atom substitution doping in monolayer
MoS,. As presented in Fig. 5(h), the initial substitution
process occurs at the periphery of a MoSs nanosheet due
to lower adsorption energy and substitution barrier,
which results in expanded MoS. lattices, and a tensile
strain is produced to the edges and corners of the
nanosheet. As a result of the strain field, a long-range
size gradient is formed for the lattice constant of MoSo,
which means that the further out the position of a
nanosheet is the larger the size of the lattices will be. In
other words, the long-range strain fields are responsible
for the self-promoted doping process of MoSs
nanosheets.

To sum up, we provide a comprehensive summary of
the strategies and related applications of the doping
engineering and the functionalization of 2D TMDs.
Different from traditional semiconductors like silicon,
direct substitutional doping in the growth process can be
slightly difficult due to their atomically thin nature and
dangling-bond free interfaces. When the doping concen-
tration rises to a level, the strain effect should be consid-
ered. At the same time, increase in the instability of the
interface states results in the degradation of carrier
mobility and influences the characteristics of devices.
Therefore, more attention should be paid on more
advanced doping techniques and device demonstrations
with a high reliability and process repeatability in the
future.

2.4 Alloying

The alloying of different 2D TMDs has emerged as an
effective method to tune the physico-chemical properties
because of the good thermodynamic stability, precise
phase engineering via compositional control and possibility
to achieve large-scale devices. In 2D alloyed TMDs, one
of the elements in the TMDs is partially substituted by
another element, with emerging more complex crystal
structures such as crystal grain and crystal boundary
[270-272]. Compared with that in doping engineering,
the number of substitutions in alloyed TMDs can be of
an arbitrary percentage. Generally speaking, isoelectronic
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VCH.

alloys of 2D TMDs can be divided into three types
according to the alloying sites: (1) MM} ,Xs type (tran-
sition metal site), (2) MX%X'Q(HE) type (chalcogen-site),
and (3) quaternary alloy MmM'l,ngyX'g(l,y) type (both
transition metal and chalcogen-site).

24.1 MM X, type

Since most 2D TMDs have the same crystal structure
and similar lattice parameters, it’s easy to demonstrate
homogeneous alloys by partially substituting one of the
transition metal elements with another one. Liu et al.
[97] first demonstrated a triangle-shape monolayer
W.Mo; ,So-based field effect transistor through CVD
method under an atmospheric pressure. The monolayer
W.Moy ,So was obtained through sulfuration of the
mixture of MoO3s and WO3 powder in a CVD furnace
under an atmospheric pressure at 850 °C for 10 minutes
[Fig. 6(a)]. Figure 6(b) shows the optical image of a
triangular W,Moy_,S, flake (size = 20 pm) whose thickness

was measured to be = 0.94 nm using AFM, indicating
the monolayer nature of the resultant triangular domain.
As is presented in Figs. 6(c—e), the distribution of both
Mo and W elements (element ratio W:Mo = 2:1) was not
uniform across the monolayer flake. The mobility of
W.Mo; ,S; FETs at 20 K was = 54 cm?>V s !, reaching
=~ 30 cm?V s ' at 300 K with a charge density of 5.05 x
10'? cm2. Similarity, Zhou et al. [98] demonstrated
Co,Moy ,Ss nanosheets with a Co concentration of 0.8%,
1.7%, and 2.5% through CVD method using MoOj3 and
CoCl; as reaction metal precursors with sulfur powder as
the chalcogen precursor.

2.4.2 MXQwX,Q(l,w) type

Besides M M ,X» type alloys, MngX'g(l,z)—type alloyed
nanosheets have also been prepared through CVD
method. Particularly, most of the nanosheets synthesized
via CVD method appears to form a triangular shape due
to the energetically preferred edge, which merge into a
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film by adjusting the synthesis parameters [99, 100]. For
example, Umrao et al. [15] prepared large-area monolayer
MoSe2,52(1 ) alloys with a controlled morphology using
a low-pressure CVD method. By controlling the gaseous
MoOQ3 precursor on substrates placed in regions at different
temperatures, the MoSe2,S2(1 » nanosheets with different
morphologies could be observed [Fig. 6(f)]. The morphology
of the alloys related to MoOgs precursor concentration
and temperature confirms that corresponding interface
energy plays an effective role in nucleation and growth.
Similar fabrication processes were also adopted to
prepare WSa,Ses(1 4 nanosheets by controlling the heating
temperature of WSe; and WS, precursor [101]. As is
known, most of the 1T- and 1T'-phase TMDs are (semi-)
metallic, showing superior performance in (opto)elec-
tronics, energy storage, superconductivity and catalysis
compared with 2H TMDs. However, only a very few
thermodynamically stable 1T'-phase TMD alloys have
been reported. Lai et al. [102] reported a facile and
general synthetic method for preparing 1T’'-phase group
VIB TMD crystals including WSs,Ses1 5 and
MoSs,Sex1 ). In addition to the aforementioned Mo/W-
based alloys, other MngXlg(l,x)—type alloys with a tun-
able phase have also been demonstrated. Wen et al. [103]
synthesized high-quality ReSy1 4)Seo, alloys with a
distorted 1T structure through CVT method. The
photoluminescence energy of ReSy1 oSes;
monolayers (z from 0 to 1 with a step of 0.1) can be
continuously tuned, ranging from 1.62 to 1.31 eV. In
another example, large-area HfSy; ,)Seo, alloys with
fully tunable chemical compositions and bandgaps were
synthesized on sapphire through CVD method [104].

emission

243 MM X0, X5y type
The CVD growth method is also achievable for
MM X2, X51 y-type TMD alloys. Susarla et al. [105]
presented reliable evidence for the formation of thermo-
dynamically stable Mo,W1 452,5es1 4 alloys grown via
CVD method, whose composition was tunable as a function
of the growth temperature [Fig. 6(g)]. The bandgap
could be tuned, which varied from 1.61 to 1.85 eV. Later,
they demonstrated a phase transition from metastable
Mo W1 S2,5€e31) alloys to stable heterostructures via
thermal annealing of the quaternary alloys [106]. The
composition-dependent transformation was caused by
the existence of miscibility gaps in the quaternary alloys.
Furthermore, a reverse-flow CVD strategy was developed
to  synthesize  the  quaternary  bilayer  alloy
Mo W1 ,S52,5e21 4 with high yield, a large size and a
high controllability [107]. The customized temperature
profiles and reverse gas promoted the formation of the
first layer without introducing new nucleation centers,
leading to the near-defect-free epitaxial growth of the
second layer from existing nucleation centers.

The latest research progress has promoted the prepa-

ration, characterization and application of 2D alloyed
TMD nanosheets, whose diversity, quality and stability
still remain a key challenge for practical application.
However, benefited from unique properties with tunable
bandgaps and a distinct charge-carrier polarity, 2D
alloyed TMD nanosheets will play a vital role in the
forthcoming breakthroughs of semiconductor technology
nodes after overcoming the aforementioned challenges.

2.5  Vertical and lateral heterostructures

With dangling-bond-free surfaces and weak vdW interlayer
interactions among the constituent 2D TMD nanosheets,
random combinations of 2D materials can be chosen to
manually stack in arbitrary sequences to form
hybridized vdW heterostructures, which perform a
better potential in electronics, optoelectronics, catalysts,
spintronics, and so on. Generally speaking, 2D
heterostructures can be in either the vertical or lateral
direction or have either vdW or covalent interactions.
CVD technique is considered to be an applicable method
for the construction of 2D heterostructures with better
interface coupling and a comparable higher quality.

2.5.1  Vertical heterostructures

For vertical heterostructures, the interlayer interactions
are mainly generated by vdW forces. Because of this,
there is no or little requirement for the lattice matching
among different layers. The earlier works on CVD-based
2D heterostructures started with graphene and TMDs
due to the advantage of both graphene with its high
transparency, high conductivity and tunable work function
and TMDs with wide band gaps. For example, though
the lattice spacing of MoS; is ~28% larger than that of
graphene, MoS; and graphene still match each other
well in a vdW gap [108]. With the development of CVD
growth and transfer technique, more complicated vertical
heterostructures have been reported. Gong et al. [22]
reported a one-step growth strategy for the creation of
vertical and in-plane heterostructures from WSy/MoSs
monolayers. As is presented in Fig. 7(a), the vertical and
in-plane heterostructures were synthesized through
strictly controlling the growth temperature. Furthermore,
other kinds of vertical heterostructures generated via
one-step CVD method, such as SnS»/SnS [109], NbSy/
MoS, [110], and CdS/MoS, [111], have been already
reported. However, the interface sharpness of
heterostructures may degrade due to the element substi-
tution during CVD growth, and the size of the
heterostructures can hardly be controlled. Therefore, the
two-step growth process shows great advantages in
controlling the interface structures of heterostructures.
Ai et al. [112] reported the growth of Cdly/MoSs (WS,
WSey) vdW  heterostructures using a two-step CVD
method. The MoSy, WSy, and WSey nanosheets were first
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Fig. 7 Vertical heterostructures of 2D TMDs. (a) Schematic images of the vertically stacked and in-plane WS;/MoSs
heterostructures synthesized at different temperatures. (b) Optical microscope images of Cdlo nanoplates and vertical
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from Ref. [22]. Copyright © 2014, Springer Nature. (b) Reproduced from Ref. [112]. Copyright © 2017, American Chemical
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grown via physical vapor deposition (PVD) method, and
then the as-grown MoS; (WSy, WSes) nanosheets were
used as the substrate for the vdW epitaxial growth of
Cdl, to obtain vertical heterostructures [Fig. 7(b)].
During the second growth step of the vertical
heterostructures, it is significant to optimize growth
conditions to suppress the formation of laterally stacked
heterostructures or alloys.

