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Abstract

Nanoelectronics is an emerging field of technology, an interdisciplinary field where the principles of nanotechnology are applied
in electronics. The present and emerging technology increasingly calls for compact, high yield, rapid and fairly effective devices
for various applications. The emergence of nanoelectronics helps to make this kind of material for various applications. 2D
semiconductors are kinds of natural semiconductors having thickness of a very narrow range used to make Nanoelectronics
devices such as transistors, sensors and etc. In this review, the research and advancements in the field of nanoelectronics and the
influence of 2D semiconductors such as Graphene, transition metal dichalcogenides and black phosphorus in these developments
are discussed. Also, the future applications and perspectives of these 2D semiconductors in nanoelectronics get discussed.
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1. INTRODUCTION

In order to raise the significance of nanoelectronics, it is
beneficial to break the word into two components nano and
electronics. The first word nano is referred to as the area of
identifying objects which are very small in size, in the order
of 10° M. Electronics may be synchronized as the
technological and scientific branch dealing with electrical,
or charged, components. Combined, the term Nano
electronics refers to very small, electrically charged
components. The name nanoelectronics cover selections of
accessible  fixtures and materials with common
characteristics such as smaller interatomic interaction and
quantum mechanical properties. The excruciating swallow
whole crawl of structural circuits is at a gate length in
nanoscale (50 nm and below) for transistors in CPUs or
DRAM devices. Nanoelectronics have an important role in
the field of computers, memory storage, optoelectronic
devices and medical diagnostics.

In recent years 2D semiconductors such as graphene,
transition metal dichalcogenides, and phosphorene have
been found to have specific electrical and optical properties,
which increased their importance in the fields of electronics,
photonics, and optoelectronics. The research attention
towards 2D semiconductors increased with the discovery of
graphene in 2004 by Geim and Novoselov™. Compared to
traditionally employed bulk materials, 2D monolayer
semiconductor exhibits stronger piezoelectric coupling. The
sensing and actuating applications with electronic devices
can be aided by this characteristic property of 2D materials.
Apart from graphene, monolayer TMDC (such as MoS,and

WS,) and black phosphorus are considered as direct band
gap  semiconductors at  monolayers, and have
complementary  properties to graphene % 2D
semiconductors have additional properties such as flexible
mechanical properties, easy mode of fabrication and simple
integration making them favorite materials for applications
compared to traditional bulk materials 7). Basically, all the
requirements for the photonic applications can be fulfilled
by these kinds of 2D semiconductors . The combination of
2D material based electronic and photonic devices by
implementing electronic properties to optical properties
helps to achieve newly generated photonic-electronic
circuits.

The 2D semiconducting materials have a variety of
applications in the field of electronics and photonics.
Transistors made of these materials are highly efficient in
digital electronics. Free of dangling bonds at the interfaces
produces some impure charges, which allow 2D
semiconductors to work as a low-power instrument. The 2D
semiconductor shows the ability to optimize and regulate
thermal transfer leading to potential applications in
nanocircuits. Another important application of these
materials is in the field of light harvesting devices. Thin
layer or monolayer of 2D materials can be suitable for
fabricating flexible electronics and valley electronics 2.
This review will be discussing the optical and structural
properties of 2D semiconductors (Transition Metal
Dichalcogenides) and their application in the field of
nanoelectronics.
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2. 2D SEMICONDUCTORS

The emergence of new optical and electrical properties in
the 2D semiconductors is due to quantum confinement,
enhanced electron-electron interaction, and reduced
symmetry and proximity effects. Here, properties of TMDC
materials are being discussed through this review.

2.1 Transition Metal Dichalcogenides

In this review, a different kind of TMDC materials like
MoS,, MoSe,, WS,, and WSe, are being discussed,
explaining its general properties such as electronic band
structure, interaction with light (especially the luminescence
properties, linear and nonlinear optical responses like SHG,
mechanical and transport properties). These studies have
very important role in the device applications for
nanoelectronics. Transition metal dichalcogenides (TMDC's)
are a type of 2D semiconductors with potential applications.
These types of materials are composed of one transition
metal atom placed in between two atoms from the
chalcogenide group in a layered fashion. According to its
potential applications, several kinds of TMDC materials are
there. The review will be discussing the widely used TMDC
materials like Molybdenum disulfide (MoS,), Tungsten
disulfide (WS,), Molybdenum diselenide (MoSe,) and
Tungsten diselenide (WSey).

