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Abstract

2D materials attracted considerable interest in the research community following the
first report in 2004 on the preparation of graphene by simple micromechanical
exfoliation of highly oriented pyrolytic graphite. For example, single-layer
Molybdenum Di selenide (MoSez) and Tungsten Di selenide (WSe>) transistors with
on/off ratios of 108 and ultra-low standby power dissipation were demonstrated.
Graphene electrodes have been used to develop fully transparent resistive memories
to suppress unwanted surface effects that occur in oxide memory devices.
Photodetectors based on MoSe> with few layers have shown excellent photodetection
properties. Phototransistors based on WSe2 monolayers exhibit photosensitivity up to
2200 AW, demonstrating the emerging applications of 2D materials for high-
efficiency optoelectronic devices. In particular, the 2D monolayers of semiconducting
transition metal dichalcogenides (TMDs) exhibit direct bandgaps and have intriguing
optical properties suitable for optoelectronic applications in light-emitting diodes and
photovoltaics. To realize highly efficient optoelectronic devices based on TMD
monolayers, it is also essential to develop a strategy for tuning the bandgaps of TMD
monolayers. A significant drawback of graphene is that it does not have a bandgap and
is therefore not considered the best material for light-emitting devices. This drawback
of graphene has severely limited its application in the electronics industry, where
semiconductor materials are widely used. In contrast, single-layer TMDs such as WSe>
and WSe; are direct bandgap semiconductors and show good light emission properties.
In this work, density functional theory is used to perform systematic studies of layered
MoSe> and WSe». Theoretically, we transition metals Rh and Ru to perform planned
studies of layered MoSe; and WSe> via substitutional doping and vacancies to find
suitable dopants that can effectively improve or change these materials' electrical and
magnetic properties. VASP is used as a theoretical, computational tool to determine
the electronic and magnetic properties of untreated, defected, and doped MoSe. and
WSe>. Vacancy creation and doping reduced bandgap values as vacancies and doping
concentrations increased linearly. Vacancy creation and doping reduced bandgap
values as vacancies and doping concentrations increased linearly. Calculations of the
energies of formation suggest that the doped system is thermodynamically more stable
than the system with vacancies. The results obtained show that the Ru doped system



viii
has lower formation energies than the Rh. This study shows that both MoSe, and WSe>
acquire a semi-metallic character. Both doped and vacancy generated systems bring
magnetism to MoSe> and WSe», and the highest value of total magnetic moment found
is 12 pg for tri-vacancies in MoSe;. This research shows that both vacancy generation

and doping are practical tools for future scientific applications based on WSe, and
MoSeo.

Keywords: Bandgap, MoSe;, WSe;, DFT, Doping, Monolayer, Point Defects,
Transition Metal, VASP, 2D Material.
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Chapter 1: Introduction

This chapter supplies the foundation for the research to be conducted. The background
and goal of this study will be discussed extensively. An overview of the earlier work

will also be provided to explore the topic's scope further.

1.1 Overview

Transition metal dichalcogenide monolayers are very favourable materials for many
applications in electronics and optoelectronics and have been extensively studied in
the recent past, both experimentally and theoretically. In 2004, a new science for the
study of 2D materials emerged with the discovery of graphene (Novoselov et al., 2004)
Graphene is a single layer of carbon atoms structured in a honeycomb with special
electronic properties (Neto et al., 2009). Its band structure shows that it has no direct
bandgap, which makes it difficult for future photoelectronic devices. To address these
issues, the few TMD layers provide a good opportunity for such efforts in future
research. MoSe, and WSe: are two of these promising compounds that have an indirect

bandgap that can later be tuned to the visible region of the solar spectrum.

This work aims to tune the bandgap of 2D layer transition metals (LTMD) to improve
their application for photosensitive devices. LTMD is a class of graphene-like
materials that are widely studied due to their various properties such as carrier
mobility, flexibility, and optical properties that qualify them as suitable candidates for
devices. The structure of LTMDs is unique and has the formula MX2 (where M is a
transition metal and X is a chalcogen), with the two connected by covalent bonds in
an octahedron. Recently, two-dimensional MX2 (M=Mo, W; X=S, Se, Te) thin films

have been developed, exhibiting unique optical and electrical properties different from
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their bulk counterparts due to the direct bandgap transition (Cheiwchanchamnangij &
Lambrecht, 2012; Jin et al., 2013; Li et al., 2014), with large nonlinear optical

responses offering them new opportunities as monolayer materials.