Recently, the in-plane moiré superlattices formed by
lattice mismatch have drawn great attention for their
strongly-correlated electrons and hybrid excitons [113,
264-265]. Different from magic-angle twisted-bilayer
graphene and ABC rhombohedral-stacked graphene/h-
BN moiré superlattices [114-117], TMD moiré
heterostructures provide another model system for studies
on correlated quantum phenomena because of their
strong light-matter interactions and large SOC. Regan
et al. [118] reported an experimental optical detection of
strongly-correlated phases in semiconducting WSes/ WS,
moiré superlattices. As illustrated in Fig. 7(c), the Mott
insulating state exists in WSey/WSy moiré superlattices
with one hole (red circles) per superlattice unit cell. The
excited-state and non-equilibrium dynamics of the corre-
lated phases are confined in the triangular lattice. Mean-
while, W, a heavy transition metal element, imposes
substantial SOC onto low-energy degrees of freedom,
which can induce topological properties in turn. As illus-
trated in Fig. 7(d), with the increase of the hole doping
level of n=mny/3, n=2n¢/3 and n =np, the insulating
states of WSes/ WSy moiré superlattices exhibit a unique
interaction-driven Wigner crystal state or a charge-
transfer insulator, which are completely absent in large-
twist-angle WSes/WSy heterostructures. In addition,
correlated quantum spin Hall insulators [119], moiré

excitons [113, 120] and Hubbard model physics [121, 122]
have been reported in moiré vertical heterostructures,
yielding an abundant and exciting development.

2.5.2  Lateral heterostructures

For lateral heterostructures, isolated atomic-layer
components are seamlessly stitched in a plane to form
an atomically sharp interface via strong covalent bond-
ing, which leads to strict lattice matching. Therefore,
atomically thin lateral heterostructures can only be
fabricated through bottom-up approaches like CVD
method. In agreement with vertical heterostructures,
lateral heterostructures can be synthesized through
either one-step or two-step synthetic process. In a direct
one-step synthesis process, two or more metal precursors
need to be first simultaneously presented in a reaction
chamber. Then the material with the higher nucleation
rate at a high evaporation temperature tends to deposit
at the core of the heterostructures. Finally, the second
material grows along the edge of the core material, forming
lateral heterostructures. For instance, Zhang et al. [123]
achieved a direct synthesis of the lateral heterostructures
of monolayer MoS;/WSs and MoSey/WSe; using
APCVD with aromatic molecules as seeding promoters.
The schematic illustration of the experimental setup and
detailed parameters are shown in Fig. 8(a). In the high-
temperature zone, the WOj3 powders were filled in a
homemade quartz reactor with a transfer tube in
tunable length at a high evaporation temperature to
enable a stable vapor flow of the WOs3 ,, which was the
reactant evaporated from the high-temperature zone to
react with S or Se on substrate surfaces at each specific
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temperature and distance. The growth of W-based
monolayers was initiated from the edges of as-grown Mo-
based monolayers, which followed the domain shape for
the following lateral growth. As labeled in Fig. 8(b), the
1D heterointerfaces prefer to be aligned in the zigzag
direction due to the broken inversion symmetry of
bilayer TMDs. Other lateral heterostructures, including
1H-MoSs/1T'-MoTey [124], WSa/WSes [125], Sn,Mo1 ,S9
/MoS; [126] and 2H/1T-MoTe; [127], have also been pre-
pared. Compared with that of vertical heterostructures,
for the two-step of growth of lateral heterostructures,
the parameters also need to be strictly controlled during
the formation of lateral junctions. Ye et al. [128] synthesized
large-scale lateral bilayer WSy/MoSy heterostructures
through a two-step CVD route. As indicated in Fig. 8(c),
the WS, bilayer crystals are first prepared on a Si/SiOs
substrate with WO3 and sulfur powders as precursors.
Then by heating the precursor of mixed MoSs and NaCl,
the MoS, is grown along the edge of the WS,y bilayer
crystals to form lateral heterostructures. According to
existent findings, the carrier gas [129], growth temperature
[130, 131] and the thickness of the first core nanosheet
[132] can influence the composition of the lateral
heterostructures. It is worth mentioning that there is
usually an atomically sharp connection among the
lateral heterostructures obtained from the two-step
synthesis method at the boundary regions [Fig. 8(d)],
which is different from those alloy-like structures
through the one-step synthesis method. Similar sharp

edges can be also found in GaSe/MoSe; [133] and
Sn,Moy ,S2/MoSz [134] heterostructures [Figs. 8(e, f)].
Controlling the interface morphology of lateral
heterostructures has drawn enormous attention since it
provides a good way to tune the photoexcited carrier
transport property of optoelectronic devices meanwhile
rendering devices with novel functions [135, 136]. The
differences in relative formation energy contribute to the
band alignment in the lateral heterostructures [137].

In summary, we briefly introduced controllable CVD
growth methods for demonstrating vertical and lateral
heterostructures with either vdW or covalent interac-
tions. Vertical heterostructures represent strong correlated
quantum phenomena in the in-plane moiré superlattices,
boosting a better electrochemical activity especially for
energy  storage and while lateral
heterostructures possess a better stability, presenting
excellent current rectification behavior and photocurrent
generation characteristics. Therefore, fabricating high-
quality 2D TMD heterostructures with a controllable
morphology based on CVD growth method will be
instructive in further works.

conversions;

3 Applications based on 2D TMDs

Establishing high-end 2D TMDs may lead to intriguing
properties, particularly in the application of electronic,
optoelectronic, ferromagnetic, ferroelectric, spintronic
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and valleytronic devices. In this section, we will focus on
the recent developments in the application of above-
mentioned areas.

3.1  Electronics

3.1.1  Field-effect transistors

Field-effect transistors (FETSs) are the most fundamental
and important building blocks in electronics. According
to the well-known Moore’s law, the number of transistors
in an integrated circuit (IC) doubles roughly every 18
months, which requires smaller transistors and higher
integration levels. Unfortunately, as silicon-based tran-
sistors enter the sub-10 nm technology nodes, two main
technical problems become noteworthy obstacles. One is
short channel effect, which results in a weak tunability
of channel current flow when the channel length drops
below 10 nm. In particular, carrier mobility theoretically
scales with the sixth power of the thickness of the semi-
conductor body due to thickness-fluctuation-induced
scattering when the body thickness is below 5 nm, causing
a critical limit to the continued transistor scaling [138].
Another obstacle is the heat dissipation. Hot electrons
containing enough energy to overcome the potential
barriers between Si and SiOy will partly fall into the
electron traps of SiOs and accumulate over time. The
accumulated heat may result in the downgrade of carrier
mobility and the reduction of device life. In addition,
future electronic devices are required to be more flexible,
with a lower power consumption and higher performance
as well as be more multifunctional. 2D TMDs feature an
excellent mechanical flexibility and dangling-bond-free
surfaces, which exhibit a superior carrier mobility and
on/off ratio in TMD-based FETs. In the following para-
graphs, we highlight recent research progresses in TMD-
based FETs via CVD growth method and discuss on
current challenges as well as potential opportunities.
Recently, the theoretical studies based on density
functional perturbation theory and Wannier interpolation
of the electron-phonon matrix show that for most MXs,
a high carrier mobility is desirable for high-quality FETSs.
while for MoSs and WS,, the carrier mobility is limited
by the extrinsic longitudinal acoustic phonon scattering
rather than its intrinsic band structure [139]. Yu et al.
[24] fabricated highly-uniform enhancement-mode FETs
with a relatively high mobility (80 cm?V s! at room-
temperature) and a low subthreshold swing using CVD-
grown MoSs. Similarly, p-type Nb-doped WSe; [140] was
used as the active layer of the FETSs, yielding a maximum
field effect mobility of 116 cm*V s with an on/off
ratio of 105 The off current of the doped device is
higher than that of the intrinsic device, indicating the
increased screening of Coulomb scattering centers as a
result of a higher carrier concentration. Recently, other
emerging 2D semiconductors like PtSey [141], PdSes

[142], BioOsSe [143] and InSe [144] exhibit strong interlayer
coupling and a much higher carrier mobility than
conventional TMDs. For example, the theoretically
calculated carrier mobility of h-BN/y-InSe/h-BN van der
Waals heterostructures can reach 4340 cm?V !'-s! at
temperature, which could easily go
10* ecm? V157! at low temperatures. However, the lack
of high-quality of 2D crystals grown through CVD
approach limits the research on their exotic properties
and practical application. Experimentally, Gu et al. [142]
fabricated few-layer CVD-grown PdSe; FETSs, revealing
a tunable ambipolar charge carrier conduction with an
electron mobility up to =294 cm?V 1-s!. As presented
in Fig. 9(a), the device is fabricated with 8 electrodes
and the transistor channels are along the edges as well
as diagonals of the square flake. The field-effect mobility
is extracted from the linear region of the transfer curve
in each direction, which is plotted in Fig. 9(b), exhibiting
strong in-plane anisotropic optical properties.

Short gate lengths become another research hotspot in
the studies on FETs based on 2D TMDs channels, especially
those down to the sub-10 nm region while avoiding the
degradation of device performance. MoSs is first used to
fabricate FETs with a sub-10 nm gate or channel length
[1, 145-149] for its dangling-free smooth surface and
atomic thickness. Desai et al. demonstrated MoSs tran-
sistors with a gate length of 1 nm, in which a single-
walled carbon nanotube (SWCNT) served as the gate
electrode. The device structure [Fig. 9(c)] consisted of a
MoSs channel, a ZrO, gate dielectric, and a SWCNT
gate grown via CVD on a 50 nm SiOy/Si substrate with
a gate length of ~1 nm. The transistors showed excellent
switching characteristics with an extremely low
subthreshold swing of ~65 mV/dec and a large on/off
current ratio of ~105, indicating an ideal suppression of
short channel effect. It is very hard to further scale
down gate lengths below 1 nm. Very recently, side-wall
MoS; transistors with an atomically thin channel and a
physical gate length of sub-1 nm were demonstrated
using the edge of a graphene layer as the gate electrode
[149]. The effective channel length approached 0.34 nm
in ON state and 4.54 nm in OFF state. As shown in Fig.
9(d), the CVD monolayer graphene is transferred to the
substrate and an Al screening layer is deposited on the
graphene after the EBL process. The final device has
five electrical terminals, namely the source, drain, an Al
screening layer, a 0.34 nm graphene edge gate and the
fixed back-gated Si. By applying a negative voltage to
the edge to locally deplete the vertical MoSs channel,
the transistor can be completely turned off. The devices
showed an ON/OFF ratio of up to 1.02 x 10° and a
subthreshold swing value down to 117 mV/dec [Fig.
9(e)]. The side-wall structure provides a new thought for
scaling down transistors to approach the physical limit.
Besides MoSs, Schottky barrier FETs based on in-plane
phase transition TMDs have shown great electric perfor-

room over
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mance, such as MoSey [150], MoTes [151, 262], WSe,
[150] and WTey [152]. For instance, Zhang et al. [151]
constructed high-performance FETs with ultrashort gate
lengths (4 nm) using CVD-grown MoTey as the active
material by tuning its structure to the 2H or 1T’ phase.
As shown in Fig. 9(f), the FETs are fabricated based on
the phase engineering of 2H-1T' interface using 2H-
MoTes as the channel, 1T'-MoTe; as the electrode and a
4-nm-diameter-CNT as the gate. The 4-nm-gate FETs
exhibit a low subthreshold swing of ~73 mV/dec and a
high ON/OFF current ratio of ~10°.