2.2 Structure

Transition metal dichalcogenides are a type of atomically
thin layer semiconductor that have very important role in
various fields. These are a particular kind of materials with a
molecular formula of MX,. Here the M stands for the
transition metal atom such as Molybdenum (Mo), Tungsten
(W) or other transition metals and X is a chalcogenide atom
like Sulfur S, Selenium Se and etc. The simple structure of
dichalcogenides is a layer of Metal atom is placed between
two layers of chalcogenide atom (Fig 1).
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Fig 1: a) The structure of a hexagonally oriented TMDC
monolayer. Black is metal atoms and yellow is X atoms. (b)
Top view of TMDC monolayer

The thickness of a TMDC monolayer is in the order of
Angstrom units. For example thickness of a monolayer of
MoS; is nearly 6.5 A. As like in another 2D semiconductor
graphene, the monolayers of TMDC are bound to each other
through Van der Waal's force to form a bulk crystal. But the
properties of the TMDC materials are entirely different from
the properties of graphene. The important properties of
TMDC which are entirely different from the graphene can
be described as the optical and electrical properties. The
band gap in the different monolayer TMDC materials like

MoS,, MoSe,, WS,, and WSe, is a direct gap, where the
conduction and valence bands have the constant momentum
of electrons and holes in each energy states. This property
helps to use TMDC materials in electronics applications as
in the form of transistors and integrated chips and in optics
as emitters and photo detectors ™. Another interesting
property is that the crystal structure of these kinds of
materials has no inversion centers so that it permits to
achieve a new degree of freedom carrier ™. The research on
TMDC monolayer is an emerging field of technology
nowadays (11 S0 in this review, the properties, applications
and the future of TMDC monolayer materials get discussed
in detail.

2.3 Preparation of TMDC Monolayer

There are different types of fabrication methods for the
preparation of TMDC materials. Exfoliation, CVD, and
molecular beam epitaxy are the widely used methods for the
fabrication. Exfoliation is a simple method for the
preparation of TMDC monolayer. It is a top-down approach,
where the loosely bound layers can be produced by
micromechanical cleavage %, TMDC crystals are made up
of layers with weak Van der Waals force, which is clearly
weaker, compared to chemical bonds. So the
micromechanical cleavage like in graphene is used to
produce TMDC monolayer. In this way, the TMDC
monolayer can be produced by the Scotch tape mechanism,
where the TMDC bulk crystal material is placed on the
scotch tape and removed thereafter. Another piece of tape is
placed on the TMDC layer on the tape and repeats the
cleavage to get tiny flakes and place this onto the substrate.
By peeling off the tape from the substrate surface,
monolayer and multi-layers of TMDC are deposited on the
substrate. Chemical Vapor Deposition, abbreviated as CVD
is another method for the fabrication of TMDC monolayer,
which is a kind of bottom-up approach where the reactants
are delivered on the substrate and treated at 650°C in the
presence of N,*™. But the sample will be larger in size than
obtained from the exfoliation technique. Molecular beam
epitaxy is another good technique for the preparation of
size-controlled monolayer of semiconducting material .
These are the widely used methods for the fabrication of
TMDC monolayer. When comparing both these techniques,
exfoliation is the simpler process for the preparation of the
sample. But at the same time, CVD process can be used for
producing the ultra-thin layers of TMDC materials with a
better luminescent property.

3. CLASSIFICATION OF TMDC MATERIALS
3.1 Molybdenum Disulfide

This is classified as a TMDC material with a formula of
MoS,, where Molybdenum is embedded in between two
sulfur atoms in a sandwich form. These materials are
relatively less reactive. In appearance and properties, MoS,
materials are similar to graphite. These materials have very
low friction properties. In bulk nature, MoS; has an indirect
band gap with diamagnetic semiconducting nature similar to
silicon with band gap energy of 1.23eV . Fabrication of
MoS, material is mainly done by the exfoliation methods.
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Chemical Vapor Deposition is used to make ultra-thin film
coatings of MoS,. This exfoliated MoS, will be two-
dimensional semiconductors of a thickness of few layers.
The band structure of monolayer MoS, is direct in nature.
The direct band gap of MoS, material has very wide
applications in the field of optics, electronics, and
optoelectronics. 2H and 3R are the two different polytypes
existing in MoS, with similar structure. In the case of 2H-
MoS,, a trigonal prismatic coordination sphere is occupied
by each Mo (IV) center and six sulfide ligands are bound to
this sphere. Three Mo centers were connected to the sulfur
center with a pyramidal configuration . In this way,
layered structure formed by the interconnection of trigonal
prisms, where the molybdenum metal atoms are embedded
in between the two sulfur layers. The layers of sulfur atoms
in MoS, monolayer have weak Van Der Waals force of
attraction which leads to lubricant properties due to the low
coefficient of friction 2,