Recently, many studies have been conducted to modulate the physical properties such
as defects, chemical absorption, and doping of single-layer LTMDs. Doping is very
effective to tune bandgaps and electronic structures. Doping with transition metals
(TM) has been used very successfully, e.g., MoSe: is converted into a semimetal by
substitution of Co, V, Mn, Fe, and Ni (Wang et al., 2016). Many recent pieces of
research have shown and tested that the substitution can improve the electronic and
optical properties of monolayer TMD and provide new promising applications.
Therefore, changing the bandgap is an effective way to improve the electronic and
magnetic properties of TMD. MoSe,, WSe: is a promising representative of TMDs,
which is characterised by a direct bandgap, high photosensitivity, and thermal stability
due to their electronic and magnetic properties that can be tuned by creating vacancies
and doping suitable elements. Rh and Ru are some rare earth and transition metal
elements that have been used for substitutional doping in this research (Payne et al.,

1992).

1.2 Statement of the Problem

In this work, density functional theory is used to perform systematic studies of layered
MoSe2 and WSe,. Theoretically, we take transition metals and rare earth metals to
perform systematic studies of layered MoSe, by substitution doping and vacancy
creation. In addition, the search for their effects on the layered compounds with

different thicknesses is extended to a wide range of concentrations. The goal is to
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successfully achieve the bandgap tunability of layered MoSe; and WSe so that we can

predict and design the systems with high performance.

1.2.1 Theoretical Modelling

All computational studies are performed using the Vienna Initio Simulation Package
(VASP), with ion potentials including the effect of core electrons described by the
Projector Augmented Wave (PAW) method. Brillouin zone integration is performed
on well-converged gamma k-point grids. A plane wave energy limit of 500 eV is used
in all calculations. All structures are geometrically relaxed until the total force on each

ion is reduced to less than 0.01 eV/A.

1.2.2 Choice of the Computational Framework

In choosing the computational framework, we note that standard density functional
theory (DFT), using the Generalized Gradient Approximation (GGA) for the
exchange-correlation functional (XC), calculates the electronic and magnetic
properties of MoSe, and WSe». Searching for the effects of transition and rare earth
metals on MoSe; and WSe, monolayers. We will investigate the effects of a wide range
of concentrations of transition and rare earth metals on MoSe, and WSe: thin films,
where Rh and Ru atoms are introduced as dopants into the Mo lattice sites, causing the

transition from deep to shallow impurity states in MoSe; and WSez monolayers.

1.2.3 Research Hypotheses

The bandgaps of MoSe, and WSe> with few layers are close to 2 eV, which is not yet
very efficient for photovoltaic applications. It is important to develop a doping strategy
to reduce the bandgap and thus be able to use a significant part of the solar spectrum.

Therefore, we introduce transition metals, including 3d and 4d elements, in MoSe> and
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WSe; to find suitable transition metals that can effectively reduce the bandgap and

extend the optical absorption to the visible range and even the infrared range.

1.2.4 Impact of this Research Work

The outcomes of the proposed research will contribute directly to the social goals
articulated in the Emirates Economic Vision 2030. The United Arab Emirates has
taken a big move by creating the Mubadala technology company and Semiconductor
Research Corporation (SRC). We believe that our research project will be beneficial

to the University and the electronics industry in the UAE.

1.3 Pure TMD’s Structural and Electronic Properties

TMDs are layered materials with strong in-plane bonds but weak Vander-Waals
forces. Their chemical formula is MX2, where M is a transition metal and X is
chalcogen atoms. Transition elements (IV-VI) include Mo, W, V, Nb, TI, etc. and
chalcogens include S, Se, and Te. (X-M-X) represents a monolayer of TMD. There is
a strong bond between the atomic planes M and X. The studied TMDs MoSe, and
WSe> are both semiconductors with hexagonal structures and belong to space group

P6. A pure primitive cell of a TMD has 2 metal atoms and 4 chalcogen atoms.