Overall, despite tremendous progress available in high-
end 2D TMD FETSs, there are still many challenges from
concept genesis to industrial maturity like immature
growth technologies, instability, relatively low on-state
current densities and low integration into circuits.
Fortunately, there seems to be no fundamental blockade
to the wafer-scale processing of 2D TMD FETs or a
large-scale integration at a circuit level. With the devel-
opment of related theories and technologies, we believe
that fabrication of high-quality FETs based on 2D
TMDs would soon be ready for mainstream applications
and bring measurable benefits to our life.

3.1.2  Electronic memory devices

With an atomic thickness and tunable bandgaps, 2D

TMDs exhibit great flexibility when fabricating memories
with a low power consumption and high performance.
Generally, electronic memory devices can be divided into
volatile-memory and nonvolatile-memory devices accord-
ing to the characteristics of their storage medium.
Volatile memory technologies include static/dynamic
random-access memory (SRAM/DRAM), which features
fast operation and is widely applied in internal memories.
However, volatile memories need to be written and read
repeatedly due to the discharge characteristics of capaci-
tors, leading to a low integration and a high power
consumption. Compared with volatile memory technolo-
gies, nonvolatile memories can save data without contin-
uous power supply. Currently, mainstream nonvolatile
memories include flash memory, electrically erasable
programmable read-only memory (EEPROM), phase
change memory (PCM), resistive random-access memory
(RRAM), ferroelectric random-access memory (FeRAM)
and magneto resistive random-access memory (MRAM).
Here in, we present the recent progress of electronic
memory devices based on 2D TMDs.

For volatile memory technologies, SRAM is the domi-
nant on-chip cache for its short access time and static
characteristic. A typical SRAM cell comprises six
MOSFETS including two pull-up PMOSFETs (P1, P2),
two pull-down (N1, N2) and two access NMOSFETSs
(Al, A2). Thanks to both n-type and p-type in 2D
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TMDs [153], reliable SRAM arrays have been realized
based on 2D TMDs with MoSs and WSey chosen as the
n-channel and p-channel for the CMOS units. For
instance, Hu et al. [154] demonstrated a multi-tier
monolithic 3D SRAM based on back-gated 2D MoS,
FETs to release the impact of metal line resistance.
Compared with the design of the one-tier back-gated
(BG) SRAM cell, the monolithic three-tier BG SRAM
cell shows a reduction of 44.3% in cell area, together
with an improvement of 28.4% in read access time, 21.3%
in dynamic energy and 43.6% in energy-delay product.
Furthermore, higher improvement is achieved in read
access time and energy-delay products by adjusting the
number of stacked MoS; nanosheet FETs [155]. Pang

et al. [156] demonstrated a CMOS SRAM using WSe;
MOSFETSs with p-FETs being chemically doped and n-
FETSs being electrostatically doped for the first time. An
Oz-plasma treatment is performed to form a WO3 , layer
on the top of the exposed WSey portion, which serves as
a strong p-type dopant due to its high electron affinity.
After a plasma treatment, the device displays p-type
unipolar characteristics with an improved ON-state, an
SS of 90 mV/dec and a small hysteresis of 30 mV.
Compared with traditional a-IGZO or organic technolo-
gies, the WSes-based SRAM shows a shorter read/write
time and a lower power consumption.

Despite the tremendous progress in 2D TMD-based
SRAM, the high cost and low integration limit the
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application of SRAM in wearable electronic devices.
Different from SRAM, a DRAM cell only comprises a
capacitor and a transistor. The information in DRAM
cells is read by sensing the voltage changes in the capacitors
[157]. Theoretically, DRAM devices possess an ultra-
high programming speed and a superior endurance

designed a 2T-1C configuration with a similar memory
portion as 1T-1C DRAM based on wafer-scale monolayer
MoS; via CVD growth [Figs. 10(a, b)]. The 2T-1C unit
cell is shown in Fig. 10(b) to provide charge storage and
analog computation. The ultralow leakage current of the
MoS, transistor enables the storage of multi-level voltages

(>10'6 [158]). But periodic charging is required due to
the short retention time of DRAM devices, leading to a
large power dissipation. Recently, Wang et al. [159]

on the capacitor with a long retention time [Fig. 10(c)].
What’s more, a fully connected neural network simulation
based on experimental data indicates an accuracy of 90.3%
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for image recognition in the devices [Fig. 10(d)], offering
a promising approach for training neural networks.
However, the capacitive preparation process limits the
read-write time and application in CPU chip manufac-
turing [160]. To store information with a single transistor
at different current levels, a large-scale DRAM integration
will be realized with high performance and low power
dissipation based on 2D TMDs [161].

Flash memory is the most widely used nonvolatile
memory in the field of industrial storage, through which
not only information like EEPROM can be erase and
program, but data can also be read. According to the
storage layer material, flash memory can be divided into
floating-gate transistor and charge-trap transistors.
Benefited from tunable bandgaps of 2D TMDs, floating-
gate transistors based on a TMD channel exhibit high
ON/OFF ratios and a low power consumption. Cheng
et al. [25] fabricated an asymmetric floating-gate transistor
with MoSy/MoTe; heterostructures serving as channels
[Fig. 11(a)]. The charge-carrier injection can be switched
between tunneling and thermal activation under both
positive and negative bias conditions. As a matter of
fact, floating-gate FETs exhibit an ultrahigh rectification
ratio exceeding 2 x 107 [displayed as the black curve in
Fig. 11(b)]. In addition, to realize a universal logic gate
by employing an innovative way based on logic-in-
memory, a programmable logic circuit can be demonstrated
with MoSs as an active channel without applying additional
terminals for programming [88, 162]. Different from free
moving charges in floating-gate FETs, charges are
bound to the defects on the storage layer of charge-trap
transistors and are transferred via gate voltages or light.
For example, Antonio et al. [163] observed hysteresis in
the transfer characteristics of back-gated FETs with a
MoSy channel via water-facilitated charge trapping at a
MoS2/SiOs interface. By introducing detective h-BN
substrates, the electrons within the mid-gap trap state
of h-BN could transfer into semiconductor channels via
a negative gate voltage and light pulse. Meanwhile, the
positive charges are still bound to the defects of
substrates, resulting in current polarization. Based on
such a storage mechanism, Liu et al. [164] realized the
photoinduced nonvolatile and programmable electron
doping of multilayer MoTes/h-BN heterostructures [Fig.
11(c)]. As presented in Fig. 11(d), the electron concen-
tration and mobility retain nearly unchanged for over
14d, illustrating an outstanding nonvolatile property.

RRAMs (also called memristors) record the changes
and the amount of flowing charge to store information
under applied voltage biases according to their resistance
states [165]. With a higher processing speed, a larger
storage capacity and a longer durability than flash
memory, RRAMs show a great potential of in-memory
computing, speech recognition, automatic drive and
neuromorphic computing [166], etc. Recently, emerging
2D TMDs provide opportunities for realizing high-
performance RRAMs. For instance, Sangwan et al. [167]

demonstrated multi-terminal hybrid memristors and
transistors using polycrystalline CVD-grown MoSs
through a scalable fabrication process [Fig. 11(e)]. The
memtransistors exhibit gate tunability in individual
resistance state by 10% together with high switching
ratios, a high cycling endurance and a long-term retention
of states [Fig. 11(f)]. Furthermore, six-terminal MoS,
memtransistors show gate-tunable heterosynaptic func-
tionality, which is not achievable for two-terminal
memristors and neuromorphic computing may be realized
by mimicking biological neurons with multiple synapses.
Additionally, Xu et al. [168] designed a vertical memristor
in which a bilayer MoS,; was sandwiched between a
copper top electrode and a silver bottom electrode [Fig.
11(g)]. With consistent bipolar and analogue switching
at low-voltage regions, the memristor exhibits the
synapse-like learning behavior such as spike-timing
dependent plasticity (STDP). As illustrated in Fig.
11(h), the changes in each given At on either the positive
or negative side can be fit with an exponential decay at
low switching voltages of 0.1-0.2 V, providing an oppor-
tunity for the application of neuromorphic circuits.

Electronic memory devices have been widely used in
modern information technologies, which have changed
the way of obtaining and manipulating information.
Nowadays, with the geometric growth of data, a high
capacity, a fast writing and reading speed, a long retention
time, a high scalability and a low power consumption
are required for electronic memory devices. 2D TMDs
have shown an atomic thickness and tunable bandgaps,
which have been demonstrated as one of the most
promising archetypes to overcome the limitations of
traditional von Neumann architectures. Nonetheless,
current work on 2D TMD-based electronic memories is
still in its infancy. Low stability, low integration, small
scales and difficulties in modulating device electronic
properties make the devices far from meeting the practical
requirements. It is clear that wafer-scale growth, novel
circuit designs, hybrid architectures and compatibility
with CMOS circuits will be hot research issues in the
future.

