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Recent advances in atomically thin two-dimensional transition metal dichalcogenides (2D TMDs) have
led to a variety of promising technologies for nanoelectronics, photonics, sensing, energy storage, and
opto-electronics, to name a few. This article reviews the recent progress in 2D materials beyond graphene
and includes mainly transition metal dichalcogenides (TMDs) (e.g. MoS,, WS,, MoSe,, and WSe,). These
materials are finding niche applications for next-generation electronics and optoelectronics devices

relying on ultimate atomic thicknesses. Albeit several challenges in developing scalable and defect-free
TMDs on desired substrates, new growth techniques compatible with traditional and unconventional
substrates have been developed to meet the ever-increasing demand of high quality and controllability

for practical applications. The fabrication of novel 2D TMDs that exhibit exotic functionalities and
fundamentally new chemistry is highlighted. And finally, in parallel with the electronics, the
considerable effort devoted to using these materials for energy and sensing applications is discussed in

detail.

Introduction

The great success of graphene has been followed by an equally
impressive surge for the development of other 2D materials that can
form atomic sheets with extraordinary properties. Interestingly, the
2D library grows every year and feature more than 150 exotic
layered materials that can be easily split into a subnanometer-thick
materials [1-3]. These include 2D TMDs (e.g. molybdenum disul-
fide (MoS,), molybdenum diselenide (MoSe,), tungsten disulfide
(WS,), and tungsten diselenide (WSe;)), hexagonal boron nitride
(h-BN), borophene (2D boron), silicene (2D silicon), germanene
(2D germanium), and MXenes (2D carbides/nitrides) [4-11].
Figure 1 is a year-wise publication list of 2D materials that
show the increasing trend of studying TMDs. Depending on their
chemical compositions and structural configurations, atomically
thin 2D materials can be categorized as metallic, semi-metallic,
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semiconducting, insulating, or superconducting. The first gra-
phene descendants that sparked intense research activity are TMDs,
which are almost as thin, transparent and flexible as graphene
[12,13]. Unlike graphene, many 2D TMDs are semiconductor in
nature and possess huge potential to be made into ultra-small and
low power transistors that are more efficient than state-of-the-art
silicon based transistors fighting to cope with ever-shrinking
devices [14,15]. Besides sharing the similarities of a band gap in
the visible-near IR range, high carrier mobility, and on/off ratio
with ubiquitous silicon, TMDs can be deposited onto flexible
substrates and survive the stress and strain compliance of flexible
supports [16,17].

2D TMDs exhibit unique electrical and optical properties that
evolve from the quantum confinement and surface effects that arise
during the transition of an indirect bandgap to a direct bandgap
when bulk materials are scaled down to monolayers. This tunable
bandgap in TMDs is accompanied by a strong photoluminescence
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FIGURE 1

Year-wise publication plots for 2D TMDs including MoS,, MoSe,, black
phosphorus, MXenes, and total 2D TMDs in the period of 2005-2016
(searched by SciFinder Scholar (https:/scifinder.cas.org), American Chemical
Society database (https://www.acs.org/content/acs/en.html), August 10th,
2016).

(PL) and large exciton binding energy, making them promising
candidate for a variety of opto-electronic devices, including solar
cells, photo-detectors, light-emitting diodes, and photo-transistors
[18-22]. For example, unique properties of MoS, include direct
bandgap (~1.8 eV), good mobility (~700 cm? V~'s™1), high cur-
rent on/off ratio of ~107-108, large optical absorption (~10” m~!in
the visible range) and a giant PL arising from the direct bandgap
(1.8 eV) in monolayer; thus, it has been studied widely for elec-
tronics and optoelectronics applications [23].

van der Waals (vdW) gaps between each neighboring layer and
large specific surface area due to sheet-like structures are distinct
features that make 2D TMDs highly attractive for capacitive energy
storage (e.g. supercapacitors and batteries) and sensing applica-
tions [24,25]. The large surface-to-volume ratio bestows 2D TMDs
based sensors with improved sensitivity, selectivity and low power
consumption. Unlike digital sensors, TMDs based sensors do not
have physical gates for selectively reacting to the targeted gas
molecules or biomolecules [26,27]. MoS,-based FET devices have
potential applications in gas, chemical, and bio-sensors. Another
aspect of the weakly bonded 2D TMDs atomic layers is that they
can be easily isolated and stacked with other TMDs to construct a
wide range of vdW heterostructures without the limitation of
lattice matching [28,29]. Stacking together one-atom-thick sheets
of dissimilar TMDs, for example, vertically stacked heterostruc-
tures allows for the realization of unique functions and superior
properties that cannot be obtained otherwise. By exploiting such
novel properties in these vdW heterostructures as band alignment,
tunneling transports, and strong interlayer coupling, several new
electronic/opto-electronic devices such as tunneling transistors,
barristers, photodetectors, LEDs and flexible electronics can be
fabricated [30,31]. Figure 2 depicts the diverse devices constructed
from the 2D TMDs by using their unique physical, chemical, and
opto-electronic properties [32-37].

Even though 2D TMDs exhibit a breadth of new properties
that are distinct from traditional bulk materials or thin films,

developing such materials into large-scale and defect-free atomic
layers with thickness controllability on desired substrates is chal-
lenging. The state-of-art mechanical exfoliation method produces
high quality monolayers of TMDs, but this technique is not
scalable [38,39]. Chemical vapor deposition (CVD) is one possible
way of doing this due to its potential for high scalability and degree
of morphological control [40]. Recent developments have led to
marked improvements in the quality of TMD layers produced via
CVD method. Metal-organic CVD (MOCVD) and atomic layer
deposition (ALD) are the other emerging candidates for the growth
of wafer-scale and highly quality TMD films [41,42]. TMDs grown
by these methods are not only uniform over the entire substrate,
but also are comparable in performance to the atomic layers
produced by the standard exfoliation method.

The field of 2D materials is an ever-expanding research area, and
the search for other 2D materials beyond graphene is not just
limited to TMDs. New 2D materials such as silicene and phosphor-
ene are strong contenders in the rapidly emerging realms of 2D
materials [43,44]. Several theoretical studies address the funda-
mental properties of these new 2D materials; however, experimen-
tal perspectives are still in their infancy due to stability issues.

This review highlights the recent advances in the synthesis of
large-scale and defect-free 2D TMDs. Moreover, we focus on the
recent progress in electronic, opto-electronic, and electrochemical
properties of newly studied TMDs with rational designs and new
structures for potential applications in electronics, sensors, and
energy storages. Additionally, we discuss recent breakthroughs in
the newest families of 2D materials like silicene and phosphorene.
The wide range of interesting properties and potential for use in
emergent technologies suggest TMDs are likely to remain an
important research area for years to come.