3.2 Molybdenum Diselenide

These materials are another kind of TMDCs with a formula
MoSe,. IUPAC name for this material is that bis
(selanylidene) molybdenum. The structure of MoSe, is
similar to the Molybdenum sulfide. Here transition metal
Mo is sandwiched in between two selenium chalcogenide
atoms causing a trigonal prismatic metal bonding
coordination, leading to trilayers of Molybdenum diselenide
22 Like other TMDC materials MoSe, also has a layer
structure with strong in-plane bonding interaction and low
out of the plane interaction. Due to trigonal prismatic
coordination, most common form of these TMDC materials
is trilayers. When the material gets exfoliated the structure
changes into octahedral. The metal ion in these compounds
is surrounded by six Se2— ions. The coordination geometry
of the Mo is sometimes found as octahedral and trigonal
prismatic . The bulk MoSe, material can be prepared by
reaction of molybdenum and selenium under high
temperature and single crystal thick layers of MoSe,
fabricated by Chemical vapor deposition methods. MoSe,
monolayer can be prepared also by the micromechanical
cleavage process. Comparing the mobility properties, the
electron mobility of MoSe, materials are significantly higher
than that of the MoS,. In contrast to the graphene 2D,
MoSe, materials have direct band gap which will suggest
applications in the field of transistors and detectors 4.

3.3 Wolfram Disulfide

Wolfram disulfide or Tungsten sulfide is another kind of
TMDC material with lot of potential applications. These
kinds of materials naturally occur as rare minerals, as
tungstenite with a formula WS,. As other TMDC materials
WS, also has a layered structure with W atoms situated in
trigonal prismatic coordination sphere. Due to this layered
structure of WS, helps to fabricate inorganic nanotube,
which was studied in earlier 90's . The layered structure
of bulk WS, has a dark gray hexagonal crystals form. As in
the case of MoS,, WS, also shows the behavior of a dry
lubricant. In the presence of oxygen atmosphere, WS,
converts to tungsten trioxide by heating. Thermalization in

the absence of oxygen at 1250 °C leads to the decomposition
of material into tungsten and sulfur ®®. Bulk wolfram
sulfide can be synthesized in different ways such as
thermolysis, in situ heating and etc. The monolayer of these
materials can be produced by micromechanical exfoliation
very easily.

3.4 Wolfram Diselenide

This is another type of TMDC material, which has very
important role in solar cell applications and energy
harvesting devices. Tungsten diselenide has a chemical
formula of WSe, with properties of an inorganic compound.
Similar to molybdenum disulfide WSe; also has a hexagonal
crystalline structure. In this material tungsten, the atom is
placed in between the two selenium atoms in a pyramidal
geometry. In a manner of trigonal prismatic coordination
sphere each of the tungsten atoms is covalently attached to
six selenium ligands and each of the selenium atoms are
attached to three of tungsten atoms in the geometry of
pyramidal structure 1. The bond length between the atoms
of wolfram and selenium approximately equals 0.2526 nm,
and each selenium atoms is separated with a distance of
0.334 nm. The force of attraction between the each
monolayer in WSe; is weak interactions. In the group-VI
transition metal dichalcogenides, WSe, is considered as the
stable 2D semiconductor. Bulk wolfram sulfide is
synthesized by the sputter deposition, i.e. heating thin
tungsten films under high pressure from gaseous selenium
with very high temperatures (>800 K) and the thin layers of
WSe, can be fabricated by the CVD process or
micromechanical cleavage process®?®!. These materials have
very potential applications in the fields of solar cells and
photovoltaic devices with LED properties and can be
described in this review later.