3.2 Optoelectronics

3.2.1  Photodetectors

Photodetectors are utilized for light detection by
converting optical signals into electrical signals. There
are various kinds of operation mechanisms by which
optical signals absorbed are transferred into electrical
signals via 2D material detectors, such as photoconductive
effect, photogating effect, photovoltaic effect, photother-
moelectric effect and electromagnetic-wave-induced wells.
Under the driving force of the applied biases, free
charges transport across the active layers followed by a
collection of electrodes, which finally form photocurrent.
On the basis of spectral range, the detection wavelength
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Fig. 12 2D TMDs for photodetectors. (a) Schematic diagram of a MoTes/MoS; vdW heterostructure device under infrared
light excitation. (b) Schematic illustrations of type-II interband excitation processes in MoTes/MoSs vdW heterostructures.
The value of interband gap (A) is obtained by theoretical calculation. (c) Optical Microscopy image (upper panel) and
schematic illustration (bottom panel) of the WSey;/SnSe; heterojunction device. (d) The calculated responsivity on the light
power. (e) Schematic diagram of device structure based on CdTe/PtSe; heterostructures. (f) Time-dependent photoresponse
of the CdTe/PtSe, heterojunction photodetector under different bias voltages. (a, b) Reproduced from Ref. [170]. Copyright
© 2016, American Chemical Society. (c) Reproduced from Ref. [171]. Copyright © 2019, The Royal Society of Chemistry.
(d) Reproduced from Ref. [172]. Copyright © 2018, Wiley-VCH. (e, f) Reproduced from Ref. [173]. Copyright © 2018, American

Chemical Society.

range can be divided into ultraviolet (UV) (10-400 nm),
visible light (400-750 nm), infrared (IR) (750 nm-30 pm)
and terahertz (30 wm—-3 mm) band. Generally speaking,
the key principle for photodetectors is the photorespon-
sivity, quantum efficiency and detectivity. 2D
heterostructures are preferred for high-end photodetectors
by virtue of enhanced optical absorption, promoted
carrier separation and low dark current [278, 279].
Among different types of 2D heterostructures, TMDs
with a type-II or type-III band alignment are promising
for high-performance photodetectors. For type-1I or

type-III heterostructures, the dominating carrier relaxation
method is the interlayer charge transfer mechanism
rather than the interlayer energy mechanism [169,
257-260], resulting in a high dissociation efficiency of
electron-hole pairs due to the strong built-in electric
field. Zhang et al. [170] demonstrated a staggered type-
II band alignment of MoTey/MoSs vdW heterostructures
[Fig. 12(a)]. As shown in Fig. 12(b), the interlayer gap
between MoSs and MoTe; is 0.657 eV (~1880 nm),
which allows a transition from the valence band maximum
of MoTey to the conduction band minimum of MoSs
under infrared light with a wavelength of longer than
1200 nm. The device performance can also be enhanced

by tuning band alignment. For example, Xue et al. [171]
fabricated a high-photoresponsivity and broadband
photodetector based on a WSey/SnSe; vertical
heterostructure. The band structure could be engineered
from type-1II to type-III band alignment by applying a
large negative gate and a reverse bias voltage on the
source-drain electrodes [Fig. 12(c)]. Due to the enhanced
tunneling current density, the heterostructure photode-
tector showed a high photoresponsivity up to 588 A/W
with a wavelength of 532 nm and 80 A /W with a wavelength
of 1550 nm, while the photodetectivity of visible and
telecommunication wavelengths reached 4.4 x 10° Jones
and 1.4 x 10'° Jones.

Self-powered infrared photodetectors are highly
preferred for their low dark current and power consump-
tion. A built-in electric field is formed by asymmetric
Schottky junctions because of the different work functions
of 2D semiconductors and metals, which enables self-
powered light detectors. For instance, Zhou et al. [172]
constructed a self-powered metal-semiconductor-metal
WSes photodetector with an asymmetric contact geome-
try. A high responsivity of 2.31 A/W was obtained
under zero bias [Fig. 12(d)]. The external quantum effi-
ciency (EQE) was about 22% when the light power was
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Fig. 13 2D TMDs for bulk photovoltaic effect (BPVE). (a) Schematic illustrations of photovoltaic effect in traditional p—n
junction and BPVE in non-centrosymmetric monolayer crystals. (b) Dependence of I on P for three different wavelengths.
The black dashed lines are guides to the eye. The bottom right inset illustrates possible excitation paths from the valence
band (VB) to the conduction band (CB) for each wavelength, using the same colour scheme as the data points. Inset, optical
micrograph of the device. (¢) The BPVE in various materials. (d) Schematic illustrations of heterointerface of WSes/BP
(left) and the experiment device (right). (e) I-V characteristic of the WSey/BP device. (f) I-V characteristic of the MoSy-
based device under laser (532 nm) illumination at spot 1 (Laser@1) and 2 (Laser@2) and without illumination (Dark). Inset:
A schematic of the cross-sectional view of the device. (g) Short-circuit current density ji versus incident power density in
reported non-centrosymmetric materials. (a—c) Reproduced from Ref. [178]. Copyright © 2019, Springer Nature. (d, ¢) Reproduced
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[180]. Copyright © 2021, Springer Nature.

27 nW at zero bias, which increased to 65.6% when the
light power was 27 nW. The higher EQE with lower
light power suggested the existence of the photoconduc-
tivity gain effect in the WSe,. Noble metal dichalcogenides
like PtSey can be applied to the fabrication of self-
powered photodetectors for their widely tunable
bandgaps, large electrical conductivity and high air
stability. Yuan et al. [173] demonstrated wafer-scale

PtSs/PtSes photodetectors with zero-bias photoresponse
under laser illumination of different wavelengths
(405-2200 nm). Based on this foundation, Wu et al. [174]
replaced PtSs with CdTe and the photodetectors showed
a broader detection coverage range of 2002000 nm with
a higher specific detectivity of 4.2 x 10'! Jones as well
as a faster response speed of 8.1/43.6 us at room temper-
ature [Figs. 12(e, {)].
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Recently, photovoltaic effect driven by ferroelectrics,
especially the bulk photovoltaic effect (BPVE), has
come to the foreground. The bulk photovoltaic effect
only exists in crystals with broken inversion symmetry,
which can lead to a significant electronic polarization
[175]. Typically, a strong zero-bias photocurrent (or shift
current) can be observed in non-centrosymmetric crystals
when irradiated with light above the energy bandgap
[176, 177]. As presented in Fig. 13(a), in traditional p—n
junctions, external light sources induce the creation of
electron-hole pairs and their subsequent separation,
generating a light current, which is known as the photo-
voltaic effect, whose efficiency has been increased
dramatically, almost reaching the theoretical limit.
However, in non-centrosymmetric monolayer crystals,
BPVE, which converts solar power into electric power
without the supply of p—n junctions, can be present
provided that the incident light is linearly polarized
along specific directions, whereas circularly polarized
light is not allowed to do so. When threefold rotationality
and mirror symmetry of the 2D sheets are destructed by
curvature or strain, light can induce BPVE irrespective
of its polarization characteristics. Experimentally, mirror
and rotational symmetry is broken in WSes nanotubes
because of the curvature [178]. The short-circuit current
(I) under laser illumination is related to the laser wave-
length. With the same laser power (P, I (632.8 nm)
is greater than I, (532 nm) and I (730 nm) [Fig. 13(b)],
which can be explained that the light with a wavelength
of 632.8 nm (1.96 eV) is nearly resonance with an A-
exciton (a specific bound state of an electron and a hole)
of WSe; and therefore the strongest signal is produced.
Compared with that for other ferroelectric bulk materi-
als, the short-circuit current density (j.) of WSes
nanotubes is orders of a larger order of magnitude with
the same P, [Fig. 13(c)]. Moreover, the diameter of the
nanotubes (~100 nm) is much smaller than that of the
laser spots (1-2 pm), indicating higher actual deviations
in the efficiency of WSe; nanotubes. Akamatsu et al.
[179] noticed the lattice mismatch between WSe; and
BP interface, which reflected both the trigonal symmetry
of WSe; and the anisotropic potential of BP that
induced the in-plane polarity of the interface [Fig. 13(d)].
As shown in Fig. 13(e), a typical short-circuit current
under zero bias, or a spontaneous photocurrent is
observed after laser illumination but not under dark
conditions. A spontaneous photocurrent is observed
along the polar direction and is absent in the direction
perpendicular to it, which could be explained by a quan-
tum-mechanical shift current that reflects the geometrical
and topological electronic nature of the emergent inter-
face. Very recently, Jang et al. [180] demonstrated the
bulk photovoltaic effect of MoS, using a strain-gradient
engineering approach based on the structural inhomo-
geneity and phase transition of a hybrid system consisting
of MoSy and VOs. As shown in Fig. 13(f), the current-

voltage curves are measured at regions with small (Spot
1) and large (Spot 2) strain gradients as well as
(Laser@1 and Laser@2) and without illumination (dark)
for comparison. A large short-circuit photocurrent is
observed at Spot 2, proving that there is a positive
correlation between the intensity of BPVE and the
strain gradient. The strain gradient of MoS; can be
tuned by the temperature-induced structural phase tran-
sition of the VOs microbeam. Meanwhile, the short-
circuit current density (j.) of MoSy is of an order of
magnitude higher than that of most reported non-
centrosymmetric materials [Fig. 13(g)], which enriches
new concepts and materials for the potential application
of BPVE.

In summary, we have reviewed the recent progress in
photodetectors based on 2D TMDs, pointing out the key
principles for photodetectors to convert optical signals
into electrical signals and research findings about self-
powered infrared photodetectors. What’s more, we also
discussed the development of recent bulk photovoltaic
effect on 2D TMDs, which highlighted the potential of
2D ferroelectrics for high-end photodetectors and other
photoelectric devices.

3.2.2  Optoelectronic memory devices

Compared with general electronic memory devices,
nonvolatile optoelectronic memory devices are integrated
with the advantages including the high speed of optical
recording and large differences of electrical readout
signals. Among different wavelength spectra, infrared
illumination has been mostly used in optical recording
due to its low energy dissipation. For example, Wang
et al. [181] exploited an infrared optoelectronic memory
device using few-layer MoSy/PbS heterostructures [Fig.
14(a)], whose infrared pulse (808, 1340, 1550 and
1940 nm) intrigued a persistent resistance that lasted for
more than 10* s and a reconfigurable switch of 2000
stable cycles. However, the storage performance disap-
peared above 200 K, which can be improved by inserting
a buffer layer. Similarly, Yin et al. [182] demonstrated a
MoSs,Sea(1 » optoelectronic memory by tuning sulphur
vacancies and isoelectronic selenium atoms via synergistic
effect [Fig. 14(b)]. With the aid of charge trapping effect,
the devices possessed a high programing/erasing ratio
(~10%) and a short switching time. As illustrated in Fig.
14(c), the response time of electro- (photo-) excitation is
about 0.3 (0.9) ms. Figure 14(d) presents two memory
states after electrically programing and optically erasing
with a negligibly-changed current over 5 x 10%s, indicating
superb charge retention characteristics.