Crystal structure and physical properties
TMDs are layered materials in which each unit (MX;) is composed
of a transition metal (M) layer sandwiched between two chalcogen
(X) atomic layers. Depending on the arrangement of the atoms,
the structures of 2D TMDs can be categorized as trigonal prismatic
(hexagonal, H), octahedral (tetragonal, T) and their distorted
phase (T’) as shown in Fig. 3a. Typical atomic ratio in layered
TMDs exhibits one transition metal to two chalcogen atoms to
create MX, except several cases such as 2:3 quintuple layers (M,X3)
[45] and 1:1 metal chalcogenides (MX) [46]. In H-phase material,
each metal atom puts six branches out to two tetrahedrons in +z
and —z directions while the hexagonal symmetry can be seen in
the top view (Fig. 3a). Therefore, chalcogen-metal-chalcogen
arrangement along z-direction is considered as single layer, and
weak vdW interactions between each layer (chalcogen—chalcogen)
enable mechanical exfoliation from bulk TMDs to obtain single
layer flake. T-phase has a trigonal chalcogen layer on the top and
180 degree rotated structure (so-called trigonal antiprism) at the
bottom in a single layer and results in hexagonal arrangement of
chalcogen atoms in the top view. Metal atoms are distorted further
(or dimerized in one direction), called T’-phase [47,48], resulting in
the modification of atomic displacement of chalcogen atoms
along z-direction (§).

Despite the extraordinary mobility of electrons (i.e.
~15,000 cm? V~!'s~! at room temperature) in graphene, the lack
of a bandgap restricts its use as an active element in FETs [49].
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Electronic, opto-electronic and energy devices based on 2D transition metal dichalcogenides (TMDs). (Reprinted with permission from Ref. [32]. 2015, Nature
Publishing Group; Ref. [33]. 2014, Nature Publishing Group; Ref. [34]. 2015, Royal Society of Chemistry; Ref. [35]. 2012, John Wiley and Sons; Ref. [36]. 2015,

Nature Publishing Group; and Ref. [37]. 2014, American Chemical Society.)

Tremendous efforts to open the bandgap of graphene using nanor-
ibbons, AB-stacked bilayer graphene, and chemical doping have
met with marginal success providing the bandgap opening up to
200 meV in most cases [5S0-52].

This remains a challenging issue and has been a driving force in
developing 2D TMDs with a finite bandgap. As listed in Fig. 3b, 2D
TMDs reveal a wide range of bandgap covering all visible and
infrared range with the choice of material [53]. Most semiconduct-
ing 2D TMDs reveal direct bandgap in monolayer, whereas they are
indirect bandgap in bulk form except few cases of GaSe and ReS;,
[54,55]. For example, monolayer dichalcogenides such as MoS,
(1.8 eV), MoSe, (1.5 eV), (2H)-MoTe, (1.1 eV), WS, (2.1 eV) and
WSe; (1.7 eV) show direct bandgap, whereas bulk phases exhibit
indirect gap with smaller energies. Most MX, materials have both
metallic phase and semiconducting phase [56]. The stable phase of
MX, material at room temperature is 2H phase, whereas 1T phase
can be obtained by Li-intercalation [57] or electron beam irradia-
tion [58]. The chemically exfoliated 1T MoS, phase is known to be

107 times more conductive than the semiconducting 2H phase
[59]. In case of WTe,, 1T or 1T’ phase is more stable than 2H phase
at room temperature [60]. Both 2H and 1T’ phase in MoTe; can be
easily modulated into each other because the cohesive energy
difference between both phases is similar to each other. Besides,
the dichalocogenides of titanium (Ti), chromium (Cr), nickel (Ni),
zinc (Zn), vanadium (V), niobium (Nb), and tantalum (Ta) simply
exhibit metallic behavior [61].

Since most of the MX; are free from dangling bonds, and some
of them exhibit high mobility, depending on the choice of appro-
priate substrate and metal contacts as well as mobility suppression
through grain boundaries, etc. For example, MoS, gives a mobility
of 700 cm? V~! s7! on SiO,/Si substrate with scandium (Sc) contact
and 33-151 cm? V! s! on BN/Si substrate (encapsulated) at room
temperature [62,63].

Besides excellent electrical transport, TMDs are mechanically
flexible and strong similar to graphene. An exceptionally high
Young’s modulus (E) of ~0.33 &+ 0.07 TPa has been reported in
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(a) Typical structures of layered transition metal dichalcogenides. Cleavable 2H, 1T and 1T structures in layered TMD are shown. (b) Bandgap of 2D layered
materials varying from zero band gap of graphene (white color) to wide bandgap of hBN. The color in the column is presenting the corresponding
wavelength of bandgap, for example, the bandgap for MoS, (1.8 eV) is red color and WS, (2.0 eV) is orange color. Indirect materials are represented at left
(SNS,, ZrS,, HfSs, ZrSs, ZrSes, HfS,, HfSes, HfSe,, ZrSe, and ZrTe,) and direct bandgap materials are represented at right side of the column (h-BN, WS,, MoS,,
WSe,, MoSe,, 2H-MoTe,, TiS; and TiSes).

suspended few-layer MoS, nanosheets [64]. Bertolazzi et al. [65]
reported high in-plane stiffness and E of single-layer MoS,, that is,
~180 =+ 60 Nm ™! and ~270 + 100 GPa, respectively. The Young's
modulus of monolayer MoS, outperforms the stainless steel
(204 GPa) and graphene oxide (207 GPa) [66], which are attributed
to the absence of stacking faults, high crystallinity and defect-free
nature of the atomically thin TMDs.

More recent progress in single component 2D layers is expanded
to the group III and V elements. Atomically thin boron layer
‘borophene’ synthesis was recently carried out in an ultrahigh
vacuum system with the evaporation of pure boron element at
high temperature (450-700°C) on silver (Ag) (111). Anisotropic
metallicity is confirmed by scanning tunneling spectroscopy,
while bulk boron allotropes are semiconductors [67]. Bulk black
phosphorous (BP) was synthesized by chemical vapor transport of
red phosphor in the presence of transport agent [68] or pressuri-
zation (>1.2 GPa, 200°C) [69,70]. BP film is a strong candidate for
applications to electronic devices due to their high mobility
(~1000 cm? V-1 $71) with ambipolarity [71-73]. Layered metal
carbides/nitrides, MXenes [74], are located at the bottom in the
schematic with graphene also show metallic behavior.