4. PROPERTIES OF TMDCS
4.1 Electrical Properties and Electronic Band
Structure

MoS, shows an electronic structure with a band gap that will
be changed from indirect to direct from bulk to monolayer
as the number of layers decreased .. In the bulk system
MoS, has an indirect band gap, i.e an interstate will be
formed due to the different momentum of electrons in
valence band and conductance band and momentum
converted into the crystal lattice. But when the material gets
into monolayer then the band gap changes into direct and the
electrons have the same momentum in the valence and
conductance band. Band structure studies show that the
change in band gap from the bulk crystal to a monolayer of
MoS, material, the band gap becomes indirect to direct with
an increase of band gap energy of 1.9eV from 1.2eV. The
band structure of TMDC monolayer materials was studied
by DFT theories. Quantum confinement and change in
hybridization in P, and d orbitals on S atoms and Mo atoms
leads to the change in band structure with layer number. The
Atomic structure has a strong correlation with the electronic
structure of the material. Near the K point, direct excitonic
states do not depend upon the change in the layer, but the I'-
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point shifts drastically from lower to larger in a manner of
indirect one to direct one. In MoS, the band gap for the bulk
material is nearly 1.2eV and 1.8eV for one monolayer it is
near. Change in layer thickness changes the energy of direct
excitonic transition at the Brillouin zone but the indirect
band gap increases with the decrease in layer number.
Monolayer MoS, have very high indirect transition energy
when the material transforms into a 2D semiconductor with
direct band gap. The photoluminescence spectrum becomes
stronger with the enlargement of the indirect band gap in
thinner MoS,.

As like the other TMDC materials electronic structure of
MoSe, molecules varies according to the change in
thickness. As the thickness of material reduced, the material
should change its band gap from indirect to direct. In all
TMDC materials, the quantum confinement and spin
interaction between the molecules are the important reason
for the change in the band gap. The hybridization of Mo in
4d orbital and Se at 4p states leads to the formation of the
valence and conduction band in MoSe,*®. From MoS, to
MoSe, the both direct and indirect band gaps eventually
decreases. Due to these reasons, MoSe, shows a direct band
gap in monolayer B,

Electronic structure of WS, is very interesting like other
TMDCs. In the bulk crystal, it shows an indirect band gap
and then changes into direct with a decrease in the layer
thickness. The electronic band structure of WS, is like as
MoS,. The bandgap of the materials increases gradually
with decreasing the thickness of the material 2.

4.2 Photoluminescence Properties

Luminescence properties of TMDC materials are the very
important tool to study the change in band gap through
indirect to direct by the decrease in thickness of the material.
Strong photoluminescence emission is formed due to the
transition from bulk material to the monolayer, which results
in the formation of direct bandgap from indirect band gap.

Photoluminescence of MoS,, significantly, increases with
decreasing layer thickness, and that strongest peak of
luminescence produced from a monolayer while there is no
spectrum in the bulk material. This unusual luminescence
behavior is also predicted by some recent theoretical works;
MoS; shows an indirect band gap in bulk form gets converts
into a direct band gap semiconductor when exfoliated to the
monolayer. The experimental results and theoretical
prediction about band gap strongly agree with each other.
Figure-2 illustrates the photoluminescence spectrum of a
monolayer TMDC material. This photoluminescence
emission in the monolayer is absence in bulk MoS, because
of its indirect band gap like silicon. In bulk MoS,, no
photoluminescence is observable. That is, compared to the
incident electric field, the local electric field of a high
refractive index material like MoS, is much weaker. For
ultrathin MoS, layers, the local electrical fields are weaker,
so the photoluminescence intensities and number of layer
dependence was inversely proportional to each other. This
unusual property of photoluminescence points out that

luminescence quantum efficiency is higher in monolayer
MoS, compared to the bulk B! The d-orbital interactions in
the MoS, material cause the unusual PL difference with a
decrease in layer number may also see in other transition
metal dichalcogenides like WS,, WSe,, and MoSe,. This
leads to a new technique, rich d-electron physics for
controlling electronic structure in nanoscale materials 41,

Bulk MoSe, shows the energy of oblique band gap in
between the near-infrared region at 1.1eV (1.13 pm). The
direct excitons are better in power at 1.57eV (790 nm) and
1.82eV (682 nm) respectively. From fig-2 it shows the
photoluminescence spectrum of exfoliated MoSe,. The
monolayer MoSe, indicates prominent peak at 1.57eV (792
nm) B Each emission spectral line is asymmetric in nature
with a pointy edge in higher energy and flat tail at lower
energy. compared to the bulk substances, PL intensities for
monolayer substances are 10 - 20 instances stronger results
in wide maxima at 1.53 and 1.35eV (812 and 922 nm). This
shows that the indirect band increases in energy, while at the
K point; direct gap has a constant energy when decreasing
the thickness from bulk to monolayer materials ¢, Because
of the strongly localized d orbitals at metal atom points,
most of the valence band and minimal of conduction band
originates on the K-point (direct gap). Therefore, the direct
band gap decreases with lowering the number of layers.
Corresponding to the measurements of MoS,, PL intensity
of MoSe, located in a decreasing manner with one order of
value consistent with an extra layer B\ For a MoSe;trilayer
there will be two properly-separated maxima; with one
among them having the same strength as for the bilayer and
the opposite assigned to the oblique band gap.
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Fig-2 PL intensities from different TMDC monolayers