Experimental results show bandgaps matching the solar spectrum and were obtained
by Kam and Parkinson (1982). The bandgaps of MoS, and WS, are 1.23 eV and 1.35
eV correspondingly (Kam & Parkinson, 1982). Layered TMD has always been of
interest for bulk materials. The band structures were calculated using the augmented
spherical wave method. MoSe, and WSe, are both indirect semiconductors with
maxima of the v-zone at the I'-point and minima of the c-zone at the K-point, as shown

in Figure 1 (Coehoorn et al., 1987).



Figure 1: Scalar Relativistic Band Structures of MoSe, Bulk. Adapted from
(Coehoorn et al., 1987)

1.3.1 The Density Functional Theory (DFT)

In theoretical physics, it was a real problem to determine the structure of a system with
many electrons. In a semiconductor, nuclei and electrons are the two essential entities,
and their interaction is significant. The nucleus is heavier than the electron; therefore,
in the Born-Oppenheimer approximation, the nuclei are assumed not to move, and the
electrons move at an ineffective potential. The nonrelativistic, time-independent
Schrodinger equation explains systems. There are many salient features of DFT,
including the Hohenberg-Kohn theorem. The standard Hamiltonian describing N-body

particles can be written as:

H=T+V,, +W (Equation 1.1)
Where T is the kinetic energy operator, Vex: is the time-independent potential and W
is the term for particle interactions (Eberhard & Dreizler, 2011). Solving Schrédinger

equation gives many bodies Eigen states ¥y ).



(H|We) = |E|¥) (Equation 1.2)
Among the solutions of the above equation, |¥o) is described as a ground state.

1.3.2 LDA and GGA Approximations of Exchange-Correlation Functions

Many approximations of the above functions are used because the correct form is not
precisely known. The LDA approximates the local density. The exchange-correlation
potential is approximated at each point in space as a known xc potential from the
heterogeneous electron gas for the electron density observed in space (Sholl & Steckel,
2011). Another approximation developed after LDA is the Generalized Density
Approximation (GGA), which considers the density and its local gradient. There are
several ways to implement LDA and GGA, but the Perdew-Burke-Ernzerhof
functional (PBE) and the Perdew-Wang functional (PW91) are the most used GGA
functions for computations with solids. We will use the implementation of PBE-GGA

for calculations.

1.3.3 The Bandgap Energy

The least amount of energy is required for an electron to break free from the valance
band and jump into the conduction band. The weakest bound electron belongs to the
highest filled valance band, and the (N+1) t, electron belongs to the lowest empty band,
I.e., the conduction band of the neutral system. The equation for calculating the band-

gap energy can be written as follows:
As = ey, — €pn (Equation 1.3)

1.3.4 Supercell Concept
Density functional theory (DFT) is applied to the system under consideration to

calculate various parameters, including the bandgap. First, the volume of the crystal
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must be defined and the positions of the atoms within the volume should also be
specified. Then vectors can be set up in both directions that define the crystal. The
vectors and atomic positions within the specified cell are called the supercell. This is
the most basic basis for the calculations of DFT. A primitive cell is a supercell with a

minimum number of atoms required to define a crystal structure.

1.4 Relevant Literature Review

The interest in two-dimensional (2D) semiconductors is mainly fuelled by the highly
successful miniaturisation of Si-based electronic devices, which enable higher packing
density, faster-switching speed and lower power dissipation (Vargas-Bernal, 2019;
Weng et al., 2018). Recently discovered 2D materials have attracted the interest of
researchers due to their promising applications in the optical and electrical industries.
Graphene has ushered in a new era in photonics and optoelectronics with its high
optical transparency (97.7% transmittance in the visible spectrum), good thermal
conductivity at room temperature (3x103 W/mK) and exceptional mechanical
strength, i.e., Young's modulus of 1.1TPa (Sang et al., 2019; Sung et al., 2019). Due
to these properties, graphene is at the top of the list as a candidate for transparent
electrodes, energy storage devices and solar cells. These outstanding properties have
increased the demand for more research in 2D layered materials. However, a
significant drawback of graphene is its lack of a bandgap (Rout et al., 2019), which is
why it is not considered an optimal material for light-emitting devices and minimises
its application in the electronics industry, where semiconductor materials could be of

great use.