To achieve high-performance optoelectronic memory
devices, it is necessary to obtain the rapid recombination
of electron—hole pairs, and a high external quantum effi-
ciency (EQE). However, the lifetime of photocarriers
tends to be shortened due to the rapid recombination of
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American Physics Society.

electron—hole pairs , limiting the EQE [183]. In addition
to previously-mentioned charge trapping methods, Jiang
et al. [184] recently focused on extending the lifetime of
photocarriers by constructing a vdW junction between a
WSey layer and quasi-2D electron gas (Q2DEG). As
shownin Fig. 14(e), after optical excitation, infinite-lifetime
photocarriers are generated in the intrinsic space charge
region (ISCR) and are stored in the photogenerated hole
storage region (PSR). During discharging, the bias voltage
applied causes the release of the photogenerated holes
stored in the ISCR. Due to the infinite lifetime of the
photocarriers stored in ISCR, the photons scattered in
the environment can be randomly gathered and accumu-
lated so as to generate a large photocurrent. As
presented in Fig. 14(f), after being kept in darkness for
2 min or 7 days, a large photocurrent of about 2.9 mA
can be observed with a bias voltage increased to 5 V in
darkness. Moreover, the device can maintain the same
level of photocurrent even after 1000 cycles, exhibiting a
fine repeatability.

As a whole, current optoelectronic memory devices
based on 2D TMDs have exhibited huge advantages
with a high storage density, a high repeatability (a long
retention time and an excellent switching endurance),

ease of processing and a flexible size. However, the read-
in gate voltage and power dissipation of 2D TMD photo-
electronic memory devices still need to be lowered to
decrease thermal noise, and multivalued memory devices
possessing more than two distinct current states are
required to achieve a multi-system logic input and a
higher storage density for future application.

3.3  Ferroelectrics

3.3.1  Ferroelectric field effect transistors (FeFETs)

Ferroelectrics are typically insulators exhibiting a spon-
taneous electric polarization arising from ordered
arrangement of electric dipoles [250, 277], which can be
controlled by external electric and stress fields within a
certain temperature range. According to the Lyddane—
Sachs—Teller relationship, when the temperature is lower
than the critical temperature, the long-range force
(dipole interaction) is equal to the short-range force
(such as Pauli repulsion), resulting in zero frequency of
the corresponding phonon branch, which indicates that
the phonon mode is frozen. The specific surface area of
ultrathin films increases rapidly and the depolarization
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field is significantly enhanced, which suppresses the
ferroelectric polarization. Among traditional perovskite
ferroelectrics, the ferroelectricity has been shown to
disappear with a film thickness of below 24 A in BaTiO;
[185] and with that of below 12 A in PbTiO; [186],
which is not conductive to the subsequent fabrication of
ultrathin ferroelectric devices. 2D TMDs, especially for
those with a 1T-type structure, have exhibited great
potential in the application of ferroelectrics. Shirodkar
et al. [187] theoretically predicted the emergence of
ferroelectricity in a monolayer 1T-MoSy using a combi-
nation of Landau theoretical analysis and first-principles
calculations, in which MoSes, WSy and WSe; are applied
equally well. The two sulphur lattice planes are staggered
so that each Mo site becomes the center of inversion,
which makes 1T-MoSs exhibit ferroelectricity. Experi-
mentally, ferroelectricity has been proved to exist in 1T-
phase or 1T’-phase 2D TMDs down to the atomic mono-
layer limit [188, 189], which inspires exciting studies on
the application of ferroelectric devices.

Generally speaking, the ferroelectric materials integrated
into the FET gate stack can be divided into three popular
device types: metal/ ferroelectric/ semiconductor (MFS),
metal/ ferroelectric/ insulator/ semiconductor (MFIS)
and metal/ ferroelectric/ metal/ insulator/ semiconductor
(MFMIS) device structure. MFS structure is the
simplest FET device structure. Compared with traditional
FET structures, ferroelectric materials replace traditional
MOSFET gate oxides as the dielectric layer. Through
tuning electron transport in the electric field, the channel
conductivity can be tuned to achieve a nonvolatile ferro-
electric memory. In the MFIS structure, an insulator
layer is clamped between the ferroelectric and semicon-
ductor layer to prevent interdiffusion and interface reac-
tions. Moreover, the insulator layer provides a potential
barrier for charge injection between the ferroelectric and
semiconductor substrate, stabilizing the ferroelectric
properties in the negative-capacitance region. Based on
the MFIS structure, a bottom electrode is added
between the ferroelectric film and the insulating layer to
form an MFMIS structure. Compared to MFIS struc-
tures, the floating gate inserted in MFMIS structures
leads to the normalization of polarization charge density
and interface potential in independent ferroelectric
domains, resulting in capacitance mismatch and obvious
hysteresis. Therefore, an MFIS structure is more popular
for the fabrication of FeFETs. For instance, Huang et al.
[190] fabricated dual-gated 2D FeFETs using a Cr-Au/
CulnP3Ss(CIPS)/h-BN/MoS,  structure [Fig. 15(a)].
Through the configuration of an inserted h-BN insulator
layer and a dual-gated coupling device, ferroelectric
CIPS can be substantially stabilized and polarized.
Through structural improvements, the device exhibits a
large memory window, a high ON/OFF ratio of 107, an
ultralow programming state current of 10 '® A under P-
state and a long-time endurance of 10* s as a nonvolatile

memory, as presented in Fig. 15(b). Similarly, Zhang
et al. [191] recently proposed multilevel nonvolatile
memory devices (FeFET) adopting the structure of
N[OSQ/AIQO?,/Bi(),gg;La(l1;—',Feo_921\/IHOAOSO3(BLFNIO)/77/+—Si7
where n'-Si was selected to serve as the substrate for
conducting a back gate [Fig. 15(c)]. With the tunable
conductivity of the MoS, channel by applying gate voltage
pulses of different amplitudes, the FeFETs exhibited
memory windows of 25 V, a high ON/OFF ratio of 10°
and a remarkable programing/erasing ratio of 10* [Fig.
15(d)].

Despite the capacitance mismatch in the MFMIS
structures, the floating metal serves as an internal gate
electrode to estimate the voltage amplification. More-
over, the metal electrode provides potential to achieve a
sub-60 mV/dec subthreshold swing (S5) in an NC-FET
[192]. For example, Liu et al. [193] demonstrated MoSs
NC-FETs with an SS value down to 42.5 mV/dec, which
was below the physics limit. As the schematic of MoSs
NC-FETs shows [Fig. 15(e)], the inserted HfO, layer
prevents the ferroelectric P(VDF-TrFE) polymer film
from fatigue with a robust stability. As a result, the NC-
FETs possess superior performance with a transconduc-
tance of 45.5 uS-um ! and an on/off ratio of 4 x 106
with channel length less than 100 nm. At the same time,
the SS values exhibit a nonlinear dependence with
temperature due to the implementation of a ferroelectric
gate back [Fig. 15(f)]. Based on this, Wang et al. [194]
demonstrated a sub-5b nm gate-length sub-thermionic
FET using a 4.3nm metallic carbon nanotude as the
gate terminal and obtained sub-thermionic switching
behavior with a minimum SS of 6.1 mV/dec at room
temperature. Moreover, Wang et al. [195] demonstrated
MoS; NC-FETs with an ultralow SS of 4.97 mV/dec.
Apart from NC-FETs, Dirac-source (DC) FETs, replacing
traditional sources with a Dirac source (usually
graphene) whose density of states is negatively correlated
with energy, show a great potential to break through the
thermionic limit of S5, which is 60 mV /dec [196].

In the reported 2D FeFETSs, most 2D TMDs serve as
semiconducting channels. But as is mentioned before,
ferroelectricity emerges in some TMDs like d1T-MoTes
[188] and WTey [189] experimentally. Very recently,
Weston et al. [197] demonstrated proof-of-principle
FETs using marginally-twisted mono- or few-layer MoSs
with interfacial ferroelectricity at room temperature.
The broken inversion symmetry and the asymmetry of
atomic arrangement at the interface enable ferroelectric
domains with an alternating out-of-plane polarization.
As shown in Figs. 15(g) and (h), a pronounced hysteresis
of the conductivity governed by the pinning of ferroelectric
domain walls is observed for twisted 1L and 3L MoS, (6 =
0°). The observations provide possibilities towards the
design of new FeFETs using 2D ferroelectric TMDs.

As a whole, FeFETs based on 2D TMDs show a great
potential with tunable polarization switching and a low
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SS below the theoretical limit for next-generation
nonvolatile memories with a low power consumption.

3.3.2  Ferroelectric tunnel junctions (FTJs)

FTJ is a tri-layer metal-ferroelectric-metal (MFM)
structure consisting of two metal electrodes and a ferro-
electric tunnel barrier. The reversal of the polarization
via external electric fields would change the potential
energy barriers and switch the tunneling resistance,
which is known as the tunneling electroresistance (TER)
effect. ON and OFF states are formed in the FTJs with
a reversible tunnel current through the TER effect.
Generally speaking, the TER ratio (22 x100%) is one
of the standards to judge the quality of FTJs (higher
the better). It has been revealed that the TER effect
would be greatly improved by replacing one of the metal
electrodes with a heavily-doped semiconductor with the
reversibly accumulated and depleted majority carriers as
the semiconductor interface [198]. For example, Li et al.
[199] demonstrated hybrid MoSy/BaTiO3/SrRuOs FTJs
with a high OFF/ON resistance ratio of 10%, a 50-fold
increase in comparison with the same type of FTJs with
metal electrodes. Figure 16(a) illustrates the polarization-
induced changes in the band structure of the
MoS;/BTO/SRO junction, where the application of
negative biases to MoSs pushes the Fermi level down to
attract sufficient electrons injected from the tip to be

accumulated and trapped at the interface, stabilizing the
polarization. As a result, the OFF/ON resistance ratio
exceeds 10* at a read voltage of 0.1 V when the entire
areca of BTO films underneath the MoS, flake is
uniformly poled [Figs. 16(b, c)]. Recently, Chaudhary et
al. [200] fabricated MOSQ/Hf()jZI‘()ﬁOQ (HZO)/W FTJs.
Compared with traditional perovskite ferroelectric films,
HfOo-based films with different dopants show a higher
scalability and compatibility through complementary
metal oxide semiconductor (CMOS) technology [201,
202]. Polarization switchability was initially tested via
piezoresponse force microscopy (PFM) on a bare HZO
surface [Fig. 16(d)]. A similar butterfly-type PFM
hysteresis loop was observed in FTJs, indicating the
switchability of HZO underneath MoS, [Fig. 16(e)].
Respectively, the enhanced ratio of ~103 observed in
MoSy/HZO/W is at least an order of magnitude larger
than those of HZO-based FTJs with metallic (Pt, TiN,
and Au) or heavily-doped Si semiconductor electrodes
[203-205].