As shown in the previous case of MoS, bulk, WSe, well-
known shows an indirect band gap in the close to infrared at
1.2eV (1.03 pum). The direct excitons are shown in between
the range 1.4 - 1.8eV (886 - 689 nm) and at 2.30eV (540
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nm), respectively ¥ Unique photoluminescence of

monolayer WSe, centered at 1.65eV (752 nm) can be seen
from fig-2. Now not the best PL spectrum but additional
emission spectrum shows the asymmetry for MoSe,. Bilayer
WSe, emits at 1.54eV (806 nm) with a side most of 1.60eV
(773 nm). An interesting component in the PL depth of
WSe; bilayer is that the intensity most effectively decreased
via a factor of 4 as compared to the monolayer. For a trilayer
of WSe,, as in the case of the monolayer, the facet
maximum has the equal position. Previous research on MoS,
suggests a robust relation with this as the stronger maximum
on the lowest energy side is assigned to the indirect band
gap. Differences in the relative intensities of the emission
maxima might be related to the distinct excitation
wavelength of 514 nm.

For WS, materials, as like in different TMDC substances
luminescence characteristics of those kinds of substances
additionally, have an important relation between the layer
numbers. On the K point, direct gap transitions lead to the
excitonic absorption peaks A and B, respectively, around
625 and 550 nm for WS,. In WS, there's also another peak is
formed due to the optical transitions of the density of states
peaks between the valence and conduction bands. Figure-2
also suggests the PL spectrum of different layers of WS,

materials and the PL dependence on the number of layers B,

From monolayer WS, it is seen that strongly more suitable
PL focused at 630nm due to direct gap excitonic
recombination. As compared to the bulk form, the emission
is 100 to 1000 time's stronger in monolayers. Monolayer
MoS,, MoSe,, WS, and WSe, with a direct band gap in the
visible and NIR frequency ranges, respectively, are novel
building blocks for realizing unique heterostructures with
tailor-made  optoelectronic, electro  catalytic, and
photocatalytic functionalities.

4.3 Optical Properties

In the fields of electronics, spintronics and valley electronics,
optical properties of TMDC materials have fundamentally
very important applications. Photoluminescence
characterization is the important tool for getting the
important information associated with the optical band
structure of the materials. Spectroscopic ellipsometry is used
to study the optical characterization of the materials deeply.
Spectroscopic  ellipsometric  measurements allow the
materials optical functions such as refractive index of the
material and coefficient of extinction. The magnitude of
band gap and exciton binding energy in monolayer TMDCs
has a direct correlation between the optical functions. The
studies on the optical properties of TMDC materials will
enhance the advancement in the field of existing
optoelectronics and spintronic “%.From the studies on
optical functions, the refractive index of the TMDC
monolayer materials increased with increase in wavelength
for a wavelength ranging from 193nm to 550nm and
approaches maxima then it decreased gradually until
1700nm. Two items merit special attention. First, the
refractive index to a relentless worth of 3.5-4 within the NIR
frequency vary with many abnormal dispersion options
below 800nm.

The lack of inversion center or center of symmetry in the
crystal lattice of monolayer TMDC materials leads to
nonlinear optical characteristics like Second Harmonic
Generation (SHG). SHG is used for the studies on the
thickness of the materials and to find the different crystal
structures Y. The thickness dependence on the SHG is
irregular. Second harmonic intensities are presented as
functions of dichalcogenides and silicon oxide layer
thicknesses. The second harmonic generation (SHG)
microscopy is a very useful and powerful modality to study
the local symmetry of the TMDC nanolayers and flakes.
SHG studies are used to study the local symmetry of the
dichalcogenides materials. Second-harmonic generation is a
dipole allowed only in the non-centrosymmetric system.
The symmetric criterion for SHG is:

Pi= X(Z)ijkEjEk

In the case of symmetry of MoS,, SHG is used to find the
polytypes of MoS, materials with a thickness in the range of
3-200nm. With the use of GaAs wafer, the nonlinear
susceptibility can be estimated. Studies done by
E.D.Mishina et al. on the SHG of MoS, shows that there are
two different regions A and B, with thicknesses of 10 nm
and 50 nm possess quite homogeneous and
nonhomogeneous behavior in the SHG intensity respectively.