The structure and properties such as charge density wave
(CDW), magnetism (ferromagnetic and anti-ferromagnetic), and
superconductivity of 2D TMDs are summarized in Fig. 4. The detail
description of all these properties in each material is beyond the
scope of this review.

In addition to TMDs, borophene, silicene, germanene and
stanene are predicted as exotic 2D materials that could show
many intriguing properties. However, these materials are
quite unstable in air [75] and therefore need encapsulation or

hydrogen termination to generate SiH or GeH in silicene or
germanene. Borophene is characterized as a metal. Silicene opens
a bandgap slightly by 1.9 meV and germanene by 33 meV and
stanene by 101 meV, which is an opposite trend with atomic
number [76]. Recent work reveals the performance of silicene as
a field effect transistor (FET), which is promising for future
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Table for various 2D TMDs and other 2D materials exhibiting various
physical properties such as magnetism (ferromagnetic (F)/anti-
ferromagnetic (AF)), superconductivity (s) and charge density wave (CDW)
and crystal structures (2H, 1T).
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electronics [77]. Stanene is predicted as a candidate of 2D topo-
logical layer.

Recent advance in synthesis processes for 2D TMDs
Considerable efforts have been devoted to the synthesis of con-
trollable, large-scale, and uniform atomic layers of diverse 2D
TMDs using various top-down and bottom-up approaches, includ-
ing mechanical exfoliation, chemical exfoliation, and chemical
vapor deposition (CVD). Most of the reported data and theory on
the fundamental physics and devices on 2D TMDs have largely
relied on the exfoliation method due to its high quality. However,
the critical limitations of the flake size and film uniformity have
dragged its development beyond the fundamental studies. On the
contrary, the CVD process has been studied for scalable and
reliable production of large area 2D TMDs. Nevertheless, CVD
grown TMDs show poor quality as compared to their exfoliated
counterparts.

Very recently, attempts have been made to obtain high quality
TMDs with thickness controllability and wafer-scale uniformity
using atomic layer deposition (ALD), metal-organic-CVD
(MOCVD), and direct deposition methods (sputtering, pulsed laser
deposition (PLD), e-beam). The 2D materials forming chemical
reactions generally use either thermal energy from a heated sub-
strate or non-thermal energy such as microwave or photon energy
into the reaction process and the 2D materials forming process
depends on lattice parameter of substrates, temperatures, and
atomic gas flux [78,79]. Here, we will focus our discussion on
the 2D TMDs growth by CVD, MOCVD, and ALD methods with
their pros and cons.

Chemical vapor deposition/vapor phase growth process

The CVD is one of the most effective methods to achieve large area
growth of atomically thin 2D TMDs for the successful device
applications. The simplest form of CVD to grow 2D TMDs is the
co-evaporation of metal oxides and chalcogen precursors that lead
to vapor phase reaction followed by the formation of a stable 2D
TMD over a suitable substrate. The growth mechanism of CVD
method differs in each synthesis process as the materials forming
process also depends on (1) properties of substrate, (2) temperature
and (3) atomic gas flux as briefly discussed in the following section.
(1) Properties of substrate: the atomic layer of 2D materials is
influenced by nanoscale surface morphology and terminating
atomic planes of substrates as well as lattice mismatching. It
was reported that the surface energy of substrate affects the nu-
cleation and growth of 2D TMDs [80]. (2) Temperature: the reaction
process is limited by the growth temperature. Normally, if the
growth temperature is high, that is, the surface diffusion is fast
enough, a randomly deposited adatom will move to the energeti-
cally most favorable places and results in a 3D island growth. On
the other hand, if the substrate temperature is too low, an amor-
phous or polycrystalline film will form since adatoms will not have
enough kinetic energy to diffuse and find the lowest potential
energy site [81]. (3) Atomic gas flux: atomic gas flux is another
important parameter to achieve high quality 2D materials growth.
Only a sufficient high vapor pressure enables mixing of atomic
gases and transport the atomic species to the substrate. The
stability of vaporized atoms is required to prevent unnecessary
reaction during vaporized atom transport to the substrate. The

vaporized atoms are transported by a carrier gas to the substrate
and the flow rate of vapored atom is governed by the Clausius—
Clapeyron equation: d(In P)/dT = AH/kT, where AH is the enthalpy
of evaporation, P is the partial pressure of the evaporated atom
[82]. Lee et al. [83] reported large-scale MoS, layers by chemical
vapor reaction of molybdenum trioxide (MoO3) and sulfur powder
at elevated temperatures (~650°C). MoOj3 is initially reduced into a
sub oxide MoOj3_,, which reacts with vaporized sulfur further to
form a 2D layered MoS, film.

MoO;3(S) + S(g) — MoO;_,(S) + SO.(g)
MoOs3_,(S) + S(g) — MoS;(S)

This simple process is capable of producing large-scale MS,; how-
ever, it often results in the formation of randomly distributed flakes
rather than a continuous film. The inhibition of the growth of MoS,
was attributed to the presence of interfacial oxide layer as a signifi-
cant obstacle. In a similar approach, Najmaei et al. [84] synthesized
MoS; atomic layers on Si/SiO, substrates by using the vapor-phase
reaction of MoO3 and S powders and reported the formation of
MoS, monolayer triangular flakes on the substrates rather than the
formation of a continuous MoS, layer. The average mobility and
maximum current on/off ratio of the MoS, flakes showed
4.3cm?*V~'s7! and ~10° respectively. Wang et al. [85] found
an interesting shape evolution in CVD grown MoS; domains from
triangular to hexagonal geometries depending upon the spatial
location of the silicon substrate as shown in Fig. 5a. Yu et al. [86]
developed a new method that precisely control the number of MoS,
layers over a large area by using MoCls and sulfur as precursors. But,
the mobility of charge carriers in MoS,-FET was found to be very
low (0.003-0.03 cm®*V~'s™ ).

Another facile method for growing large area and continuous
TMD:s is using the ‘two-step method, depositing transition metal
thin film (e.g. Mo, W, Nb, etc.) on substrate (usually Si/SiO,)
followed by thermal reaction with chalcogen (S, Se, Te) vapor.
The following reaction occurs to form a stable 2D TMD during the
CVD process at high temperatures (300-700°C) and inert atmo-
sphere.

