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Fabrication and characterisation of two-dimensional transition metal dichalcogenides

for applications in nano devices and spintronics
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University of Leeds, United Kingdom LS2 9JT

Abstract

Two dimensional transition metal dichalcogenides (TMDCs) are unique due to a combination
of exhibiting a direct bandgap in the monolayer structure, strong spin—orbit coupling and
excellent electronic and mechanical properties. These materials are studied for fundamental
interest but are increasingly finding applications in high-end electronics, spintronics,
optoelectronics, energy harvesting, flexible electronics, DNA sequencing and personalized
medicine. Due of its robustness, MoS> is the most studied material in this family. These
materials are considered promising candidates to overcome the scarcities belonging to zero-
bandgap graphene, providing a possible solution for next-generation electronic applications. In
this chapter we discuss the optical and magnetic properties of 2D-TMDC:s. In addition, a brief
discussion on various methods (mechanical exfoliation, physical vapour deposition, chemical
vapour deposition, pulsed laser deposition) used for low-dimensional deposition and synthesis
of TMDC:s is included. The use of TMDCs in nanodevices and spintronics along with strategies
to improve charge carrier mobility and challenges associated with them are explained. Finally,
we explain the interplay of 2D physics, semiconducting properties and magnetism in TMDCs

for their application in spintronics.
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1. Introduction
With advanced fabrication methods, it is now possible to thin down many bulk layered
materials down to a single monolayer. This has enabled exploration of new low-dimensional
physics such as the anomalous quantum hall effect and massless Dirac fermions in the case of
graphene [1][2]. Transition metal dichalcogenides (TMDCs) form another class of layered
materials, in which the interactions of d-electrons generates new physical phenomena [3][4].
TMDCs are semiconductors of the type MX», where M is a transition metal atom (Mo or W)
and X is a chalcogen atom (S, Se or Te) [5,6]. Similar to graphite structure, single layers of the
sandwich structure X—M-X can exist and multiple layers, stacked by weak van der Waals
interactions, can form bulk solids [5,6]. The structure of TMDCs was first time determined by
Linus Pauling in 1923 [7]. Later in 1963, ultrathin layers of MoS, were produced by Robert
Frindt by exfoliation using adhesive tapes and the monolayer of MoS» suspensions were first
produced in 1986[8]. The discovery of graphene in 2004, fuelled the development of techniques
needed for working with layered materials leading to new studies related to 2D TMDCs both
of fundamental and of technological importance[9]. These materials have a wide range of
applications in high-end electronics, spintronics, optoelectronics, energy harvesting, flexible
electronics, DNA sequencing and personalized medicine[8,10]. TMDCs are considered
promising candidates to overcome the scarcities belonging to zero-bandgap graphene,
providing a possible solution for next-generation electronic applications. In particular, among
the various TMDC materials that exhibit stable 2D crystalline structures (WSe2, MoSe2, WS>
and MoS»), MoS; has received considerable attention due to its unique optical, electronic and
other characteristics including its size-dependent bandgap[8,10][3-5].
In this chapter, taking MoS> as a benchmark material, a basic outlook of the large family of 2D
TMDC:s, highlighting their physical properties and introducing the recent preparation methods,
are discussed. Finally, the emerging applications of MoS: in nanodevices and spintronics are
presented.
2. Structure
TMDCs have a general chemical formula of MX>, in which M represents transition metal and
X stands for S, Se and Te. In bulk form these material consists of X-M-X layers stacked
together. These materials can exist in different structural phases (2H (thermodynamically
stable), 1T (metastable form)[11,12]. MoS: is most explored of all the TMDC:s for a variety of
technological applications such as optoelectronics, nanoelectronics and spintronics in different

fields [8,10]. In a single layer of MoS> each Mo (+4) is surrounded by 6 S (-2) atoms and the



Mo-S bond is predominantly covalent in nature. MoS» can exist in four structural phases: 1T,
1H, 2H and 3R[13]. The stacking of layers with respect to Mo coordination influences the
structural phases. For example, the 2H structure is formed due to layers stacked in an ABA
type. It has hexagonal symmetry with two layers per unit cell. MoS> is mostly found in this
phase in nature. In the 1T and 1H phase, Mo atoms are octahedrally coordinated by six S atoms.
2H and 3R phases exhibit trigonal prismatic coordination around Mo atoms. The 3R structure
with rhombohedral symmetry in MoS; is mostly obtained synthetically[12,13][14]. The unit
cell consists of three layers. The 3R structure changes to the 2H type under heating due to its
unstable nature. In 2H and 3R structures Mo hexagonal arrays are sandwiched between sulphur
layers. 1T crystal structures are due to ABC ordering of layers which are formed due to
disorientation of one sulphur atom layer. It has a symmetrical Mo—Mo bond and is metallic in
nature.

The 2p orbitals of sulphur form the valence band whereas the d orbitals of Mo form the
conduction band. The hybridisation of the p, orbital of S and the d orbital of Mo leads to the
formation of a bandgap between K and I'. The band gap is dependent upon the number of
layers. The valence band maximum (VBM) point I" decreases below zero with decrease in the
number of layers but the K point remains unchanged. Hence, for a monolayer the lowest energy
transition is vertical and the energy needed for the indirect transition is larger than the direct
band edge transition. The band structure of MoS; varies as the function of number of layers
which in turn affects the chemical, physical and magnetic properties [11,12]. The band gap
changes from direct in monolayer MoS> (1.9 eV) to indirect (1.3 eV) in bulk. This change is
due to the long-range coulumbic effects and quantum confinement in few layer materials
[28,29]. The variation in the gap between valence band and the conduction band is shown in

figure 1.
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Figure 1 Energy dispersion observed in bulk, 4-layer, 2-layer, and 1-layer MoS,.[Adapted

with permission from Reference [15]]

The semiconducting properties of MoS: in the 2H phase is due to the presence of empty dxy
and dy’.,” and filled d” orbitals. The 1T phase shows metallic properties as the 4d orbitals split
into e, and tog states and the two electron are filled in the t2, state. With reduction in the number
of layers, the charge mobility drastically increases due to the direct bandgap and thinness of
the material. These materials can be designed for different applications since their properties
vary as a function of number of layers. Further, these materials can be engineered by

intercalation, reducing dimensions and by forming a variety of heterostructures [12].