A high SHG intensity was found not only for a countable
number of atomic layers but also for thick flakes of up to
150 nm. Although all flakes were single crystals, the
brightness will vary with varying the parts of them in the
SHG images. This kind of non-homogeneity in materials
shows the property of polytypism, i.e. this confirms the
presence of centrosymmetric 2H and non-centrosymmetric
3R polytypes in a source bulk sample, which is made into
the flakes. SHG intensity dependences on the Azimuthal
position and on the flake thickness and the PL spectra are
used to analyze this property 2. This kind of polytypism in
TMDC Materials will be very helpful in device fabrication
techniques.

In the case of other TMDC materials such as WS,, the SHG
properties are very interesting. In the SHG images, all the
edges of layered materials are seen as dark bands. In this
case, the dark bandwidth and the resolution limit are
coinciding at the point of FWHM approximately at 0.5 pm.
Increase in the SH signal intensity at layer edges are often
related to the very fact that the concentration of halogen
molecules mixed into the Van der Waals gap within the
regions adjacent to small crystal boundaries is way above
the worth averaged over the microcrystal surface [*°!.

From these studies, WS, crystals are crystallized in the form
of the 2H polytypes (i.e., they are centrosymmetric). All
WS, crystal layers are centrosymmetric, and all dark edges
are EFISH manifestations. SHG effect in these kinds of
materials can be mainly formed due to two effects. The first
impact is owing to the presence of halogen molecules
getting into the VVan der Waals gap between the monolayers.
The second effect is due to cause by band bending at
microcrystallite edges Y. This kind of different NLO
properties leads to the device fabrication application by the
use of TMDC materials.
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4.4 Mechanical Properties

Compared to other 2D materials like graphene, TMDC
material can be strained up to 25%. The applied strain has a
linear proportion with the band gap of material. When the
strain is applied to the material there is a linear decrease in
the band gap of the material. The important thing, in this
case, is that the indirect band gap increases with an applied
strain to the monolayer than the direct band gap. As a result,
the emission efficiency of a highly strained monolayer
sample becomes very low. This property aids in the making
of some flexible electrical devices with the use of strained
TMDC materials. Recently, tuning of the band gap of
TMDC material has become easier by the help of strain
engineering, which does not alter the properties of single
layers. Applying both tensile and shear strain (expansion
and compression applied in different directions) to the
monolayers in the parallel direction of its basal plane and
computing its electronic band formation by DFT theories
helps to study the mechanical effect of TMDC materials
such as MoS,, WS,, WSe, and MoSe,*!.

Dependence of strain on electronic properties of TMDC
semiconducting materials (MX2) (M = Mo, W etc. and X =
S, Se) studied by the optimized geometry of monolayer was
found by the relaxation of both atomic positions and lattice
vectors. Tensile and shear strain apply to TMDC materials
through various approaches for studying the mechanical
strain effect on the electrical characteristics of
semiconducting TMDCs. There are three different ways for
applying the tensile strain, such as uniaxial growth of
monolayer in Xx-direction (xx), y-direction (yy), and
homogeneous biaxial growth in each x and y-directions (xx+
yy). Whereas increasing and decreasing the monolayer in x-
and y-directions (xx yy) and by pressing and increasing in x-
direction and y-direction (yy xx) at the same time with
constant magnitude of strain are two ways for applying pure
shear strain.

Application of strain on the lighter material MS,((M=Mo or
W) shows that the shortest transition for an unstrained
system otherwise will be a direct band transition,
transformation to an oblique band transition which is related
to (i) while the monolayer is stretched inside the course of x
it's far I'-K,; (ii), whilst it's miles stretched in y-direction
I' L; and (iii) when the sheet is homogeneously stretched in
each x- and y-guidelines it's far I' K and I L, an
examination of the band structure of strained MoS, indicates
that influence of tensile strain (xx, yy, xx+ yy) outcomes
valence band shift in a downward path around K and L
factors, but does not affect the I' point. The PDOS (Partial
density Of States) and band shape were analyzed for reading
the band transition of unstrained structures.