M(s) + 28(g) — MSy(s)

This ‘two-step method’ has demonstrated wafer scale fabrica-
tion (~2 in.) and successful thickness modulation of MoS, layers
(multilayer to monolayer) on SiO,/Si substrates (Fig. 5b) [87]. After
metal deposition (W, Mo) with controlled thickness, the metal-
coated substrate and sulfur powder were placed inside the CVD
furnace, and the reaction environment was kept inert under a
constant flow of ~200 sccm Ar at 600°C for 90 min. However, in
monolayer MoS, grown, point defects and double layers’ domains
were present as confirmed by high-resolution transmission elec-
tron microscopy (HRTEM) and Raman analysis. Electrical measure-
ments on MoS, FETs revealed a semiconductor behavior with
much higher field effect mobility (~12.24 cm®V~!s™1) and cur-
rent on/off ratio (~10°) as compared to previously reported CVD-
grown MoS,-FETs and amorphous silicon (a-Si) or organic thin film
transistors. Zhan et al. [88] used e-beam evaporation and CVD
methods to grow large area MoS, films and found a p-type con-
duction but with very poor mobilities in the range of 0.004-
0.04 cm? V' s, The presence of Mo-containing seeds has been
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(a) Schematic diagram of CVD process and AFM images showing shape evolution of MoS, crystals from triangular to hexagonal depending on the spatial
location of silicon substrate. (Reprinted with permission from Ref. [85]. 2014, American Chemical Society.) (b) Large area growth of 2-3 layers of MoS, using
Mo seed layer sulfurized in a CVD furnace. (Reprinted with permission from Ref. [87]. 2015, American Institute of Physics.)

shown to provide predefined location for nucleation and growth
of highly crystalline monolayer MoS, [89]. The patterns or seed
molecules on the substrates can provide the controlled nucleation
of 2D TMDs in predefined locations. The growths of large crystal-
line island of MoS, with a size of 100 um were reported. Device
measurements exhibited carrier mobility and on/off ratio that
exceeded 10 cm? V™' s7! and 10°, respectively. However, the met-
al-sulfurization method offers controllable thickness with large
scale production, but it is still limited to the production of small
grain size with defects. In addition to metal film approach, direct
sulfurization/selenization of various metal oxide and chloride
precursors such as (NH4),MoS4, MoO3, WO3 and MoO; have been
widely employed to grow TMDs. Elias et al. [90] controlled the
thickness of the WOj3 coating for the large-area growth of single-
layer and few-layer WS, sheets. (NH4),Mo0S, and similar sulfide
precursors have been used, but with uncontrolled layer thicknesses
[91]. During selenization of oxide and chloride coatings, hydrogen
gas is usually introduced to assist the reaction and to it help in
tailoring the crystalline shape of TMDs [92].

Metal-organic chemical vapor deposition (MOCVD)
The MOCVD is similar to a conventional CVD except that metal-
organic or organic compound precursor are used as the source
materials [93,94]. In MOCVD reaction, the desired atoms are
combined with complex organic molecules and flown over a
substrate where the molecules are decomposed by heat and the
target atoms are deposited on the substrate atom by atom. The
quality of films can be engineered by varying the composition of
atoms at atomic scale, which results in the desired thin film with
high crystallinity. Figure 6 is the representative schematic of the
MOCVD method showing various steps involved during the syn-
thesis of 2D materials. As shown in Fig. 6, a series of surface
reactions occur during MOCVD process including adsorption of
precursor molecules followed by surface kinetics (i.e. surface dif-
fusion), nucleation and growth of desired material with the de-
sorption of the volatile product molecules.

MOCVD has been used to grow 2D TMDs only very recently.
The advantages of MOCVD in 2D TMDs growth are: (i) it can
achieve large-scale and uniform growth of 2D TMDs, (ii) it provides

a precise control over both metal and chalcogen precursors and
thereby controls the composition and morphology of 2D TMDs. In
this regard, Kang et al. [95] synthesized wafer-scale (4-in.) mono-
layer and few layers MoS, and WS, films on SiO, substrates by
using molybdenum hexacarbonyl (Mo(CO)g), tungsten hexacar-
bonyl (W(CO)g), ethylene disulfide ((C;Hs),S), and H, gas-phase
precursors with Ar gas carrier. The team shows large-scale MoS,
and WS; films on 4-in. fused silica substrates (Fig. 7a), and about
8000 MoS; FET devices fabricated by a standard photolithography
process (Fig. 7b). The MoS,-FETs showed high electron mobility of
~30 cm? V-1 s7! at room temperature and 114 cm® V-!' s~ 1 at 90 K
(Fig. 7c). Figure 7d is the time evolution of the monolayer coverage
over the entire substrate as a function of critical time (ty).
Recently, Eichfeld et al. [96] claimed the first report on the large-
area growth of mono and few-layer WSe, via MOCVD using
W(CO)¢ and dimethylselenium ((CH3),Se) precursors. They
showed that the temperature, pressure, Se:W ratio, and substrate
choice that have significant impact on the morphology of WSe,
films. It is clear from Fig. 8a that WSe, has distinct morphology on
different substrates including epitaxial graphene, CVD graphene,
sapphire and BN. WSe, grew with large nucleation density on

Main gas stream To Outlet

| OOQQQO"

Transport and

Chemical reaction ‘
<
y

‘o@o@“ Nr ’

Absorption Surface kinetics Growth Desorption
(volatile)

Substrate (wafer)

Deposition process on the substrate and surface processes in MOCVD while
growing active layers on the substrate. The gaseous precursors are
thermally decomposed and adsorbed on the substrate followed by surface
diffusion kinetics to form high quality thin films.
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Large scale MOCVD growth of continuous (a) MoS, monolayers on fused silica using all-gas phase precursors. (b) The scalable growth enables mass
production of ~8000 of FET devices. (c) Field effect mobility (w.rg) measured from five FET devices with different length scales. A consistent mobility of
~30cm? V™" s was observed. (d) Optical images of MoS, films at different growth times, where t, is the optimal growth time for full monolayer coverage
(scale bar: 10 wm). (Reprinted with permission from Ref. [95]. 2015, Nature Publishing Group.)

graphene, while the largest domain size of about 5-8 um was
observed on sapphire. Figure 8b shows the influence of the gas
flow rate on the domain size and shape of WSe, grown on epitaxial
graphene. Besides flow rate, the domain size increases with in-
creasing total pressure and temperature. A 200% increment in the
grain size (700 nm to 1.5 pm) occurred as temperature rose from
800 to 900°C. The results were similar on sapphire substrates.
Besides pressure and temperature, the Se:W ratio and total flow
through the system greatly impact the domain size of WSe; films.
An increase in Se:W ratio from 100 to 2000 allows an increase in
the domain size from 1 to 5 pm. An increase in total gas flow from
100 to 250 sccm enhances domain size up to 8 wm. The I-V
characteristics confirm the presence of a tunnel barrier to vertical
transport created by the WSe, and thereby evidences that a pris-
tine van der Waals gap exists in WSe,/graphene heterostructures.
Furthermore, this method is used to grow MoS,/WSe,/graphene
and WSe,/MoS,/graphene heterostructures (Fig. 8c) [97]. Interest-
ingly, they discovered that directly grown heterostructures by
MOCVD exhibit resonant tunneling of charge careers that leads
to large negative differential resistance (NDR) at room temperature
as shown in Fig. 8d. The MOCVD method is versatile, highly
scalable, and provides significant stoichiometric control over
the films, but the use of toxic precursors, slow film growth rate
and high production cost set it back for the widespread use.