2. Properties

2.1 Optical properties

2.1.1 Photoluminescence spectroscopy:

MoS: in the bulk form shows negligible photoluminescence and it has an indirect band gap
[16]. It becomes strongly photoluminescent when thinned to monolayer thickness. This control
over emission characteristics at the atomic scale is due to the quantum confinement effect
which provides freedom to engineer the matter at the nanoscale. The interactions between the
fundamental particles such as electrons, holes and photons are very strong due to reduced
dielectric screening in 2D semiconductors. This leads to strong attractive coulombic
interactions between an electron and hole. This results in the formation of a bound quasi particle
known as a neutral exciton (X). The charged quasi particles consist of either two electrons and

one hole (negative trions conventionally denoted as X— or T—) or one electron and two holes



(positive trions, conventionally denoted as X+ or T+). In addition, either neutral (XX) or
charged (XT) biexcitons[17] are also formed due to the large exciton binding energies in 2D
TMDCs. The optoelectronic properties of 2D materials depends upon these excitonic species.
These are the elementary quasi-particles in 2D materials.

The direct transition between valence and conduction band states around the K and K" points
in 2D materials occur in the near-infrared and visible spectral region [16]. Monolayer TMDCs
have theoretically very large exciton binding energies Eg (0.5—1 eV) for an exciton Bohr radius
ag =~ 1 nm [16,17]. The experimental absorption spectra of these materials show sharp
resonance features due to strong excitonic effects [17]. Some recent experimental studies based
on optical spectroscopy[16,18] have verified the large binding energies. Under pulsed laser
excitation trions and bi-excitons are formed in doped monolayer TMDCs [18,19]. Due to the
large binding energies of the excitonic particles present in 2D TMDCs their observation even
at room temperature is quite possible. This makes trions very useful for electrical transport at
room temperature. It is also possible to create high-density quantum coherent states of
excitons[18].

Andrea Splendiani et al investigated the optical properties of few-layer MoS; structures
through optical reflection, Raman scattering, and photoluminescence spectroscopy[4] (shown
in Figure 2). The A1 and B1 excitons show two prominent absorption peaks at 670 nm and 627
nm at the Brillouin zone K point in the spectrum. The spin-orbital splitting of the valence band
causes the energy difference in the absorption peaks. Photoluminescence of single layer MoS»
is shown in Figure 2. It shows strong emissions due to A1 and B1 direct excitonic transitions.
These transitions are not present in bulk MoS». These transitions inherently belong to single

layer MoS: monolayer and external perturbations such as defect states might not affect them.
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Figure 2: Reflection and photoluminescence spectra of ultrathin MoS» layers. (a) Reflection
difference due to an ultrathin MoS: layer on a quartz substrate. The inset shows the bulk MoS»
band structure (b) A strong photo-luminescence is observed at the direct excitonic transitions
energies in a monolayer MoS» [Adapted with permission from Reference [4]]

2.1.2 Raman spectra: Raman spectroscopy is a popular technique to investigate the number
of layers, types of edges, controlling the quality, effect of electric and magnetic field, attached
chemical groups, strain, doping etc in 2D materials [20]. With rapid development in the Raman
spectroscopy techniques and unique engineering of the materials, it is also used to probe the
strength of interlayer coupling and interface coupling in the van der Waal heterostructures
(vdWHs) [21]. Mo$S; has four Raman active modes, Eig, El2g, Ajg, and E%.. The prominent
peaks due to E!y, and Aj, are shown in Figure 3. E'5; and Ay, correspond to in-plane and out-
of-plane vibrations of sulphur atoms and are generally used to understand the crystal structure
of MoS,[12,20].

The typical changes in these Raman peaks while going from bulk to monolayer MoS: are listed
below:

1) E'>, shows a blue-shift, whereas Aj, displays an opposite red-shift. For single layer

MoS,, E'%, is located at ~384 cm™ whereas and Ay, is at ~ 405 cm™.



(ii) The difference between E'»; and Aj, decreases as a function of the number of layers.
The frequency difference changes from approximately 25 cm™! for bulk to 19 cm™ for
monolayer MoS,.

(iii))  The peak intensities of these bands increase linearly up to four layers before decreasing
for thicker MoS»

Figure 3 shows the variation of Raman peaks with increasing thickness. Raman characteristics

of 2D materials in solution are quite different from solid-state 2D materials. Until now, Raman

studies have focused on 2D material flakes in the solid-state only. Yanqing Zhao et. al. [20]

has investigated the 2D MoS; in solution using angle-resolved polarized, helicity-resolved and

resonant Raman spectroscopy. The solution of 2D materials show better and complete Raman
spectra in comparison to 2D materials in the solid phase. Solution of 2D materials clearly reveal
forbidden Ei¢g mode as shown in Figure 4. The random orientation of the dispersive nanosheets

is found to be responsible for the unique Raman characteristic of 2D material in solution. [20].
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Figure 3: Raman spectra of thin (nL) and bulk MoS2 films. [Adapted with permission from
Reference[22]]
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Figure 4: Angle-resolved polarized Raman spectra of solid-state MoS2 and MoS: solution. (a)
Experimental setup for the angle-resolved polarized spectroscopy. (b) Raman spectra of solid-
state MoS; flake with various angles (0) between e; and es. (¢) Raman spectra of MoS; solution

with various angles (0) between e; and es [Adapted with permission from Reference [20]]

2.2  Magnetic properties:

Graphene and TMDCs are inherently non-magnetic in nature. Magnetic properties of these
materials are modified using gating, doping, functionalization etc. to obtain spin polarised
states. In general, magnetism has two origins: spin of elementary particles and moving charges.
Both of these are hindered by thermal disturbance in 2D materials. Magnetic properties of non-
magnetic 2D materials are altered by suitable doping or by introducing vacancies. Due to these
modifications, interactions between unpaired electrons give rise to local magnetic moments
thus making it possible to realise long-range magnetism. [23-26].