In the case of heavier dichalcogenides atoms MSe, (M=Mo,
W) it is just like MS, type substances where the band gap
decreases rapidly while MSe, increased concurrently in each
X- and y-instructions. For MSe,, larger pressure is required
to acquire semiconductor to metal transition. The
characteristics of heavier TMDC materials show different
behavior compared to lighter ones upon the application of
pure shear strain. Compared to the other case of natural

shear strain (xx-yy), for MSe, substances, the band gap
decreases hastily when the system is stretched toward the y-
direction and compressed thru Xx-direction (yy-xx).
Application of mechanical strain onto the semiconducting
TMDC's helps to tune and control the electronic structure.
So these materials can be used as a potential alternative to
graphene and used for fabricating a variety of tunable
nanodevices.

4.5 Transport Properties

Scattering and transport properties of 2D TMDC layers are
bound to the plane of the material. The carrier of mobility of
materials mainly influenced by the following principle
disseminating instruments such as coulomb scattering,
phonon scattering surface phonon scattering and etc. M.
Layer thickness, temperature effects, the mass of carrier,
carrier density electronic band structure and carrier
thickness also influence on the transport properties. The
carrier mobility of a material will increase with the increase
in temperature. Partial ionic bonds in TMDCs increase the
mobility of carriers as a relation between temperature and
mobility. The optical phonon parts dominate at the higher
temperature (471,

The mobility at room temperature is constrained to ~410
cm? V-1 s-1, essentially inferable from optical phonons [®!.
Coulomb scattering in 2D TMDCs is brought about by
arbitrarily charged debasements situated inside the
monolayers of TMDCs or on its surface. Mobility of the
material can be improved by providing suitable dielectric
environments for MoS,. This Coulomb impact additionally,
by and large, restrains the mobility of monolayer graphene
around 10000 cm? V' s when it is set on gently dielectric
materials, for example, SiO,. With the use of impurities, the
concentration of carrier and band gap can be altered. The
impact of concentration of carrier with temperature on the
mobility of MoS, is also decreases
exponentionally™®. Furthermore, unattached MoS, has been
appeared to have similar swells to those in graphene, which
may likewise add to scattering and decrease in mobility. The
calculated mobility of MoS, at room temperature by the
restriction of phonon scattering is ~410 cm® V* s, and
comparable qualities are normal for other single-layer
TMDCs.

Electrical conductivity measurements for MoSe, monolayer
is carried out by the use of DC probe techniques. From these
measurements, it is seen that the electrical conductivity of
MoSe, monolayer was approximately in the order of 10-4 Q
'em™ at room temperature. Compared to other materials,
electrical conductivity values for MoSe; is very lesser due to
several reasons such as nano-crystallinity of film, presence
of surface states and less thickness of the film. Electrical
conductivity of this material increases as in the case of a
semiconductor, where conductivity increases exponentially
with elevation in temperature exponentially. From the
Arrhenius law for thermally activated conduction (6= o, e
ARABT) *where AEa is the activation energy), i.c., a linear
curve with a slope of -Ea/kB will result when plotting In s
with 1/T B%. The obtained activation energy from this slope
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was 0.61eV. These kinds of highly modified transport
properties of TMDC materials make it a good thing for the
flexible transistor material.

5. APPLICATIONS OF TMDC MATERIALS

Some potential features of Semiconducting 2D TMDCs
make them an attractive material for the application in FETS.
The absence of unsatisfied valence, stable structure, and
good transport properties compared to Si are the important
properties of these materials. In 2004 the first FET was
prepared with the use of WSe, crystals with a mobility
equivalent to Si FETs (P-type conductivity up to 500 cm? V-
57! at room temperature). This material is bipolar in nature
and proportion of on/off ratio is 104 at a temperature of 60
K BUThe first experiment in the field of a top-gated
transistor with monolayer MoS, was accounted for by Kis
and coworkers. He made the device with a brilliant on/off
ratio in the order of ~10°. Compared to FET this device
shows an n-type conduction, with a mobility of >200 cm?V~
!5 at room temperature 2. For p-type FET Top-gating
with large-k dielectric was used with a dynamic Chanel
made of a monolayer WSe,, which exhibits a mobility of
~250 cm? V* s at room temperature, with an on/off ratio
of 10°. For a top-gated MoS, transistors with a gate length of
15 nm have an on/off ratio in the range of approximately
10%. Current-voltage curves for a monolayer MoS,
transistor can be described as conductivity as a function of
top gate voltage for both bulk and thin-flake Mo0S,>. Due to
its high electrical performance qualities, moderately
sustainable earth, abundant and good electrostatic control,
could make MoS, a suitable material for low-power
electronic applications.