Molybdenum selenide and tungsten Di selenide appear to be a promising class of

materials for next-generation electronics. It is the only 2D material discovered so far
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that has an inherent bandgap. With this property, they pave the way for the
development of a whole new domain of electronic devices and materials that can be
used in heterostructures with other 2D layered materials to complement each other.
MoSe; and WSe> exhibit good electrical and transport properties (Daukiya et al., 2019;
Habib et al., 2019; Liu et al., 2019) and are chemically and thermally stable,
transparent, flexible, and relatively inexpensive, making this material an excellent
overall candidate for a variety of electronic and optoelectronic applications. The 2D
form of the material was first discovered in 2011 when scientists succeeded in

fabricating a transistor from this new material (Donaldson, 2019).

Many recent reports have shown that MoSe; and WSe, can be synthesised cost-
effectively and can actively absorb much more irradiated energy from the solar
spectrum than conventional solar cells made of organic materials and silicon (Jia,
2019; Morgan et al., 2019). Undoubtedly, it will help solve the environmental and
energy problems in the UAE and even worldwide. Recently, many researchers used
density functional theory (DFT) in investigating the potential effects of the adsorption
of metals on MoSe,. Monolayers of 2D MoSe> were doped with metals such as Pd, Pt,
Cu, Ag, Au, and Zn, resulting in stable adsorption for all except Zn. In addition,
magnetic properties were introduced in Cu, Ag and Au systems. LEDs such as MoSe;
are promising as their bandgap can be manipulated by adding certain elements that can

shift them from an indirect bandgap to a direct one.

The band structure of MoSe; has changed from metallic, semi-metallic to
semiconducting behaviour upon the adsorption of certain metals, leading to magnetic
moments. It suggests the Production of nano-electronic devices made of doped MoSe;

or MoS; (Huang et al., 2017). Although the structural properties of graphene are near
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to TMDs such as MoSez, WSez, WS,, and MoS;, they have a bandgap from 1-2 eV
(Kumar & Ahluwalia, 2012), which makes them a perfect candidate for future
electronic devices. Currently, they are applied to field-effect transistors (Garnier et al.,

1994; Tsumura et al., 1986), optoelectronic devices and transducers (Li et al., 2006).

In recent years, TMDs have been extensively studied and focused on their various
properties, including the ability of MoSe, to change the bandgap. WSe: has been
considered for use in low-cost thin-film solar cells due to its small bandgap and high
absorption coefficient. Possible applications include transistors, photovoltaics, and
light-emitting devices. The Mn-doped monolayer of MoSe; has been studied using
DFT and the results represent a promising new area of magnetic semiconductors.
Similar studies were carried out with WS>, whose bandgap was raised from an indirect

bandgap of 1.3 eV to 2 eV after the fabrication of single layers.

Lietal. (2016) observed that one X doped WS; is nonmagnetic, while 2X doped results
in magnetic moments. A few years back, multiple methods were used to change the
physical properties of layered TMDs; they were used for applications such as defects
(Li et al., 2013), doping (Tongay et al., 2013), strain engineering (Zhou et al., 2013).
MoSe> single layer TMD has been widely studied because of its good physical
properties such as bandgap (Kumar & Schwingenschlogl, 2015), and
photoluminescence (Tonndorf et al., 2013) and interesting thermal stability (Tongay

etal., 2012).

In recent years, researchers have also investigated how strains or defects in the
monolayer of WSe> can affect its magnetic properties. It has been proven that two W
atoms and one W atom and three nearby Se atom pairs induce magnetic moments in

the monolayer of WSez. WSe> with defects can exhibit different electronic properties
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depending on the tensile stress. Previous studies have shown that point defects and
vacancy defects induce magnetism in graphene and MoSe, monolayers. These 2D
materials show tremendous ability to handle strain due to their plastic deformability.
It has been studied that all vacancy defects change the electronic properties of WSes,
while certain vacancies introduce magnetic moments into the material. The WSe>
monolayer with W vacancy transforms from a non- magnetic material into a magnetic

one (Zhang et al., 2019).

Zhang et al. (2020) also revealed that the 3d transition metals Mn, Fe, Co, and Ni,
when doped into a MoSe> monolayer, were found to enhance the electronic transport
properties by adding flat impurity bands within the bandgap. It was discovered that Co
doping makes WSe, a semimetal and substitution of certain metals V, Mn, Fe, Co, and
Ni brings out the metallic behaviour. All added metallic impurities were shown to
favour the energetically doped systems under Se-rich conditions. It was found that all
TM impurities cause some lattice distortion. The 3d orbital of the metallic impurities
improves the electron transport properties, and the TM doping is a possibility to

fabricate MoSe»-based nanodevices.