The optical, electrical and mechanical properties of MoS, are well investigated both
theoretically and experimentally. The magnetic response is mostly studied through theoretical
calculations [27-31] but recently these materials have been studies experimentally[26,32—-38].
According to theoretical predictions, depending on the direction of termination of edges there
exists different magnetic ground states. For instance, armchair edges show stability in a non-
magnetic state while the zig-zag edges possess net magnetic moment and are in a magnetic
ground state. Hence, magnetism in MoS: nanoribbons, nanocrystalline thin films, and even in
bulk can be ascribed to the presence of zig-zag edges (providing the average grain size is small
enough). Sefaattin Tongay et. al. investigated the magnetic properties of single crystal MoS»

in the bulk limit experimentally, in the temperature range 300 K to 10 K with an applied


https://aip.scitation.org/author/Tongay%2C+Sefaattin

magnetic field ranging from 0 to 5 T [34]. The results indicate that magnetization of MoS: is
possibly due to existence of zig-zag edges with associated magnetism at grain boundaries and
a temperature dependent diamagnetic background. The magnetic response is dominated by
diamagnetic character but the diamagnetic background is superimposed onto the ferromagnetic
loop shown in Figure 5. With an increase in grain size (or ribbon width) it is expected that the
net magnetic moment should decrease thereby diminishing the ferromagnetic response in the
bulk limit. However, there are a considerable number of grain boundaries present in these MoS»
samples due to the small average grain size (75 nm). Due to the presence of large grain
boundaries, there is an arbitrary distribution of zig-zag and armchair edges which leads to
ferromagnetic behaviour in these samples. The ferromagnetic signal originating from zig-zag

edges is estimated to be around 2.6 x 10 emu/g.
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Figure 5(a) Magnetization (M) vs applied field (H) data taken at different temperatures in the
field parallel to the c-axis direction. (b) M-H curves displayed at lower magnetic fields. (c) M
ferromagnetic vs H curves after subtracting out the diamagnetic background [Adapted with

permission from Reference[34]].

In TMDC monolayers, electrical and optical properties are thickness-dependent but show non-
magnetic behaviour in their intrinsic form [32,39]. Atomically thin, dilute magnetic
semiconductors (DMSs) are formed by doping with transition metal elements (V, Mn, and Fe)
in TMDC due to magnetic coupling in these 2D structures. Doping of TMDC monolayers with
transition metal ions is considered a promising way to realize DMSs having a Curie
temperature above room temperature as predicted by first-principles studies [39]. Fe:MoS»

monolayers reveal a well-defined M—H hysteresis loop both at low (5 K) and room temperature,



suggesting that ferromagnetism in these materials can be observed even at 300 K [32][40].
Jieqiong Wang et. al. demonstrated robust ferromagnetism in Mn-doped MoS: nanostructures
synthesized by a hydrothermal method [36]. The observed ferromagnetism in Mn-doped MoS>
shows strong temperature dependence and is quite different from defect-induced magnetism.
Observed ferromagnetic phases with Curie temperatures of 80 K and 150 K are shown in Figure
6. It is found that all the Mn?* dopant ions don’t contribute equally to the observed magnetism.
Mn?* are paramagnetic if they are well isolated whereas the Mn?" ions having nearest
neighbours form clusters and are anti-ferromagnetic and do not contribute to the overall
magnetism. Some Mn?* ions order ferromagnetically via an indirect coupling mechanism. This
is due to the tuning of the spin polarization and magnetic ordering in TMDCs and can have

applications in spintronic devices.
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Figure 6: Magnetic properties of the MoS; and the 7% Mn?** doped MoS>. (a) Temperature
dependence of magnetic susceptibility (v-T curves) of the undoped and the 7% Mn?* doped
MoS: measured at a field of 500 O, and fitting of the high temperature v-T curve of the Mn-
doped MoS; by the Curie-Weiss Law (b) the v-T curve of the 7% Mn?>** doped MoS; after
paramagnetic background subtraction; two ferromagnetic transitions are clearly observed. (c)
Magnetic hysteresis loops of the undoped and the 7% Mn** doped MoS> measured at (c) 50 K
and (d) 100 K, respectively [Adapted with permission from Reference[36]]

Peng Tao et. al. have reported strain-induced magnetism in single-layer MoSz[31]. The

delocalized electrons of Mo are believed to be responsible for this unique magnetism in the



defect MoS,. Due to these induced magnetic moments, MoS> can be used in the design of
magnetic-switching or logic devices. The magnetic properties are also found to be structurally
phase dependent. S. Yan et. al. investigated magnetic properties of 2H phase of MoS> (2H-
MoS>) and 1T phase of MoS: (1T-MoS:) both experimentally and theoretically in single layer
MoS: sheets [33]. The pristine MoS2 (2H-MoS>) is found to be weakly diamagnetic. After
exfoliation, significantly enhanced paramagnetism is observed due to transformation of the

crystal structure from 2H to 1T.

3. Synthesis methods

Synthesis techniques play an important role in obtaining material with desired properties. In

order to enhance the desired properties (of MoS»), selection of an effective fabrication

technique is necessary. The synthesis techniques are broadly categorised as top-down and
bottom-up approaches. The top-down approach involves techniques such as mechanical
exfoliation, liquid-phase exfoliation, chemical intercalations, etc., whereas the bottom-up

approach includes chemical vapour deposition (CVD) and chemical synthesis[41][11,12] .