Atomic layer deposition (ALD)
ALD is a gas phase chemical process to deposit atomically thin
films of various materials layer by layer by using precursors to react

them with substrate. Although ALD has been used widely for oxide
materials, several binary sulfide materials have been studied suc-
cessfully by several research groups. These include TiS,, WS,
MoS,, tin (II) sulfide (SnS), and lithium sulfide (Li,S). However,
in the scope of the current article, we summarize only important
results of the 2D TMDs by ALD method. Tan et al. [98] provided
precise control over the MoS; film thickness prepared by the self-
limiting reactions of molybdenum pentachloride (MoCls) and
hydrogen sulfide (H,S) on sapphire substrate. However, high-
temperature (800°C) annealing was performed to grow large size
(~2 pm) triangular MoS, crystals. Song et al. [99] demonstrated
the wafer scale growth of WS, using the ALD growth of tungsten
oxide (WO3) with subsequent conversion via H,S annealing. Fig-
ure 9a shows the ALD growth steps for the synthesis of WS,
nanosheets. The number of MoS, layers can be controlled effec-
tively by tuning the number of ALD cycles for MoO3 growth. The
camera image of large-area (approximately 13 cm in length)
mono-, bi-, and tetralayer WS, nanosheets on SiO, substrate is
shown in Fig. 9b.

Monolayer WS, FETs fabricated in the top-gate geometry
showed n-type conduction with an electron mobility of
~3.9cm?V~'s™! (Fig. 9c). Furthermore, the high conformal
growth ability of ALD helped them to realize thickness controlled
growth of 1D WS, nanotubes (WNTs) by sulfurizing WOj3 layers
deposited on Si nanowires (NWs). Following the first report on
ALD growth of 2D materials, Jin et al. [100] presented another
chemical route to deposit MoS, on SiO,/Si substrate using
Mo(CO)e and dimethyldisulfide (CH3SSCH3;, DMDS) as Mo and
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(a) AFM surface morphology of the WSe, film grown on different substrates; epitaxial graphene, CVD graphene, sapphire, and boron nitride. (b) FESEM
images of WSe, showing an evolution of domain size as a function of flow rate. (Reprinted with permission from Ref. [96]. 2015, American Chemical Society.)
(c) Schematic and AFM image of different heterostructures (d) /I-V curves for different combination of dichalcogenide-graphene heterostructures indicating
resonant tunneling and NDR. (Reprinted with permission from Ref. [97]. 2013, American Chemical Society.)

S precursors, respectively. The as-deposited sample was annealed at
900°C to crystallize them into a 2H-MoS; phase. The above studies
reveal clearly that the growth temperature was quite high (800-
1000°C) and films resulted in crystallite size in sub-10 nm range.
Hence, the development of a better ALD approach to grow high
quality, large-scale with precise control of atomic layer thickness
in MX; is imperative. In this direction, Delabie et al. [101] dem-
onstrated the low temperature (300-450°C) growth of WS, atomic
layers enabled by Si and H, plasma reducing agents for CVD and
ALD, respectively, in the presence of WFs and H,S precursors. No
template layer or post deposition annealing treatment was per-
formed on these layers [102]. ALD method is highly scalable with
precise thickness controllability usually at low substrate tempera-
tures; its expensive nature and use of highly sensitive precursors
are big concerns.

Applications

2D TMD materials are considered attractive for diverse applica-
tions including electronics, photonics, sensing, and energy
devices. These applications are inspired by the unique properties
of layered materials such as thin atomic profile that represents the
ideal conditions for maximum electrostatic efficiency, mechanical
strength, tunable electronic structure, optical transparency, and
sensor sensitivity [103]. Of particular interest for applications is
flexible nanotechnology, which is considered for potentially ubig-
uitous electronics and energy devices that can benefit from the
range of outstanding properties afforded by 2D materials. Flexible
technology comprises a wide array of scalable large-area devices
including thin film transistors (TFTs), displays, sensors, transdu-
cers, solar cells and energy storage on mechanically compliant
substrates.
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(a) Schematic of the ALD process for the synthesis of large area and
thickness controlled WS, films and (b) demonstration of the large area
(approx. 13 cm) mono-, bi-, and tetralayer WS, fabricated on Si/SiO,
substrates. The growth area is about the size of a cellular phone display
screen. (c) Transfer characteristics of single layer WS, FET exhibiting a n-
type conduction behavior. (Reprinted with permission from Ref. [99]. 2013,
American Chemical Society.)

Electrical and optoelectronics applications
The scaling limits of conventional silicon-based technology over
the last decades suggest that atomically thin semiconductors such

as TMDs might be applicable for future generation large-scale
electronics [104], provided manufacturing and integration chal-
lenges can be resolved. Indeed, the first consumer product featur-
ing graphene touch panel displays in smart-phones was released in
China in 2014, after only ten years of global graphene research, a
relatively short time in the innovation cycle. Moreover, in this
timeframe, several articles have reviewed breakthroughs and per-
ceived applications of 2D materials [105,106]. Here, we will discuss
progress in flexible electronics, particularly 2D TFTs, which is the
core device required for many flexible technology device concepts,
much like the conventional ones (FET is the central device for
virtually all uses of semiconductor technology).