2D TMDs like MoSs have proved to enhance the TER
effect with reversibly accumulated and depleted majority
carriers as the semiconductor interface. The superiority
suggests a great potential of the FTJs for neuromorphic
computation, the electromagnetic multistate memories
and a potential compatibility with CMOS process.
However, more works are still required to push FTJ
devices into real applications.
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Based on the polarization direction of 2D ferroelectrics
as is discussed above, several nonvolatile random-access
memory structures have been fabricated, exhibiting an
outstanding switching speed, a low subthreshold swing
that is below theoretical limit as well as a superior scala-
bility and reliability. Apart from traditional ferroelectric
materials, several 2D vdW materials have been
confirmed to show sliding ferroelectricity where the
vertical electric polarization is switched due to in-plane
interlayer sliding [206, 207], broadening 2D ferroelectrics
from very few material candidates to most of the known
2D TMDs. Moreover, without significant vertical ion
displacements in the clean vdW interfaces, the vertical
polarization can be switched through in-plane interlayer
sliding with a very low barrier, which can be utilized for
high-end data writing with an ultralow energy dissipa-

tion. However, due to the weak charge transfer in the
vdW interfaces, the polarization is still very low. For
example, the polarization obtained in WTey bilayer is
below 0.4 pC/m [206], which is almost three orders of
magnitude lower than the bulk polarization of BiFeOs, a
traditional ferroelectric material. More follow-up works
are required to achieve high-performance ferroelectric
and optical devices with a high mobility and a low
energy dissipation.

3.4  Ferromagnetics and spintronics

3.4.1  Spin field-effect transistors (sSFETs)

A sFET is a three-terminal device with the same structure
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as ordinary electric FETs. The difference is that the spin
polarized current between the ferromagnetic source and
the drain is used in sFETs through a 2D electron gas
channel [208]. A vertical electric field can modulate the
polarization and magnetoresistance by tuning the spin
precession arisen from spin-orbit coupling in 2D electron
gas channels. In a zero magnetic field, spin-orbit interaction
(the Rashba term of effective mass Hamiltonian Hp)
leads to spin splitting in the 2D electron gas of wide-
bandgap semiconductors. The source performs as a spin
polarizer for the spin of carriers injected into it and the
drain performs as a spin filter allowing electrons with
the same polarization direction to pass through while
rejecting all other electrons with a different polarization
[209]. With a complete electric field regulation in a very
small volume within very short time, sSFETs provide the
potential for high-speed digital integrated circuits based
on spin polarization.

Experimentally, Dankert et al. [210] demonstrated the
electric gate control of the spin current and spin lifetime
at room temperature by combining graphene with MoSs
in a vdW heterostructure [Fig. 17(a)]. Graphene is an
excellent material for spin transport due to its low spin-
orbit coupling (SOC) and high electron mobility, while

MoSs possesses a high SOC and a wide bandgap. There-
fore, the spin lifetime and diffusion length can be
controlled by electrical gate in such 2D heterostructures
at room temperature. As shown in Fig. 17(b), the non-
local (NL) resistance normalized to the maximum value
is controlled by gate voltage, demonstrating transistor-
like ON/OFF states. Benitez et al. [211] unambiguously
demonstrated the anisotropic spin dynamics of bilayer
heterostructures comprising graphene and WS or MoSs.
As is presented in Fig. 17(c), a multilayer TMDC flake
was placed over graphene between two ferromagnetic
injector (F1) and detector (F2) electrodes. The non-local
spin resistance R,; =V,;/I can be determined by the
voltage V,,; at the Detector F1 and the current 1 at the
Detector F2. In an isotropic system, the R'rizl,iso
form of Ry, = [tg(B)cos?y+sin’*y|R, o for initially
parallel (4+) and anti-parallel () magnetization configu-
rations, with ¢(B) as the function that captures the
precession response [212-214]. By defining AR,; = R}, -
R, the influence of Orientation B orientation can be
eliminated from this spin isotropic system with a small
tilting angle y. As shown in Figs. 17(d) and (e), the
AR, obtained for B in (red) and out of (blue) plane can
be very different for the graphene—-WSs and the reference
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device without WSs. The disparity of the curves in Fig.
17(d) demonstrates the highly anisotropic nature of spin
transport in graphene-WSs. Moreover, the lifetime of
spin varies depending on its spin orientation over one
order of magnitude, indicating a strong anisotropic spin
relaxation in graphene-WSs heterostructures.

However, the strong spin relaxation and low spin
injection efficiency in channels make it difficult to
achieve a large high-low magnetoresistance ratio using
traditional 2D sFET devices. To solve this problem,
Jiang et al. [215] fabricated spin tunnel FETs based on
dual-gated graphene/Crls/graphene tunnel junctions. A
bilayer Crls barrier exhibits two magnetization configu-
rations controlled by the gate voltage: two antiferromag-
netically-coupled monolayers, so the high-low tunnel
conductance can approach 400% with a four-layer Crls
barrier [Fig. 17(f)]. The device provides a new approach
for exploring non-volatile and reconfigurable spin polar-
ization memories and logic applications.

3.4.2  Magnetic tunnel junctions (MTJs)

A 2D magnetic tunnel junction (MTJ) is composed of

(a—d) Reproduced from Ref. [216]. Copyright © 2020, American

two ferromagnetic layers as electrodes and a thin insulating
layer based on tunneling magnetoresistance (TMR)
effect. The magnetization direction of one ferromagnetic
layer can be reversed by applying a small external
magnetic field due to the weak or zero interlayer
coupling between the two ferromagnetic layers, resulting
in a huge high-low tunneling resistance. For traditional
3D FTJs, the effect of the interface between the ferro-
magnetic and insulating layer is very hard to control.
However, the interface interaction of 2D layered materials
like graphene and MoSs, is connected by vdW force
without chemical bonds. Moreover, due to the large spin
splitting caused by spin—orbit interaction, the spin
polarization can be maintained in the out-of-plane direction
of TMDs.

For instance, Lin et al. [216] fabricated a spin valve
device based on Fe3GeTey/MoS;/Fe3GeTey heterostruc-
tures, where two FGT thin flakes served as the ferro-
magnetic electrodes and the semiconducting MoS, served
as the barrier layer [Fig. 18(a)]. As presented in Fig.
18(b), the linear I~V curves illustrate good Ohmic
contacts at the FGT/MoS, interfaces. Meanwhile, the
resistance decreases initially and then increases slightly
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with a decreasing temperature due to the strong
hybridization between the interface of S atoms and Fe/
Te/Ge atoms as well as Kondo effect. By performing
magnetotransport measurements with a two-terminal
setup, the magnitude of the MR can reach 4.1% under a
bias current of 1 nA at 10 K [Figs. 18(c,d)], which is
around 10 times larger than that in conventional NiFe/
MoS,/NiFe. The two phases of TMDs provide unprece-
dented opportunities to design vdW heterostructures
with a unique magnetic transfer structure. Yang et al.
[217] designed two types of MTJs by inserting 2H-WTe,
or 2H-MoTey as a tunneling barrier with 1T-MoTes as
the electrode. Thanks to the large spin polarization of
the devices, the total conductance for a parallel orientation
is two orders of magnitude larger than that for an anti-
parallel orientation of 1T devices and is three orders of
magnitude larger than that for the 2H devices, which
results in a TMR of 5.6 x 103% and 1.7 x 10°% for the
1T and 2H MTJs. In addition, by inserting vdW heavy
materials with strong intrinsic spin-orbit coupling (SOC),
the spin polarization of MTJs can be tunable and
switchable. Klaus et al. [218] predicted graphene sand-
wiched among semiconducting monolayers of ferromagnet
CryGesTeg, and WSy will exhibit a spin-orbit torque
(SOT) driven by an unpolarized charge current. The
ratio of filed-like and damping-like components of SOT
can be tuned by more than an order of magnitude via
combined top and back gates, which is different from
conventional metallic ferromagnets in contact with 3D
SOC materials.

3.4.3  Spin-polarized light-emitting diodes

In addition to spin field-effect transistors and magnetic
tunnel junctions, spin-polarized light-emitting diodes are
another potential semiconductor spintronic device, which
transfer spin polarization into circularly-polarized light.
Compared with traditional electronic LEDs, spin-polarized
carriers in spin LEDs are injected into activated areas to
produce circularly-polarized light through radiative
recombination with holes or electrons. The very earliest
spin-polarized LEDs are fabricated wusing -V
heterostructures based on GaAs [219]. However, due to
the low Curie temperature of magnetic semiconductors
and the mismatch of electric conductance, the spin injection
efficiency is of these devices not high.

Most TMD monolayers like WSs and MoSs are non-
magnetic semiconductors with inversion symmetry
breaking, resulting in a strong SOC and the splitting of
the valence bands into spin-up and spin-down states [Fig.
19(a)], which can be useful for the circular polarization
of light emitted due to spin injection. Ye et al. [220]
fabricated n-WSy /p-(Ga,Mn)As heterostructures and
observed valley-polarized light emission from the spin-
valley locking in WSy monolayers [Fig. 19(b)]. The elec-
troluminescence helicity, p, can be tuned applying
magnetic field with different directions. As shown in Fig.
19(c), when injecting spin-up holes with a magnetic field

outward towards the sample, the K valley is populated,
resulting in right-circularly popularized light emission.
The electroluminescence helicity, p, can reach 16.2%,
indicating a strong valley polarization in the
heterostructures. When applying an inward magnetic
field, an opposite p of ~14.8% can be observed due to
the injection of the opposite spin-down holes and the
population of the opposite valley, K' [Fig. 19(d)]. Simi-
larly, Sanchez et al. [32] also achieved spin LEDs by
spin injection from Ni/Fe electrodes into a vertical
heterojunction based on monolayers of WSey and MoSs
as well as the lateral transport of spin-polarized holes
within the WSes layer.