Some of these methods are discussed below:

3.1 Vapor phase deposition

This technique is used to prepare ultra-thin films by depositing vapor-phased compounds on

the desired substrate (with or without chemical reaction) to form layers. The 2D materials

formed have high crystallinity and uniformity and high layer controllability. Generally, this
technique involves three main approaches: thermal decomposition of precursors, physical
vapor deposition (PVD), and chemical vapor deposition (CVD).

e Physical vapor deposition (PVD): The PVD approach is to produces 2D materials by re-
crystallization of materials through a vapor-solid process. Various 2D materials can be
prepared by PVD. However, the random nucleation of the crystals in PVD can make the
layer thickness uneven; research is continuing to resolve this issue.

e Chemical vapor deposition (CVD): Since the size of MoS: films prepared by
conventional methods such as exfoliation and vapor deposition are of the order of
micrometers, considerable efforts have put into preparing large area, thin-layer MoS»,
though this is still a challenge. Chemical vapor deposition (CVD) has gathered immense
attention as 2D TMDCs have being successfully synthesized on a wafer-scale using this

method. Another major advantage of this method is that interfacial contamination



introduced during the layer-by-layer transfer process can be reduced and layered
heterostructures can be grown using CVD.

e Thermal decomposition: Due to difficulties in controlling the thickness, uniformity and
polycrystalline nature of the films (such as the deposited Mo film or the (NH4)>MoS4 thin
film) this method is not widely used.

3.2 Exfoliations:

e Mechanical Exfoliations: To obtain one-or few layer nano-sheets, mechanical exfoliation
is a versatile and low-cost method in which the crystal structure and properties of material
are well maintained. The micromechanical exfoliation method was first used by Novoselov
and Geim to obtain single layer graphene from graphite.

e Ultrasonic exfoliation
This method employs the strategy of delaminating van der Waals solids into single layer
nanosheets. This method is more advantageous and effective compared to mechanical
exfoliation. Various recent reports suggest solvents play an important role in the
stabilisation of exfoliated nanosheets. Although this method has many advantages, high-
purity single-layer 2D material is difficult to obtain using ultrasonic exfoliation. Recently,
Chhowalla et. al. reported synthesis of monolayer MoS> via lithium-intercalation and

exfoliation[42].

4. Applications
The various practical applications of MoS» are possible only due to its promising properties
which are discussed above. These applications include biosensors, supercapacitors, solid
lubricants etc. These properties include a low coefficient of friction, high mechanical strength
and high surface area, variable band gap, excellent transport properties accounting for the large
number applications[16,43,44](25,27,28,32,36,37,40]. MoS> ,in particular, explored now

being extensively studied for nanodevices and spintronics applications.

4.1 Nanodevices:
The future semiconductor industry needs high performance nanoelectronics, low-power and
multifunctional devices as it is not possible to further add new components into the existing
silicon platform. Two-dimensional (2D) layered semiconductors possess ultrathin structures,
atomic scale smoothness, dangling bond-free surfaces, high carrier mobility, and a sizable

bandgap. Flexible nanotechnology is desired for next generation electronics and energy



devices. 2D materials are suitable candidates for these applications (sensors, thin film
transistors (TFTs), displays, solar cells, energy storage etc.). 2D TFTs based on MoS» operating
at room temperature show a high on/off current ratio and current saturation. Electron mobility
as high as 50 cm?V-!s! and a current density of 250 mA/mm is observed from such TFTs [ ].
Flexible monolayer MoS> TFTs offer robust electronic performance to 1000s of cycles of
mechanical bending [ ]. Because of these encouraging properties, their is great interest in their
use for low-power RF TFTs for advanced flexible Internet of Things (IoT) and wearable

connected nano-systems.

2D materials are considered as a reliable material for logic applications such as MOSFETSs
due to their easy and cost-effective large scale synthesis and compatibility with CMOS
technology. High mobility, band gap (~1 eV) and good ohmic contacts are basic requirements
of the material to be used in the aforementioned applications. The layered structure of these
materials are bonded together by weak van der Waals forces [45]. The large relative effective
mass of 2D TMDCs (~0.5 for electrons and ~0.66 for holes) as compared to Si (~0.29) leads
to a reduction in the source-drain tunnelling component in TFETs [46]. Intense research is
being carried out to develop novel 2D materials with high-performance and/or to improve the
performance of current 2D materials. Considerable progress in the field of 2D materials for
state-of-the-art electronic nano-devices has been achieved in recent years However, there is
still a paucity of 2D materials which can be potentially used for high-performance 2D-based
electronic devices. MoS> has low electron mobility [47,48] and a relatively large band gap [49—
52] resulting in a high Ion/Iotr ratio (~108) [47]. It has been reported by several researchers that
the performance of electronic devices is affected by the number of the layers and the properties
of these layers in turn are affected by the nature of the substrate or another 2D layered material
coupled with them. Therefore, to achieve the aforementioned properties simultaneously,
hetero-structures from two different kinds of 2D materials, such as graphene and MoS: can be
used [11,53]. For the realization and thermal management of the desired high-quality electronic
devices, thermal conductivity and heat dissipation along with the above-mentioned properties
also play an important role. Graphene and hexagonal-BN are still promising candidates for
FET applications in comparison to 2D TMDCs despite the large number of theoretical and
experimental studies on the thermal behavior of these materials [54—-56]. The difference in the
thermal properties of monolayer MoS: (2D TMDC) compared with a one-atom thin graphene
layer can be attributed to its sandwich structure due to the dominance of the phonon

contribution over the electron contribution in thermal conductivity [57]. Recent investigations



revealed that the theoretical thermal conductivity of MoS; is 1.35 [58][59] or 23.2 Wm ! K
[57]. Further, the values of thermal conductivity of MoS> with a few layers are found to be
1.59[60] and 52 W m ' K'! [61] experimentally at room temperature. For the realisation of
state of art electronic device applications, a deep insight in the thermal properties of
MoS; (TMDCs), is of utmost importance.