After several years of active research and development, high-
performance 2D TFTs based on synthesized MoS, have now been
achieved. These TFTs operating at room temperature feature the
characteristic high on/off current ratio and current saturation
expected from high- quality TMDs (Fig. 10a,b). In particular, elec-
tron mobility ~50 cm® V' s™! and current density ~250 pA/um
have been observed, which is very encouraging for high-perfor-
mance TFTs. Importantly, cut-off frequencies exceeding 5 GHz
have been realized on flexible plastic substrates at a channel length
of 0.5 pm (Fig. 10c). At first, this was rather surprising given the
relatively low mobility of MoS,; however, at the high fields needed
for maximum high frequency operation, transport is determined
by the saturation velocity (vs,) that turns out to be sufficiently
reasonable (~2 x 10° cm/s) to achieve GHz speeds at sub-micron
channel lengths [107]. In addition, flexible monolayer MoS, TFTs

(a) 3 (b) (c) =20
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13-5 — 200 A 515, SRR -
: € % £ e
< 10% =150 | £ 10 "“‘_;.
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1074 100! 52 o .h\
107 ¢ = "u «f1=2.7 GHz
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10" 0 © 3 4“5 678910
0 5 Frequency (GHz)
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(d) 20 (e)
Transmit Reciever :
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Representative CVD-grown MoS; FET (L =1 pm, W= 2.6 um) on 280 nm SiO,/Si. (a) Electrical transfer characteristics. The insert shows the low-field mobility
~54 cm?V~" 57", which is at the high-end for monolayer MoS.. (b) Ip-Vp characteristics featuring linear-saturation profile expected for well-behaved
semiconducting FETs. (c) Extracted cut-off frequency for flexible MoS, transistors with intrinsic fr &~ 5.6 GHz (L = 0.5 um). Inset is an illustration of the device
structure. (d) Multi-cycle bending tests showing that the flexible MoS, afford strong electrical stability after 10,000 cycles of bending at 1% tensile strain.
(e) Schematic of flexible MoS, RF transistor used as an AM demodulator within a wireless AM receiver system (AM radio band 0.54-1.6 MHz). Inset shows
the AM receiver output spectrum. (Reprinted with permission from Ref. [107]. 2015, John Wiley and Sons.)
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offer robust electronic performance to 1000 s of cycles of mechan-
ical bending (Fig. 10d). Altogether, the combined high on/off
ratio, saturation velocity and mechanical strength make MoS,
and related TMDs very attractive for low-power RF TFTs for ad-
vanced flexible Internet of Things (IoT) and wearable connected
nanosystems. Toward this end, a simple wireless flexible radio
receiver system has been demonstrated using monolayer CVD
MoS, for demodulation of the received signal, the central signal
processing function of wireless receivers (Fig. 10e).

For higher speed or frequency operation, newer 2D materials
such as BP show significant promise with reported transistor
mobility as high as ~1000 cm® V~'s~! (Fig. 11a), approaching
that of CVD graphene, and on/off ratios typically >10*-10% at
room temperature [108].

In essence, BP can be viewed as a 2D crystal that offers optoelec-
tronic properties in between zero-bandgap high-mobility gra-
phene and large-bandgap low-mobility TMDs. A primary
application of BP is for high-performance high-mobility flexible
nano-optoelectronics. In this regard, the first flexible BP TFTs was
reported in 2015 [109], and offered ambipolar transport with hole
and electron mobilities (Fig. 11b) higher than the established thin-
film materials based on metal oxides, organic semiconductors and
amorphous Si. This is all the more interesting since the fabricated
flexible BP TFTs were not optimized in terms of contacts and
interfaces, thereby suggesting significant room for performance
improvement. Output characteristics of flexible BP TFTs show
strong current saturation (Fig. 11c). The current saturation and
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FIGURE 11

(a) Field effect mobility (re) (open circles) lon/off ratio (filled blue triangles)
of BP films with varying thickness. (Reprinted with permission from Ref.
[108]. 2014, Nature Publishing Group.) (b) Transfer characteristics of
encapsulated BP ambipolar TFT on polyimide, showing low field hole
mobility of 310 cm? V=" s, and electron mobility of 89 cm?V~"s~". The
on/off ratio >103. V4= —10 mV, and flake thickness is 15 nm and W/

L =10.6 pm/2.7 pm. (c) Output curves of the same device displaying
current saturation. Gate bias, V4 =0 to —2.5V from bottom to top.
(Reprinted with permission from Ref. [109]. 2015, American Chemical
Society.) (d) Representative flexible high-frequency nanosystem applications
of 2D materials based on experimentally achieved saturation velocities.
Contemporary organic and metal-oxide (e.g. IGZO) films are mostly suitable
for lower frequency functions such as display TFTs. (Reprinted with
permission from Ref. [110]. 2016, American Chemical Society.)

ambipolar properties have been exploited to realize inverting and
non-inverting analog amplifiers, and digital inverters and frequen-
cy multipliers, respectively, on flexible substrates [110]. Based on
the experimental saturation velocity of the different 2D materials
from TMDs to graphene, the high-frequency application space for
flexible nanosystems is depicted in Fig. 11d. TMDs are suitable for
low-power RF and IoT systems, BP with the higher v, is attractive
for wireless microwave and 5G systems, and graphene with the
highest mobility and v, can enable flexible THz detectors and
communication systems [111,112].

Energy applications

2D TMDs are gaining significant attention as electrode materials
for energy storages, such as supercapacitors and Li-ion batteries,
due to their atomically layered structure, high surface area and
excellent electrochemical properties. Such layered structures pro-
vide more sites for ions in energy storage while maintaining
structure stability during charge and discharge cycles. The high
surface area of 2D materials (e.g. the surface area of graphene
shows 2630 m?/g, which is the highest among carbon materials)
when combined with surface functionality and electrical conduc-
tivity, make them as an ideal electrode for energy storages [113-
115].

A supercapacitor is a high-capacity electrochemical capacitor
with capacitance values one order higher than Li-ion batteries
consisting of two symmetric electrodes separated by a membrane,
and an electrolyte ionically connecting both electrodes. When the
electrodes are polarized by an applied voltage, ions in the electro-
lyte form electric double layers of opposite polarity to the electro-
de’s polarity. In certain electrode materials, some ions may
permeate the double layer and become specifically adsorbed ions
and contribute with pseudocapacitance to the total capacitance of
the supercapacitor. MoS, exhibits large electrical double layer
capacitance (EDLC) due to its stacked-sheet-like structure and
large pseudo-capacitance owing to different Mo oxidation states
(+2 to +6) and has become a promising supercapacitor electrode
material in the 2D materials fraternity [116-118]. However, po-
tential problems associated with its widespread use are small flake
size, production with low yield and uncontrollable thickness and
defects by the exfoliation and hydrothermal methods [119,120].