Atomically thin Crls exhibits layer-dependent ferro-
magnetism where adjacent ferromagnetic monolayers are
antiferromagnetically coupled. Zhong et al. [221] demon-
strated a circular polarization-resolved photoluminescence
in heterostructures formed by monolayer WSes and bi/
trilayer Crls at zero magnetic field. By performing a co-
circular polarized excitation, the time reversal symmetry
of WSes is broken because of the magnetic proximity
effect. When the photoexcited electron spin in WSes has
the same orientation as the Crls magnetization, the
charge transfer is allowed. Otherwise, it is suppressed
[Fig. 19(e)]. The spin-dependent charge transfer from
WSesy to Crly gives rise to a strongly circularly-polarized
photoluminescence [Fig. 19(f)].

External magnetic fields or contact with ferromagnetic
semiconductors are used in those mentioned above to
create a circularly-polarized electroluminescence and
photoluminescence. However, the use of such substrates/
electrodes and the strict need for external magnetic
fields limit the applicability in terms of device integra-
tion, operation ability and electrical reliability [222]. In
this regard, another approach is to control circularly-
polarized electroluminescent by applying asymmetrical
lateral electric fields. Zhang et al. [223] reported an elec-
trically-switchable chiral light-emitting transistor based
on WSes thin flakes. As presented in Fig. 19(g), the electric
double-layer transistor (EDLT) enables a simultaneous
accumulation of both electrons and holes inside the
channel, leading to light emission from the heterostruc-
tures. The circular polarization is reversed when the
source-drain bias is exchanged, as is shown in Fig. 19(h).
However, ionic liquid freezes in such devices at 100 K
while the source and drain biases are exchanged when it
is at least 220 K, which is not convenient for the application
of industrial devices. Therefore, spin-polarized LEDs
using asymmetrical electric fields that can stably operate
at room temperature are greatly acquired.

Recently, the pure electrical generation of valley
magnetization by breaking the three-fold rotational
symmetry of TMDs via external strain has been
proposed [224, 225]. The out-of-plane magnetization is
independent of in-plane magnetic fields, which is linearly
proportional to the in-plane current density and is opti-
mized when the current is orthogonal to the strain-
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Reproduced from Ref. [223]. Copyright © 2014, The American Association for the Advancement of Science.

induced piezoelectric field. Based on this model, relevant
spin LEDs have been fabricated with strained TMD
monolayers, even at room temperature [226, 227].

As a whole, to achieve room-temperature spin-polarized
LEDs, further research and optimization of spin injection
and active regions are required towards the application
of novel spintronic devices such as optical transmission
and quantum cryptography.

3.5  Valleytronics

3.5.1  Valleytronic transistors

In a crystalline solid, the local minimum of its conduction
band or the local maximum of its valence band is
commonly known as “valley”. In addition to charge and
spin, valley degree of freedom (DoF) is also considered
to be used to distinguish electrons due to its long life-
time. Similar to the spin-up and spin-down states of
spintronics, valley polarization, or valley pseudospin,
provides the potential to store and carry information
without traditional electron flow [228]. The earliest theo-
retical work reporting valley polarization is inverted by
the local application of a gate voltage to the point
contact regions in graphene [229]. Later, in TMDs with
a similar broken reversal symmetry like graphene, the

electronic properties at the band edge are dominated by
merging energy, but inequivalent valleys which occur at
the +K and —K point at the edges of the Brillouin zone.
In systems with a strong SOC, the carrier concentration
between each pair of valleys is significantly different,
resulting in valley pseudospin. In general, there are two
types of valley polarization: excitonic valley polarization
by circularly polarized light excitation and free carrier
(electron or hole) valley polarization via strong spin-
valley coupling. Both types of valley polarization can be
controlled by the gate voltage [6, 230-232]. Jin et al.
[231] demonstrated the efficient generation of a pure and
locked spin-valley diffusion current in WSy/WSey
heterostructures without applying any driving electric
field [Fig. 20(a)]. By adjusting the valley-polarized hole
concentration with gate voltage, the diffusion constant
can be tuned, so as to control the spin-valley lifetime
and diffusion time [Figs. 20(b,c)]. Therefore, the valley
information can be output in the form of electrical
signals and can be tuned by electrostatic gates, which
provides necessary conditions for fabricating valleytronic
transistors.

For example, Li et al. [233] demonstrated a room-
temperature valley transistor based on monolayer MoSs,
which enabled a full sequence of generating, propagating,
detecting and manipulating valley information. As illus-
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and vertical polarization (H-V), respectively. The lines are linear fits. (i) Linear fitting of Vic versus V, = -8 V (black line)
and V; = —19 V (red line) at 240 K. (a—c) Reproduced from Ref. [231]. Copyright © 2018, The American Association for the
Advancement of Science. (d—f) Reproduced from Ref. [233]. Copyright © 2020, Springer Nature. (g-i) Reproduced from Ref.
[234]. Copyright © 2021, Springer Nature.

trated in Fig. 20(d), a 1550 nm infrared laser is focused in the form of diffusion or drift and characterized by
on the contact to realize an artificial valley-selective valley Hall effect. The locked spin-valley polarization of
charge injection in a MoSs channel by means of a helic- carriers leads to a very long valley lifetime and results in
ity-conserved hot carrier injection. Similar to the charge long propagation length of valley-polarized electrons
current, the valley-polarized current can be transferred [8 pum for diffusion and 18 pm for drift, shown in Fig.
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20(e)]. Moreover, the valley information can be modulated
through electrostatic gating like a charge transistor. As
presented in Fig. 20(f), the Hall voltage from diffusive
transport can be controlled by a gate voltage under zero
Vg and the ON/OFF current ratio reaches about 100.

Apart from monolayer MoSs, the valley Hall effect has
also been reported in TMD heterostructures. Recently,
Jiang et al. [234] created a gate-tunable bipolar
valleytronic transistor based on MoSy/WSey heterostruc-
tures [Fig. 20(g)]. A set of galvo mirrors were used to
scan the laser beams across the samples for an optical
excitation and the Hall voltage could be measured under
the circularly-polarized light. As shown in Fig. 20(h),
the Hall voltage Vi shows a linear dependence on the
bias voltage V, for circular polarization modulation (R-L
and L-R), while the V,-dependence of Vg for linear
polarization modulation (H-V) is negligible. Besides, the
photocurrent can be modulated by an electrostatic gate
under an unpolarized excitation. As presented in Fig.
20(i), the value of V¢ is fitted with the function Vpe =
apcVy+PBpc, confirming the gate tunability of VHE polar-
ity. The full gate tunability can be used to improve the
ON/OFF ratio of the valleytronic transistors and to
create more compact valleytronic logic circuits.

To conclude, valley-controlled polarization was realized
at the zero external electric field Vi via valleytronic
transistors [235, 236], and the power consumption of
devices could be lower due to the independence of
charge flow. However, the main factors limiting the real-
ization of device application include: (i) The current
valley polarization injection method is mainly composed
of the introduction of circularly-polarized light and
asymmetric magnetic fields, which can be very complicated
[237]. (ii) The lifetime of valleytronic transistors is much
shorter than that of traditional electric transistors [238]
and most work temperatures are below room tempera-
ture. (iii) The detection methods of valley polarization
are very complex at present. Despite various challenges,
it is clear that valleytronic transistors are expected to
pave a way towards more than Moore integrated
photonic chips based on CMOS structure technology.

3.5.2  Valley-photodetectors

Asis mentioned above, circularly-polarized light excitation
can induce excitonic valley polarization, which may lead
to the realization of novel valley optoelectronic devices
like valley-photodetectors. Compared with conventional
photodetectors, valley-photodetectors convert optical
signals into electric signals due to the circular photogalvanic
effect. Monolayer MoSs and other semiconducting TMDs
exhibit valley Hall effect induced by a strong SOC and
the valley optical selection rule can be used to generate
spin-polarized photoexcitation. For example, Luo et al.
[239] demonstrated lateral an opto-valleytronic spin
injection across a monolayer MoSs/few-layer graphene

interface with circularly-polarized light at room temper-
ature [Fig. 21(a)]. The electrical spin detection can be
identified as an antisymmetric Hanle curve through voltage
signals on a ferromagnetic (FM) electrode. As illustrated
in Fig. 21(b), the voltage signal Vi varies approximately
linearly with B, because the spin precession angle varies
linearly with the field, while V4 eventually reaches the
maximum and decreases as the average precession angle
exceeds ~90°, confirming that Vi comes from the valley-
locked spins from MoSs. Similarly, a valley-locked spin
photocurrent can be detected in WS,y/graphene/BisSe;
heterostructures [240] [Fig. 21(c)]. In comparison with
FM electrodes, the topological insulator BisSes possesses
only an in-plane spin texture and the measured polarity
of the valley-locked spin photocurrent naturally reflects
the valley-polarized carriers. Inversion-symmetry breaking
plays a major role in generating the valley-polarized
DoFs with spin DoF textures partially governed by
Rashba spin splitting [241], respectively. As shown in
Figs. 21(d) and (e), by measuring local and non-local
photocurrents, the two coupled DoFs can be distin-
guished. The optically-generated polarization degree P
shows a marked difference between local and non-local
structures, as is presented in Fig. 21(f). The non-local P
exhibits a quadratic gate voltage V, dependence because
the Rashba spin splitting also includes the V,-dependent
terms. It is noteworthy that the valley-photocurrent can
be controlled using an in-plane field and back gating.
Rasmita and coworkers [242] observed a geometrically-
dependent photocurrent in MoSy/WSe; heterostructures,
where light with a different circular polarization generated
photocurrents in opposite directions. A liquid crystal
modulator was used to modulate the optical polarization.
Both the circular photocurrent Icpge and polarization-
independent photocurrent Isp approach to zero as the
back-gate voltage goes to a more negative value. After
replacing the liquid crystal modulator with a quarter-
wave plate (QWP), all photocurrents still approach to
zero as the back-gate voltage is reduced, indicating that
the in-plane electric field affects both the magnitude and
polarity of the circular photocurrent while the polarity
of circular photocurrents is not changed by the back
gating.