The TMDCs are proving themselves very promising candidates for optoelectronic applications
as single layers of these materials show excellent PL and electroluminescent properties and
their flexibility allows novel innovative device designs. These materials show strong inter-band
transitions due to the heavy effective mass of the ‘d’ electrons and the van Hove singularity
peaks in the electronic density of states. An optical absorption as high as 107 m™! is observed
in a 300 nm thick TMD which leads to 95 % absorption. The carrier mobility in 2D TMDCs is
further enhanced by the low density of traps. The carrier mobility of MoS> nanosheets is

1~ 200 cm? V!s![ ]. This wide range is attributed to the sample

reported as 0.5 cm? Vs~
quality, presence of absorbates, suppression of impurities and grain boundaries etc. The TMDC
based photo-detectors have a limitation of low photo-response because the active photo-
response area is only limited to the regions at the metal-TMDC interface as most of the incident
light is not absorbed. Heterostructures of TMDCs with other 2D materials are particularly
desired for practical optoelectronic application since there is a better control of photocurrent
separation and carrier transport. The TMDCs are also explored for photonic applications. It is
found that MoS, shows greater saturation absorption near 800 nm but the lack of gain medium
around this wavelength inhibits its usage. The saturation absorption is wavelength dependent,
hence a high pump power is needed to saturate absorption at shorter wavelengths. Research
related to usage of MoS: in mode locking laser applications is increasing these days [ ]| but

there is limited understanding of the underlying physics of TMDCs for these applications.hence

more experimental work is needed.

4.2 Spintronics:
The poor spin-orbit interaction on traditional spintronics materials permits the operation of the
devices below room temperature. Further, ultra-pure materials are needed to avoid spin-flip
scattering [62]. For next-generation nano-electronic and spintronic devices, new materials such
as 2D materials are being investigated. High electron mobility and long-distance spin transport
is possible in graphene at room temperature. However, high spin orbit coupling and a direct
bandgap are a primary need for a switching action in charge- or spin-based transistors.

Graphene lacks a band gap and spin-orbit coupling in its pristine state. The properties of



graphene may be modified by doping, this being necessary for opening up the band gap. Strong
spin—orbit coupling induces spin splitting of up to 0.4 eV in 2D transition-metal
dichalcogenides (TMDs). This enables the possibility of room temperature operation of
spintronics devices [63]. These properties make TMDCs suitable for novel spintronics
applications for example magnetic sensors, ultrathin high-density data storage devices, spin-
field-effect switches, spin valves, magnetic logic gates, magnetic random-access memory etc.
There are several challenges for developing two dimensional (2D) spintronics: (i) increasing
the magnetism in the system by spin injection and (ii) efficient manipulation of the spin [64,65].
Among various TMDCs reported, MoS» is special because of its interesting physical properties,
which are a function of its thickness and structural phase transitions. Some of the properties
which make MoS; a potential candidate for spintronic and nanodevice applications are: absence
of inversion symmetry, high atomic mass, very strong spin-orbit splitting due to confinement
of electron motion in the plane, high on/off current ratios and bandgap tunability (1.2—1.8 eV).
Pristine 2H-MoS> has a non-magnetic ground state due to spin (S) = 0 Mo 4+ in a trigonal
prismatic geometry, therefore a significant modification in the physical properties is essential
before exploring it for spintronics applications. There are several reports of ferromagnetism in
MoS; via transition-metal, non-metal, and lanthanide ion doping, adsorption of non-metals,
structural phase transitions and strain induced defects. For the practical realization of spin-
based devices, the electrical injection, transport, manipulation, and detection of spin-polarized

carriers in the MoS»/ferromagnet (FM) heterostructures are primary requirements|[63].

5. Conclusions

Intensive research on MoS: is still going on, to expolit its favourable chemical, photonic, and

electronic characteristics. These materials can be explored with reference to the synthesis

techniques and their compatibility with other materials. Some of the on-going challenges are
listed below:

1) Separation of different 2D structures is still a challenge. Efforts are being made to
develop synthesis techniques for the production of such materials. Additionally, the
effect of moisture and environmental conditions on the stability of MoS: needs to be
investigated.

(i1) MoS: layers under laser operation (when used as optical modulators) are prone to
damage. A large amount of heat is produced while in operation due to their fast

response. This can result in burning of the material.



(ii1))  Defects in the MoS: structure such as point defects, dangling bonds on the surface of
MoS; layers grown by CVD, grain boundaries etc can lead to low performance in device

applications. These can be minimised using defect engineering methods.

References

[1]  J.W. Mclver, B. Schulte, F.U. Stein, T. Matsuyama, G. Jotzu, G. Meier, A. Cavalleri,
Light-induced anomalous Hall effect in graphene, Nature Physics. 16 (2020) 38—41.
https://doi.org/10.1038/s41567-019-0698-y.

[2] K.S.Novoselov, A.K. Geim, S. V. Morozov, D. Jiang, M.I. Katsnelson, 1. V.

Grigorieva, S. V. Dubonos, A.A. Firsov, Two-dimensional gas of massless Dirac



(3]

(4]

(5]

(6]

[7]

[8]

[9]

[10]
[11]

[12]

[13]

[14]

fermions in graphene, Nature. 438 (2005) 197-200.
https://doi.org/10.1038/nature04233.