Wang et al. (2017) have investigated TMD by doping them with various metals and
non-metals. The results laid the foundation for the study of modulation of electronic,
magnetic and transport properties of monolayers TMD. They found out that doping of
non-metals into MoSe, is energetically favourable compared to Se vacancies.
Likewise, even valance electron doping always results in p-type material. In contrast,
odd valance electron doping results in either p or n-type materials, which provides an
insight into tuning the bandgap and studying the field of optoelectronics and

electronics.
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Chapter 2: Methods

In this chapter, the method of research will be discussed extensively with the
theoretical background involved. VASP is the computational code used to find the
electronic and magnetic properties of WSez and WSe,.Many bodies' problems will be
talked over to explore density functional theory. Two methods of bandgap tuning i.e.,

vacancy creation and substitutional doping will be discussed in detail.

2.1 The Many-Body Problem

All the materials consist of many electrons and nuclei, and they interact with each
other which describes the properties of a material. Since we are discussing the
electromagnetic interactions at the atomic level, we will apply quantum mechanics.
The basic equation that explains the quantum mechanical system is the many-body

Schrodinger equation which is given by:

HY = EY (Equation 2.1)

where H is the Hamiltonian operator, w is the wave function and E is the energy. This

Hamiltonian can be divided into five terms.

H=T.+T; + V., +V,; +V, (Equation 2.2)

Where Te and T, describe the kinetic energies of electrons and ions respectively and
Vee, Vi, and Ve are the potential energy operators describing the electron-electron,

the ion-ion, and the electron -ion coulomb interaction, respectively.

The wave function w depends upon the ionic and electronic degree of freedom (ri, R))

and the above equation can be written as:
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(Te + TI + ‘/ee + VII + Vel)l/)(rl‘, RI) - El[)(?’l, RI) (Equatlon 23)

The solution of Equation 2.3 gives the properties of the system. Since the solution
holds too many terms it is necessary to apply approximations. The first approximation
is Born-Oppenheimer (BO) approximation (Born & Oppenheimer, 1927). Since the
mass of the nuclei is many times more than an electron so electron moves faster and
hence, we can ignore the T, term in Equation 2.3. Even though the nuclei are not
moving particles, finding the solution to the above equation is not easy as many
electrons are interacting with each other and along with the stationary nuclei. Also, the
wave function must be antisymmetric given the fermion nature of electrons. Hence the
solution to Equation 2.2 will be found by some approximations which will be

explained systematically in the following methods.

2.1.1 Born-Oppenheimer Approximation

According to this approximation, the nucleus is more massive than the electron, hence
the electrons can move faster as compared to the nuclei. To make the many bodies
problem less complicated, we can separate the terms in the Schrodinger equation for
electrons and nuclei. It means the dynamics of atomic nuclei and electrons are

separated so this Hamiltonian can be written as

H=H,+H,+H,_, (Equation 2.4)

So, while using the BO approximation we freeze the nucleus positions and calculate
the wave function ‘¥’ and energy ‘E’ of the it electron and treat the system as many

one-electron problems.
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2.1.2 Hartree Approximation
The total Hamiltonian is approximated as a sum of one-electron operators and the wave

function as a product of eigenvectors of those operators.

Y1y, 15,13, ) = PP )Y (3) e e (Equation 2.5)

2.1.3 Hartree-Fock Approximation

In 1924, the Hartree approximation was introduced to simplify the above Schrodinger
equation and the wave function ¥ is considered as the product of the single
independent electron wave function as given above in Equation 2.5 (Hartree, 1928).
Hence the problem is reduced to a single independent particle Schrodinger equation.

The new equation is
[Te + Veps|Wi(r) = & W;(1) (Equation 2.6)

where &i(r) is the it electron energy eigen value. Tg is the one-electron Kinetic energy

and Ve is the effective potential. The electron density is given by

n(r) = %)’ (Equation 2.7)
Hartree approximation had a drawback in that it considered electrons as
distinguishable particles while they are fermions and interchanging two electrons with
each other changes the function. In 1930, Fock produced the improvement by
assuming that the wave function is antisymmetric which obeys Pauli exclusion
Principle. It says that two electrons with the same spin cannot occupy the same
quantum state. He introduced slater determinant. HF did not account for the changes
in the large systems as the number of electrons needed to form the basis functions is
huge. It also did not cover the correlations of the many bodies system. It could not

explain the characteristics of homogeneous gas and metals. Hence a more correct



14
beyond HF was needed which could consider the correlation effects into account and
give the material properties more precisely. DFT is the most current way to include

both exchange and correlational effects.