Since valley DoFs have been considered as a novel
method to distinguish electrons, the valley polarization
of valleytronic devices can be generated, transferred,
detected and controlled as electronic devices do. Despite
the rapid progress in the study of valleytronic devices
based on 2D TMDs, like the room-temperature
valleytronic transistors and photodetectors mentioned
above, much more work is still required to lengthen the
spin-valley lifetime and simplify the detection procedure.
Recently, TMD superlattices exhibit an enhanced valley
polarization via strain or moiré twisting [243-247], shed-
ding light on designing intriguing valleytronic devices
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Fig. 21 2D TMDs for valley-photodetectors. (a) Illustration of optical spin injection, lateral spin transport, and electrical
spin detection in a monolayer MoS,/few-layer graphene hybrid spin valve structure. Inset: Expected signal V4. as a function
of applied magnetic field B,. (b) Electrical spin signal V. as a function of B, exhibits clear antisymmetric Hanle spin precession
signals which flip polarity with the Co magnetization direction (M* vs. M). (¢) Schematic representation of the non-local
measurement in WSe, /graphene/BisSes heterostructures. (d, €) Schematic diagrams of the local helicity-dependent photocurrent
in WSe, (a) and non-local helicity-dependent photocurrent in WSe,/graphene/BisSe; heterostructures. (f) Optically generated
polarization degree P as a function of V, for the local and non-local CPGE measurement at V3 = 0 V. (a—c) Reproduced from
Ref. [239]. Copyright © 2017, American Chemical Society. (d—f) Reproduced from Ref. [240]. Copyright © 2018, Springer

Nature.

such as high-speed integrated-frequency converters,
broadband autocorrelators for ultrashort pulse charac-
terization and tunable nanoscale holograms [248, 249].

3.6  Physico-chemical applications

In addition to the aforementioned physical applications,
some other physico-chemical applications such as batter-
ies, catalysts and gas sensors based on 2D TMDs have
been highlighted in recent years. Owing to abundant
adsorption sites for metal-ion insertion process and
tunable phases, 2D TMDs show great potential in
energy storage devices. Limited by energy and power
densities, the mainstream Li-ion batteries cannot meet
the rapidly growing demand for sustainable and clean
energy applications, including electric vehicle and smart
grid storage. Li-S batteries, with a high theoretical
capacity of 1672 mAh-g ! based on the reaction of 16Li -+
Sg <> 8LisS, have been regarded as the anodes of choice
for the next-generation rechargeable Li-metal batteries
[251]. Cha et al. [252] coated a 10-nm-thick MoS, protective
barrier between metallic Li and electrolyte via deposition
and dissolution process. The MoSy layer shows tight
adhesion to the surface of Li metal and facilitates
uniform flow of LiT into and out of bulk Li metal,
improving the Lit transport and conductivity between
metallic Li and electrolyte. As shown in Fig. 22(a), the

capacity of the Li-MoSy/CNT-S cell stabilizes at
~940 mAh-g ! after 1200 cycles, corresponding to a
Coulombic efficiency of ~98%. In addition, the full-cell
demonstrates high specific energy and power densities of
589 Wh-kg ! and 295 W-kg !, exhibiting a high capacity
retention of 84% for up to 1200 cycles. The various activate
sites and large specific surface area in 2D TMDs have
also attracted great attention for catalysis such as
hydrogen evolution reaction (HER). In recent years,
doping atoms and defects have been introduced as active
sites in 2D TMDs to improve HER activity. For exam-
ple, Yang et al. [253] demonstrated 2H Nby;,S2 (2~0.35)
as an HER catalyst with current densities of
>5000 mA-cm 2 at ~420 mV versus a reversible electrode
[Fig. 22(b)]. Via elimination of van der Waals gaps
between Nbi;,So layers, the conductivity is improved
compared with other multiple layers of metallic TMDs.
Apart from doping, grain boundaries have been
predicted to be highly electrocatalytically active in both
Heyrovsky and Tafel mechanisms [254]. Liu et al. [255]
synthesized wafer-scale atom-thin MoS; and WS; films
with a high density of grain boundaries up to ~10'2 cm™
by means of Au-quantum-dots-assisted CVD growth.
The Au quantum dots play an important role in forming
grain boundaries. As shown in Fig. 22(c), in the climbing
stage, the Au quantum dots melt and tend to climb onto
the MoSs monolayer from the SiO; substrate due to the
surface tension difference. Subsequently, the second
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Fig. 22 2D TMDs for physico-chemical applications. (a) Long-term cycling performance of Li-S battery with the 3D CNT-
S cathode (~33 wt% S content) and the MoS,-coated Li anode measured at 0.5 C for 1200 cycles. (b) HER catalytic activities
for different TMDs and Pt measured in 0.5 M HoSO4 with a scan rate of 5 mV-s 1. (c, d) Schematic of self-limiting climb (c)
and drive (d) stage growth mechanism of MoS, nanograin films. (e) Polarization curves of the current density of the MoS,
devices. The window size is ~80 pm? for each device. (f) Schematic illustration of inkjet-printed TizCoT,/WSes gas sensors in
detection of volatile organic compounds with a wireless monitoring system. (g) Selectivity sensing test of the pristine TizCyT,,
and Ti3CyT,/WSes sensors upon exposure to various volatile organic compounds at 40 ppm. (a) Reproduced from Ref. [252].
Copyright © 2018, Springer Nature. (b) Reproduced from Ref. [253]. Copyright © 2019, Springer Nature. (c—e) Reproduced
from Ref. [255]. Copyright © 2020, Springer Nature. (f, g) Reproduced from Ref. [256]. Copyright © 2020, Springer Nature.

MoS; layer tends to push the Au quantum dots along
the growth direction, which will be stabilized at the
grain boundaries in order to minimize their surface
energy [Fig. 22(d)]. With higher hydrogen adsorption
free energies, the single-GB device delivers a better
current injection performance than the single-edge
device [Fig. 22(e)]. Similarly, numerous 2D TMDs have
been applied in gas sensor field where they serve as loading
platform for other sensing materials to help contact with

gas molecules and improve electron transport efficiency
[280]. With outstanding transport properties, 2D TMDs
can be easily designed into array arrangement and
achieve simultaneous recognition toward multiple gas
compounds. For example, Chen et al. [256] hybridized
WSey with pristine Ti3CoT, and implemented toward
detection of various volatile organic compounds [Fig.
22(f)]. In the Ti3CyT,/WSes nanohybrids, a large
number of electrons released back to the channel are
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captured and thus significantly improve sensing response
and selectivity in detection of oxygen-containing volatile
organic compounds. As presented in Fig. 22(g),
compared with pristine TizCsoT,, the nanohybrids show
much higher response value in the detection of various
oxygen-containing volatile organic compounds, exhibiting
better sensing behavior.

4 Conclusion and prospects

In this review, we have summarized the recent progress
in modulating properties of 2D TMDs via CVD method
and the application of multi-functional devices based on
2D TMDs. As shown in Fig. 23, we focus on a crystal
growth mechanism via CVD method, together with
modulation and construction techniques developed for
2D TMD-based heterostructures, such as wafer-scale
synthesis, phase transition, doping, alloy engineering and
stacking direction of heterostructures. Compared with
other growth mechanisms, CVD is regarded as the most
promising technique for the wafer-scale and high-quality
single-crystalline synthesis of 2D TMDs. To obtain high-
end wafer-scale TMDs, nucleation at different sites and
the interface between domains and surfaces are vital.
Currently, a film coverage of 100% cannot be made sure
in most studies. In addition, the transfer process from a
substrate without damaging as-grown TMDs or intro-
ducing contamination [273] still remain a challenge. The
phase transition of TMDs can be induced by both physical
(temperature, strain, laser irradiation, electrostatic
doping, plasma and electric fields) and chemical (inter-
calation of alkali metals) factors to exhibit novel charac-
teristics for the potential usage of devices. For the
doping and alloy engineering of TMDs, traditional
strategies applied to silicon can be inappropriate for the
atomically thin nature and dangling-bond free interfaces
of TMDs. CVD has emerged as an effective method to
tune physical and chemical properties via direct compo-
sition substitution and indirect electrostatic doping of
TMDs. For the stacking direction of heterostructures,
CVD is also considered as an applicable method to form
hybridized vdW heterostructures with comparably
better interface coupling and a higher quality.

Apart from this, recent development of various func-
tional device applications are reviewed and discussed,
including electronics, optoelectronics, ferroelectronics,
ferromagnetics, spintronics and valleytronics. Although
vdW heterostructures based on 2D TMDs have exhibited
many unique properties to form high-end next-generation
device applications, the integration at a circuit level is
still at an early exploration stage, where many challenges
remain. For electronic devices, the limited physical
spaces of dangling-bond-free interfaces result in inappli-
cably conventional tuning strategies. Meanwhile, the
electric contact with a metal-semiconductor interface

e

© | Transition metal ~Chalcogen

2D TMDs

Fig. 23 Schematic representation summarizing the review
contents (from crystal growth via CVD method to modulation
and construction, and further to 2D TMD based heterostruc-
tures, as well as their device applications in various fields).

plays an imperative role in memory performance
[274-276], where more efforts should be invested. For
optoelectronic devices, a relative slow recombination of
electron—hole pairs limits the speed of optical recording
and electrical reading-out. Moreover, current photode-
tectors based on 2D TMDs are mainly concentrated in
the near-infrared band, while there are relatively fewer
mid- and far-infrared photodetectors. For ferroelectric
devices, a low subthreshold swing is achieved for
nonvolatile memories with a low power consumption
using FeFETs based on 2D TMDTMs. However, the
stability of ferroelectric materials in the air is a problem
in practical application. For ferromagnetic and spintronic
devices, compared with the bulk state, it is hard to
achieve 2D ferromagnetic TMDs with an ambient Curie
temperature. At the same time, the strong spin relaxation
and low spin injection efficiency of channels make it
difficult to achieve a large high-low magnetoresistance
ratio for spin FETs. For valleytronic devices, the combi-
nation of circularly-polarized light injection and traditional
silicon-based luminous emission is an attractive field and
more efforts need to be made to prolong the lifetime as
well as improve work temperature.

Challenges also provide opportunities. Through
continued relative theory learning, new properties for
further experiment process are predicted and provided.
Besides, benign lab-to-fab cooperation is giving impetus
to practical device application based on 2D TMDs.
Considering many appealing characteristics, 2D TMDs
may provide a promising route for future technology
advances.
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