There are several works reported about 2D TMDC materials
being used for logical transistors. By arranging numerous
electrodes in different ways the monolayer MoS, can be
placed by six autonomously switchable transistors by
lithographic techniques created on the same bit . By the
integration of two transistors with the use of monolayer
MoS,, the combination worked as a logical inverter, varying
its output over a consistent 0 into an intelligent 1. Also, it
can be used as universal NOR Gate, can be used for all other
logical operations. Due to its high-performance mechanical
properties, 2D TMDC materials can be used for the
preparation of flexible devices. Mechanical studies on
monolayer MoS, states that it is 30 times as stronger
compared to steel and strained up to 11% before getting the
break . This makes MoS, as a good choice for making
flexible transistors. Electrochemically lithiated MoS, can be
used for fabricating flexible transistors and mechanicall
exfoliated material can be used for sensing applications .
Different dichalcogenides semiconducting materials show
mechanical properties as MoS,. Integration of 2D TMDCs
with different 2D materials with conducting nature like
graphene and insulating BN can be used for fabricating
highly functionalized flexible 2D electronic devices.

With the use of molecular beam evaporation procedures,
High Electron Mobility Transistors (HEMTSs) can be
prepared, which is another potential application of 2D

TMDC material 7. These devices are manufactured by the
doping process, where a low band gap semiconductor is
doped while a material with high band gap is left undoped,
such that after the two layers are brought into contact the
electrons from the doped layer transfer to the undoped layer
and are allowed to move with negligible scattering from
dopants. One sided Schottky contact helps for the
modulation of the signal through the gate electrode. Devices
that can generate measure, communicate or control the light
are known as optoelectronic devices. For direct band gap
semiconductor, photons with higher energy than the energy
of band gap can be absorbed or emitted. While in the case of
indirect band gaps, an extra phonon must be absorbed or
excited to supply the distinction in momentum, making the
photon assimilation or emission a great deal less proficient.
Since single-layer TMDCs have essentially coordinate
semiconducting band gaps, they are of extraordinary interest
for applications in optoelectronics, and on the grounds that
they are atomically very thin and easily applicable, they
have incredible properties for adaptable and transparent
optoelectronics applications.

There are diverse opportunities in subatomic sensing
applications due to the electronic, optoelectronic and made
wide properties of TMDCs. For containerize, intercalation
here Li+ difference at variance reasons up manners within
the MoS, Raman. The photoluminescence properties of
these materials can open up the possibilities for the
applications in the field of bio sensing by fluorometric tests.
Later research also demonstrates that a portion of the
transistors is going about as delicate locators for NO gas,
which is produced using single and few-layer MoS,"*®. And
also electrochemically tuned MoS, material can be utilized
for the detection of biomolecules . Because of good
mechanical properties, these materials are utilized for the
flexible and transparent optoelectronics applications. Their
high abundance and direct band gaps in the visible regions
makes TMDCs as a suitable material for solar cell
applications . Compared to other materials thin films of
MoS, and WS, are photosensitive in nature . The photo
responsivity and photocurrent in this device are very high.
By utilizing various MoS; layers with different thicknesses,
it can be used for photograph discovery of various
wavelengths. It is possible to sharpen the electrochemical
solar cells of TiO2 with the use of WS,. TMDCs also can be
utilized as conductors and to insulate layers in polymer
LEDs [,

6. CONCLUSION

Transition metal dichalcogenides or TMDC materials are an
important class of two-dimensional semiconducting
materials with properties that enable their use in diverse
areas. The unusual properties possessed by TMDCs, when
reduced in size to atomically thin forms makes them
attractive materials for the applications in electronics and
optics. Band gap conversion from indirect to direct with
decreasing size has a potential role in applications in the
field of nanoelectronics. Also, the nonlinear optical
properties such as SHG also show the importance of this
material in optics. Compared to other 2D semiconductors
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TMDCs can be mechanically altered, which is suitable for
the fabrication of flexible devices. And also the high
transport properties of these materials make them a good
choice for the fabrication of electronic devices. All these

observations point to the

idea that properties and

applications of two-dimensional TDMC materials are a
comparatively new, yet drastically productive and exciting
area of research.
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