W.H. Kim, J.Y. Son, Single-layer MoS?2 field effect transistor with epitaxially grown
SrTiO3 gate dielectric on Nb-doped SrTiO3 substrate, Bulletin of the Korean
Chemical Society. 34 (2013) 2563-2564. https://doi.org/10.5012/bkcs.2013.34.9.2563.
A. Splendiani, L. Sun, Y. Zhang, T. Li, J. Kim, C.Y. Chim, G. Galli, F. Wang,
Emerging photoluminescence in monolayer MoS2, Nano Letters. 10 (2010) 1271—
1275. https://doi.org/10.1021/n1903868w.

H. Li, M.E. Pam, Y. Shi, H.Y. Yang, A review on the research progress of tailoring
photoluminescence of monolayer transition metal dichalcogenides, FlatChem. 4 (2017)
48-53. https://doi.org/10.1016/j.flatc.2017.07.001.

K. Khan, A.K. Tareen, M. Aslam, R. Wang, Y. Zhang, A. Mahmood, Z. Ouyang, H.
Zhang, Z. Guo, Recent developments in emerging two-dimensional materials and their
applications, Royal Society of Chemistry, 2020. https://doi.org/10.1039/c9tc04187g.
K. Waltersson, The crystal structure of, Journal of Solid State Chemistry. 28 (1979)
121-131. https://doi.org/10.1016/0022-4596(79)90064-1.

S. Manzeli, D. Ovchinnikov, D. Pasquier, O. V. Yazyev, A. Kis, 2D transition metal
dichalcogenides, Nature Reviews Materials. 2 (2017).
https://doi.org/10.1038/natrevmats.2017.33.

M.J. Allen, V.C. Tung, R.B. Kaner, Honeycomb carbon: A review of graphene,
Chemical Reviews. 110 (2010) 132—-145. https://doi.org/10.1021/cr900070d.

O. Samy, S. Zeng, M.D. Birowosuto, A. El Moutaouakil, and Challenges, (2021) 1-24.
X. Li, H. Zhu, Two-dimensional MoS2: Properties, preparation, and applications,
Journal of Materiomics. 1 (2015) 33—44. https://doi.org/10.1016/j.jmat.2015.03.003.
N. Thomas, S. Mathew, K.M. Nair, K. O’Dowd, P. Forouzandeh, A. Goswami, G.
McGranaghan, S.C. Pillai, 2D MoS2: structure, mechanisms, and photocatalytic
applications, Materials Today Sustainability. 13 (2021).
https://doi.org/10.1016/j.mtsust.2021.100073.

H. Wang, C. Li, P. Fang, Z. Zhang, J.Z. Zhang, Synthesis, properties, and
optoelectronic applications of two-dimensional MoS2 and MoS2-based
heterostructures, Chemical Society Reviews. 47 (2018) 6101-6127.
https://doi.org/10.1039/c8cs00314a.

R.J. Toh, Z. Sofer, J. Luxa, D. Sedmidubsky, M. Pumera, 3R phase of MoS2 and WS2

outperforms the corresponding 2H phase for hydrogen evolution, Chemical



[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

Communications. 53 (2017) 3054-3057. https://doi.org/10.1039/c6¢cc09952a.

M. Chhowalla, H.S. Shin, G. Eda, L.J. Li, K.P. Loh, H. Zhang, The chemistry of two-
dimensional layered transition metal dichalcogenide nanosheets, Nature Chemistry. 5
(2013) 263-275. https://doi.org/10.1038/nchem.1589.

M. Tebyetekerwa, J. Zhang, Z. Xu, T.N. Truong, Z. Yin, Y. Lu, S. Ramakrishna, D.
Macdonald, H.T. Nguyen, Mechanisms and applications of steady-state
photoluminescence spectroscopy in two-dimensional transition-metal dichalcogenides,
ACS Nano. 14 (2020) 14579-14604. https://doi.org/10.1021/acsnano.0c08668.

K.F. Mak, J. Shan, Photonics and optoelectronics of 2D semiconductor transition metal
dichalcogenides, Nature Photonics. 10 (2016) 216-226.
https://doi.org/10.1038/nphoton.2015.282.

T. Mueller, E. Malic, Exciton physics and device application of two-dimensional
transition metal dichalcogenide semiconductors, Npj 2D Materials and Applications. 2
(2018) 1-12. https://doi.org/10.1038/s41699-018-0074-2.

D. Van Tuan, A.M. Jones, M. Yang, X. Xu, H. Dery, Virtual Trions in the
Photoluminescence of Monolayer Transition-Metal Dichalcogenides, Physical Review
Letters. 122 (2019) 1-11. https://doi.org/10.1103/PhysRevLett.122.217401.

Y. Zhao, Y. Sun, M. Bai, S. Xu, H. Wu, J. Han, H. Yin, C. Guo, Q. Chen, Y. Chai, Y.
Guo, Raman Spectroscopy of Dispersive Two-Dimensional Materials: A Systematic
Study on MoS2Solution, Journal of Physical Chemistry C. 124 (2020) 11092—-11099.
https://doi.org/10.1021/acs.jpcc.0c01615.

K.G. Zhou, F. Withers, Y. Cao, S. Hu, G. Yu, C. Casiraghi, Raman modes of MoS2
used as fingerprint of van der Waals interactions in 2-D crystal-based heterostructures,
ACS Nano. 8 (2014) 9914-9924. https://doi.org/10.1021/nn5042703.

C. Lee, H. Yan, L.E. Brus, T.F. Heinz, J. Hone, S. Ryu, Anomalous lattice vibrations
of single- and few-layer MoS2, ACS Nano. 4 (2010) 2695-2700.
https://doi.org/10.1021/nn1003937.

Y. Liu, C. Zeng, J. Zhong, J. Ding, Z.M. Wang, Z. Liu, Spintronics in Two-
Dimensional Materials, Nano-Micro Letters. 12 (2020) 1-26.
https://doi.org/10.1007/s40820-020-00424-2.