Tuning the surface morphology of MoS, nanosheets is an
important parameter for their superior electrochemical perfor-
mance. Tour et al. [121] fabricated edge oriented/vertically aligned
MoS, nanosheets that opened more van der Waals gaps and
offered reactive dangling bonds sites to the electrolyte ions and
thereby manifest large capacitive properties (Fig. 12a). The sponge-
like vertically aligned MoS, flexible supercapacitor electrodes
demonstrated a high areal capacitance up to 12.5 mF cm 2. The
limited electrical conductivity of the most common 2H-MoS,
phase makes it less attractive material for supercapacitor electrode
as reported at instances [122,123]. This compels Rutgers university
researchers to develop a metallic MoS, phase (1T) which has 107
times higher conductance than semiconducting phase (Fig. 12b).
The chemically exfoliated MoS, nanosheets-derived supercapaci-
tor electrodes demonstrated excellent capacitive performance,
with capacitance values ranging from ~400 to 700 Fcm™ in a
variety of aqueous electrolytes [124]. Choudhary et al. [34]
reported the direct fabrication of a large-scale and unique
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(a) Flexible MoS, electrode, TEM shows the edge-oriented MoS; film, and cyclic stability curve showing capacitance retention up to 10,000 cycles. (Reprinted
with permission from Ref. [121]. 2014, John Wiley and Sons.) (b) SEM image of chemically exfoliated 1T MoS, electrode, CV results of 1T and 2H MoS, phase
electrochemical performance, and cyclic stability of 1T-MoS, electrode. (Reprinted with permission from Ref. [124]. 2015, Nature Publishing Group.) (c) Large
scale MoS; fabrication on flexible substrates. AFM image shows the 3D-porous MoS; structure. (Reprinted with permission from Ref. [34]. 2015, Royal Society

of Chemistry.)

3D-porous MoS, supercapacitor electrode on flexible substrates
(copper, polyimide) using magnetron sputtering techniques, as
shown in Fig. 12¢. The unique 3D porous surface facilitated the
large intercalation of electrolyte ions and exhibited a high areal
capacitance of 33 mF cm ™2 (~330 F cm3) at a discharge current
density of 25.47 mA/cm?. Moreover, the electrode showed ~97%
capacitance retention over 5000 cycles, which indicates its excel-
lent cyclic stability. Unlike MoS,, MXenes are highly conductive
and excellent hydrophilic, which allow them to show very large
volumetric capacitance of ~900 F cm ™3 [125].

Most commercial grade Li-ion batteries are based on
graphite anode and lithium cobalt oxide (LiCoO,) as well as offer

limited theoretical specific capacities of 372 mAh/g and measured
capacities of 150 mAh/g, which are not suitable to meet the
current demand [126,127]. 2D MoS; has become an intriguing
anode material for Li-ion batteries as it offers a high theoretical
capacity of ~670 mAh/g and large van der Waal gaps between
MosS, layers that allow the intercalation of Li* ions into the
structure without significant volume change and preclude the
disintegration of active materials during charging and discharging
[128-130]. The electrochemical reaction of Li with MoS, involves
4 moles of Li per mole of MoS, based on the reaction: MoS, + 4-
Li* + 4e” « 2Li,S + Mo, offering ~2 times higher storage capacity
than that of graphite electrode. In spite of large specific capacity
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observed in different MoS, morphologies, concerns about its poor
cyclic stability and low electronic conductivity have been serious
[131,132]. Hence, novel designs of MoS, based composite in con-
junction with highly conductive nanomaterials like graphene,
CNTs could be a solution for the issues. Wang et al. [133] reported
high capacity of 400 mAh/g at 0.25 C from the exfoliated MoS,-C
composites. In a recent study, Patel et al. designed and fabricated a
hybrid anode material by integrating 3D CNTs with MoS, having
vertical flake type morphology [134]. The 3D architecture design of
CNTs would not only provide the large surface but also facilitate the
large amount of loading of the active MoS, material. The results
reflect an outstanding electrochemical performance with an areal
capacity of ~1.65 mAh/cm? (450 mAh/g) at 0.5 C rate, low charge
transfer resistance and cycling stability up to 50 cycles at 0.5 C.

Very recently, sodium-ion batteries (SIBs) are being considered
to replace lithium-ion batteries (LIBs). However, the large Na* size
cannot be accommodated by the graphite anode materials and
thereby TMDs such as MoS, and WS, due to their unique layered
structures are considered as highly compatible host anode materi-
als [135]. MXenes have already shown great potential to be used as
efficient electrode materials for Li-ion batteries. Mashtalir et al.
[136] demonstrated a capacity of 410 mAh/g at 1 C rate on the
delaminated Ti3C, based MXene.

2D TMDs sensors

The huge demand for developing highly sensitive, selective, low
power consuming, reliable and portable sensors has stimulated
extensive research on new sensing materials based on 2D allo-
tropes of TMDs and phosphorous after the great success made by
their 2D carbon analog, that is, ‘graphene’. The high surface to
volume ratio in 2D TMDs offers huge potential for the detection of
large amounts of target analysts per unit area as well as rapid
response and recovery with low power consumptions [137-139].
Moreover, the recent demonstration of scalable synthesis of 2D
TMDs has shown the potential to fabricate cost-effective sensors.
Figure 13 shows the use of 2D TMDs such as MoS,, WS,, etc. for
various sensing applications including gas, chemical, and bio-
Sensors.

As expected, most of the reported 2D TMDs based sensors have
been realized using mechanically exfoliated or liquid phase exfo-
liated MoS; flakes [140,141]. For example, Li et al. [35] fabricated
MoS,-FET sensor device using mechanically exfoliated single and
few layer MoS, films to detect nitric oxide (NO). It was observed
that MoS; films exhibited a very high sensitivity to NO with a low
detection limit of 0.8 parts per million (ppm). A chemically
exfoliated MoS, flakes-based sensor by Donarelli et al. [142] out-
performs similar sensors, with a measured detection limit of 20
parts per billion (ppb) when exposed to nitrogen dioxide (NOj)
gas. The potential mechanism for the p-type behavior of the
sensing material (MoS,) toward NO, is the N substitutional doping
of S vacancies in the MoS, surface. This detection limit is the
lowest ever measured to NO, for MoS,-based sensors and is com-
parable or better than ZnO-, graphene oxide-, and CNT-based
sensors. BP and its single atomic layer (phosphorene) have shown
great possibility to be effectively employed for gas detection
similar to other 2D materials like graphene, MoS,, etc.
[143,144]. Cui et al. [36] reported up to 20 ppb level detection
sensitivity in their mechanically exfoliated phosphorene
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Various gas-, chemical- and bio-sensors constructed using 2D TMDs
materials like MoS,, WS,, etc. (Reprinted with permission from Ref. [146].
2013, American Chemical Society; Ref. [147]. 2013, American Chemical
Society; Ref. [155]. 2014, John Wiley and Sons; Ref. [162]. 2015, Nature
Publishing Group.)

nanosheets (PNS)-based FET device in a dry air environment.
Abbas et al. [145] reported excellent sensitivity for detection of
NO, down to S ppb using FETs based on few layer phospherene.
Figure 14a,b is the schematic of the multilayer phospherene FET
sensor and its sensing performance at different concentrations of
NO,, respectively. It is observed that phospherene sensor responds
to NO, concentrations down to S ppb, which is evident by a
conductance change of 2.9%. Perkins et al. [146] showed the
possibility of using single layer MoS, as chemical sensors. The
planar FET sensors made with monolayer MoS, on Si/SiO, wafers
showed great response during exposure to various analytes, in-
cluding standard laboratory chemicals, nerve gas agents, and other
solvents like dichlorobenzene, dichloropentane, nitromethane,
nitrotoluene, and water vapor.