K.F. Mak, J. Shan, Photonics and optoelectronics of 2D semiconductor transition metal
dichalcogenides, Nature Photonics. 10 (2016) 216-226.
https://doi.org/10.1038/nphoton.2015.282.

LI.S. Osborne, Nanoscale chiral valley-photon interface, Science. 359 (2018) 409B.



[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]
[35]

[36]

https://doi.org/10.1126/science.359.6374.407-m.

M.L.M. Lalieu, R. Lavrijsen, B. Koopmans, Integrating all-optical switching with
spintronics, Nature Communications. 10 (2019) 1-6. https://doi.org/10.1038/s41467-
018-08062-4.

M.C. Wang, C.C. Huang, C.H. Cheung, C.Y. Chen, S.G. Tan, T.W. Huang, Y. Zhao,
Y. Zhao, G. Wu, Y.P. Feng, H.C. Wu, C.R. Chang, Prospects and Opportunities of 2D
van der Waals Magnetic Systems, Annalen Der Physik. 532 (2020) 1-19.
https://doi.org/10.1002/andp.201900452.

X. Shi, Z. Huang, M. Huttula, T. Li, S. Li, X. Wang, Y. Luo, M. Zhang, W. Cao,
Introducing magnetism into 2D nonmagnetic inorganic layered crystals: A brief review
from first-principles aspects, Crystals. 8 (2018). https://doi.org/10.3390/cryst8010024.
J. Pan, S. Lany, Y. Qi, Computationally Driven Two-Dimensional Materials Design:
What Is Next?, ACS Nano. 11 (2017) 7560-7564.
https://doi.org/10.1021/acsnano.7b04327.

B. Gao, C. Huang, F. Zhu, C.L. Ma, Y. Zhu, Magnetic properties of Mn-doped
monolayer MoS2, Physics Letters, Section A: General, Atomic and Solid State
Physics. 414 (2021). https://doi.org/10.1016/j.physleta.2021.127636.

P. Tao, H. Guo, T. Yang, Z. Zhang, Strain-induced magnetism in MoS2 monolayer
with defects, Journal of Applied Physics. 115 (2014).
https://doi.org/10.1063/1.4864015.

S. Fu, K. Kang, K. Shayan, A. Yoshimura, S. Dadras, X. Wang, L. Zhang, S. Chen, N.
Liu, A. Jindal, X. Li, A.N. Pasupathy, A.N. Vamivakas, V. Meunier, S. Strauf, E.H.
Yang, Enabling room temperature ferromagnetism in monolayer MoS?2 via in situ iron-
doping, Nature Communications. 11 (2020) 6—13. https://doi.org/10.1038/s41467-020-
15877-17.

S. Yan, W. Qiao, X. He, X. Guo, L. Xi, W. Zhong, Y. Du, Enhancement of magnetism
by structural phase transition in MoS2, Applied Physics Letters. 106 (2015).
https://doi.org/10.1063/1.4905656.

A. Phys, Magnetic properties of MoS2: Existence of ferromagnetism, 123105 (2016).
S. Mathew, K. Gopinadhan, T.K. Chan, X.J. Yu, D. Zhan, L. Cao, A. Rusydi, M.B.H.
Breese, S. Dhar, Z.X. Shen, T. Venkatesan, J.T.L. Thong, Magnetism in MoS 2
induced by proton irradiation, Applied Physics Letters. 101 (2012).
https://doi.org/10.1063/1.4750237.

A. Phys, Robust ferromagnetism in Mn-doped MoS 2 nanostructures, 092401 (2018)



[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

1-6.

R. Pelosato, K. Kang, S. Fu, K. Shayan, Y. Anthony, The effects of substitutional Fe-
doping on magnetism in MoS 2 and WS 2 monolayers, (n.d.).

H. Zheng, B. Yang, D. Wang, R. Han, X. Du, Y. Yan, Tuning magnetism of
monolayer MoS2 by doping vacancy and applying strain, Applied Physics Letters. 104
(2014) 1-6. https://doi.org/10.1063/1.4870532.

A. Ramasubramaniam, D. Naveh, Mn-doped monolayer MoS2: An atomically thin
dilute magnetic semiconductor, Physical Review B - Condensed Matter and Materials
Physics. 87 (2013). https://doi.org/10.1103/PhysRevB.87.195201.

R. Pelosato, K. Kang, S. Fu, K. Shayan, Y. Anthony, The effects of substitutional Fe-
doping on magnetism in MoS 2 and WS 2 monolayers, (n.d.).

J. Kang, J.D. Wood, S.A. Wells, J.H. Lee, X. Liu, K.S. Chen, M.C. Hersam, Solvent
exfoliation of electronic-grade, two-dimensional black phosphorus, ACS Nano. 9
(2015) 3596-3604. https://doi.org/10.1021/acsnano.5b01143.

G. Eda, H. Yamaguchi, D. Voiry, T. Fujita, M. Chen, M. Chhowalla,
Photoluminescence from chemically exfoliated MoS 2, Nano Letters. 11 (2011) 5111—
5116. https://doi.org/10.1021/n1201874w.

M. Terrones, A. Voshell, M.M. Rana, Review of optical properties of two-dimensional
transition metal dichalcogenides, (2018) 21. https://doi.org/10.1117/12.2323132.

M. Terrones, A Review of Defects in Metal Dichalcogenides: Doping, Alloys,
Interfaces, Vacancies and Their Effects in Catalysis & Optical Emission, Microscopy
and Microanalysis. 24 (2018) 1556—-1557.
https://doi.org/10.1017/s1431927618008267.

K.S. Novoselov, V.I. Fal’Ko, L. Colombo, P.R. Gellert, M.G. Schwab, K. Kim, A
roadmap for graphene, Nature. 490 (2012) 192-200.
https://doi.org/10.1038/nature11458.