Biosensing is another important aspect of 2D TMDs that has
evidenced significant growth in recent years. Being larger in terms

(a) (b) 0.30

40 ppb 0'5 | on
0.25] g /f N
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(a) An optical image showing multilayer phospherene FETs using Ti/Au
electrodes used for chemical sensing. The thin film flake is bordered by a
dashed black line (b) NO, gas sensing performance of multilayer
phospherene showing relative conductance change (AG/GO) vs time in
seconds for different NO, concentrations (5-40 ppb). Inset shows the
zoomed image of 5 ppb NO, exposure response with identification of
points in time where the NO, gas is switched on and off. (Reprinted with
permission from Ref. [145]. 2015, American Chemical Society.)
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TABLE 1

Comparison of the TMDs gas/chemical and bio-sensors with conventional metal oxides and carbonaceous materials-based sensors.

Material Fabrication method Gas/chemical tested Sensitivity Operating temperature (°C) Response time
Semiconductor metal oxides

SnO, Hydrothermal [157] Ethanol 45.1 ppm 200 Minutes

ZnO Vapor-phase transport [158] H,S 17.3 ppm 30

TiO, Electrospinning [159] co 21 ppm 300

Carbonaceous materials

CNTs SWCNT dispersion [160] NH; 3 ppb RT. 1-55s
Graphene CVD [161] NO and NO in N, 158 ppb R.T.

MosS, Chemical exfoliation [142] NO, 20 ppb RT. (5-30s)
Phosphorene Mechanical exfoliation [145] NO, 5 ppb R.T.

of their surface area, 2D TMDs provides the immobilization of
large amounts of biomolecules per unit area and can result in high
efficiency biosensor leading to excellent detection of biomolecules
including DNA, glucose, dopamine, and hydrogen peroxide, just
to name a few [147-151]. When compared with the 3D bulk
materials and 1D nanomaterials such as silicon nanowires or CNTs
based biosensors, 2D TMDs offer high sensitivity and high device
scalability as well as high flexibility and transparency. Sarkar et al.
[37] demonstrated label free FET-biosensors based on MoS, which
represents pH detection sensitivity at least 74 times higher com-
pared to graphene based biosensors. There are several reports on
efficient DNA detection by MoS, based biosensors [152,153].
Farimani et al. [154] demonstrated the efficient DNA base detec-
tion using monolayer MoS, nanopores. In contrast to graphene
nanopore, DNA shows more distinguishable signal per base with
3-5 times less signal to noise ratio in MoS, nanopore. However,
one of the potential threat to MoS,-based biosensors for prolong
use is their weak immunity to moisture and oxygen that degrades
its performance. Chen and co-workers [155] mitigated this prob-
lem by making graphene/MoS, heterostructures in which gra-
phene serves as a barrier layer between MoS, and ambient
environment and moreover promotes foreign molecule detection
by acting as a host. Similar to MoS,, WS, has been recently
reported to show biosensing capability of single-strand DNA
(ssDNA) chains via fluorescent quenching [156].

Hence, 2D TMDs (e.g. MoS;) and phosphorene show the sensi-
tivity up to 20 ppb and S ppb, respectively and with the fast
response time in the range of 5-30 s. They outperform almost all
traditional metal oxides based sensors, which have been limited by
long recovery periods and high temperature operations [157-159].
However, the performance/sensitivity of the MoS,-based FET bio-
sensor has been reported to be 74-fold better than state-of-art 2D
graphene-based biosensors. The gas and chemical sensing perfor-
mance need to be improved to compete with 1D and 2D carbona-
ceous materials, that is, CNT and graphene [160]. Chen et al. [161]
demonstrated that the pristine graphene can detect gas molecule at
extremely low concentrations with detection limits as low as 158
parts-per-quadrillion (ppq) with good selectivity. Table 1 is the
comparison chart for 2D TMDs and phosphorene gas/chemical
sensors with traditional and carbon-based gas sensors.

Despite significant progress, sensors fabricated using mechani-
cal and liquid exfoliation are limited to small-scale fabrication
and cannot meet with ever-increasing demand of industrial pro-
duction. Cho et al. [162] reported more scalable approach by

wafer-scale fabrication of MoS, sensor prepared by CVD method
whose sensitivity for NO, and ammonia (NH3) was comparable to
the exfoliated MoS,-based sensors [163]. In another study [164],
the gas sensitivity of the 2D MoS,/graphene heterostructure gas
sensor can reach a detection limit of about 1.2 ppm to NO,.

Conclusion and outlook
An in-depth review of recent advances in 2D TMDs materials
synthesis and characterization, and their applications are pre-
sented. Progress in 2D TMDs materials provides the scientific
community with many new opportunities to explore phenomena,
concepts and technologies in electronics, opto-electronics and
energy. Semiconducting 2D TMDs possess huge potential to be
made into ultra-small and low power transistors that are more
efficient than state-of-the-art silicon based FETs. With showing the
compliance of 2D TMDs materials and flexible substrates, 2D
TMDs have attracted considerable interest as flexible devices.
Due to their atomically layered structure, high surface area and
outstanding electrochemical properties, TMDs have been consid-
ered as a candidate for high efficiency energy storages, when
combined with surface functionality and electrical conductivity.
The large surface-to-volume ratio bestows 2D TMDs-based sensors
with improved sensitivity, selectivity and low power consump-
tion. Besides, TMDs have been attracted as new physics called
“Valleytronics”, which is due to strong spin-orbit interactions and
lack of inversion symmetry at their ultimate atomic thickness.
New families of 2D materials, such as BP, silicone, and germanene
are expected to open new roads for low dimensional electronic/
energy devices, provided their stability issues are resolved.
Despite considerable progress in the synthesis of large-scale and
uniform atomic layers of 2D TMDs, the quality of 2D TMDs has not
yet reached that of mechanically exfoliated 2D TMDs flakes. To
realize practical applications with advanced synthesis methods,
key issues that should be advanced include single-layer controlla-
bility, defect-less film growth, doping and alloying of TMDs. As
advanced synthetic methods currently being developed in the
laboratory realize practical applications, we can expect that 2D
TMDs whose functions are now only envisioned will revolutionize
the electronics, opto-electronics and energy technologies.
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