Y. Naveh, K.K. Likharev, Modeling of 10-nm-Scale Ballistic MOSFET ’ s, 21 (2000)
242-244.

B. Radisavljevic, A. Kis, Reply to “Measurement of mobility in dual-gated MoS2
transistors,” Nature Nanotechnology. 8 (2013) 147—-148.
https://doi.org/10.1038/nnano.2013.31.

M.S. Fubhrer, J. Hone, Measurement of mobility in dual-gated MoS2 transistors, Nature
Nanotechnology. 8 (2013) 146—147. https://doi.org/10.1038/nnano.2013.30.

K.F. Mak, C. Lee, J. Hone, J. Shan, T.F. Heinz, Atomically thin MoS2: A new direct-



[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

gap semiconductor, Physical Review Letters. 105 (2010) 2-5.
https://doi.org/10.1103/PhysRevLett.105.136805.

A.R. Klots, A.K.M. Newaz, B. Wang, D. Prasai, H. Krzyzanowska, J. Lin, D. Caudel,
N.J. Ghimire, J. Yan, B.L. Ivanov, K.A. Velizhanin, A. Burger, D.G. Mandrus, N.H.
Tolk, S.T. Pantelides, K.I. Bolotin, Probing excitonic states in suspended two-
dimensional semiconductors by photocurrent spectroscopy, Scientific Reports. 4
(2014) 1-7. https://doi.org/10.1038/srep06608.

F.A. Rasmussen, K.S. Thygesen, Computational 2D Materials Database: Electronic
Structure of Transition-Metal Dichalcogenides and Oxides, Journal of Physical
Chemistry C. 119 (2015) 13169—-13183. https://doi.org/10.1021/acs.jpcc.5b02950.
K.K. Kam, B.A. Parkinson, Detailed photocurrent spectroscopy of the semiconducting
group VI transition metal dichalcogenides, Journal of Physical Chemistry. 86 (1982)
463-467. https://doi.org/10.1021/100393a010.

A. Di Bartolomeo, Graphene Schottky diodes: An experimental review of the
rectifying graphene/semiconductor heterojunction, Physics Reports. 606 (2016) 1-58.
https://doi.org/10.1016/j.physrep.2015.10.003.

A.A. Balandin, S. Ghosh, W. Bao, I. Calizo, D. Teweldebrhan, F. Miao, C.N. Lau,
Superior thermal conductivity of single-layer graphene, Nano Letters. 8 (2008) 902—
907. https://doi.org/10.1021/n10731872.

I. Jo, M.T. Pettes, J. Kim, K. Watanabe, T. Taniguchi, Z. Yao, L. Shi, Thermal
conductivity and phonon transport in suspended few-layer hexagonal boron nitride,
Nano Letters. 13 (2013) 550-554. https://doi.org/10.1021/n1304060g.

S. Ghosh, I. Calizo, D. Teweldebrhan, E.P. Pokatilov, D.L. Nika, A.A. Balandin, W.
Bao, F. Miao, C.N. Lau, Extremely high thermal conductivity of graphene: Prospects
for thermal management applications in nanoelectronic circuits, Applied Physics
Letters. 92 (2008) 1-4. https://doi.org/10.1063/1.2907977.

Y. Cai, J. Lan, G. Zhang, Y.W. Zhang, Lattice vibrational modes and phonon thermal
conductivity of monolayer MoS 2, Physical Review B - Condensed Matter and
Materials Physics. 89 (2014) 1-8. https://doi.org/10.1103/PhysRevB.89.035438.

L. Liu, S.B. Kumar, Y. Ouyang, J. Guo, Performance limits of monolayer transition
metal dichalcogenide transistors, IEEE Transactions on Electron Devices. 58 (2011)
3042-3047. https://doi.org/10.1109/TED.2011.2159221.

J.W. Jiang, H.S. Park, T. Rabczuk, Molecular dynamics simulations of single-layer

molybdenum disulphide (MoS2): Stillinger-Weber parametrization, mechanical



[60]

[61]

[62]

[63]

[64]

[65]

properties, and thermal conductivity, Journal of Applied Physics. 114 (2013).
https://doi.org/10.1063/1.4818414.

J.Y. Kim, S.M. Choi, W.S. Seo, W.S. Cho, Thermal and electronic properties of
exfoliated metal chalcogenides, Bulletin of the Korean Chemical Society. 31 (2010)
3225-3227. https://doi.org/10.5012/bkes.2010.31.11.3225.

S. Sahoo, A.P.S. Gaur, M. Ahmadi, M.J.F. Guinel, R.S. Katiyar, Temperature-
dependent Raman studies and thermal conductivity of few-layer MoS2, Journal of
Physical Chemistry C. 117 (2013) 9042-9047. https://doi.org/10.1021/jp402509w.

R. Sanikop, C. Sudakar, Tailoring Magnetically Active Defect Sites in MoS2
Nanosheets for Spintronics Applications, ACS Applied Nano Materials. 3 (2020) 576—
587. https://doi.org/10.1021/acsanm.9b02121.

A. Dankert, L. Langouche, M.V. Kamalakar, S.P. Dash, High-performance
molybdenum disulfide field-effect transistors with spin tunnel contacts, ACS Nano. 8
(2014) 476-482. https://doi.org/10.1021/nn40496 1e.

A.T. Neal, H. Liu, J. Gu, P.D. Ye, Magneto-transport in MoS2: Phase coherence, spin-
orbit scattering, and the hall factor, ACS Nano. 7 (2013) 7077-7082.
https://doi.org/10.1021/nn402377g.

R. Sanikop, A.K. Budumuru, S. Gautam, K.H. Chae, C. Sudakar, Robust
Ferromagnetism in Li-Intercalated and -Deintercalated MoS2Nanosheets: Implications
for 2D Spintronics, ACS Applied Nano Materials. 3 (2020) 11825—-11837.
https://doi.org/10.1021/acsanm.0c02349.