2.2 Density Functional Theory (DFT)

DFT is a computational quantum mechanical modelling method used in physics,
chemistry, & material science to investigate the electronic structure (ground state) of
many-body systems (Kohanoff et al., 2003; Payne et al., 1992). This theory provides
a solution to many electrons system using functionals. In DFT instead of wave
functions, we consider density functional. We can solve the Schrodinger equation for
a single electron body but for many bodies problem, we must add many terms and
approximations into the Schrodinger equation to make it work. Following is the

Schrodinger equation for a single electron.

~  p2 N .

H= el U(r) (Equation 2.8)
The many bodies Hamiltonian can be written as

_ p2
H = Zip—‘ + Y, U () + %Ziij V(f; — fj) + three body terms+ ...

2m

(Equation 2.9)

In DFT we do not solve the wave function, but we focus on electron density p (X, y,
z). This theory is an efficient tool to work out many complicated analyses supplying

faster computational methods which are closed to experimental results.

A¥{(r, R} = E¥{(n), (R,)} (Equation 2.10)

A~

H=T+ Veoroums (Equation 2.11)
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It supplies a swift code for electronic structure calculations. According to the HF
method, the solution to the Schrodinger equation (Kohn & Sham, 1965) can be written

as
Voxt(r,R) = Y(r,R)and E(R) — Properties (Equation 2.12)

In the HF method, it starts with a 3N dimension potential which is a function of
electron position ‘r’ and after formulating the Hamiltonian it leads to finding the wave
function and energy. Whereas DFT focuses on the electron density rather than many
bodies' wave function ¥ (r). This reduces the problem from 3N dimensions to three

dimensions.

N(r) = ¥ (r,R) and E(R) = Properties (Equation 2.13)

DFT is based on two main theorems of Hohenberg and Kohn. (Hohenberg & Kohn,
1964) - The first theorem is about ground-state electron density n(r) which determines
the external potential (Bhimanapati et al., 2015; Hohenberg & Kohn, 1964). As of
consequence of the two theorems, we can infer that ground state energy is also a
function of the ground state density that is if ground state density is known, the ground

state energy is a function of the density.
Ey, = E[n(r)] (Equation 2.14)

The 2" Hohenberg Kohn theorem Confirms that the energy functional E[n(r)]
minimum value gives the exact ground state energy and the electron density n(r) which

minimizes this functional is the exact ground state density no(r).
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2.2.1 Kohn-Shams Equations
In the preceding section, it is discussed that the ground state energy is a function of the
electron density, (Kohn & Sham, 1965) but the exact nature of this function is
unknown. It was a gigantic task for the success of the DFT. In 1965, the DFT started
its journey of success due to the KS theory (Kohn & Sham, 1965). The main idea is to
replace the many-body problem with an auxiliary system that can be approached with
ease. The KS theory assumes that the ground state density of the tedious interacting

system is the same as the non-interacting electrons moving in a mean-field way.

2.2.2 The Exchange —Correlational Energy Functional

As discussed in the earlier section, the KS equations mapped the many-body problem
into a set of independent single particles equations. Nevertheless, the KS equations
continue to be unresolved until we exactly define the exchange correlational functional

Exc [n(r)] in the following equation.
E[n(r)] = Ts[n(r)] + EHartreen[(T)] + Exc[n(r)] + fVext n(r) dr3
(Equation 2.15)

The exact expression is not known exactly but estimation is applied. The many-body
Hamiltonian can be written as if the non-interacting system and fully interacting
system can be connected through a coupling constant A (Born & Oppenheimer, 1927),

(M Santhosh et al., 2020).
Hy = W, + AVt (Equation 2.16)

where A=1 relates to the case of a noninteracting system and A=1 is the original

interacting one.
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The standard methods for the exchange correlational function in DFT are LDA and
GGA. These functional underestimates the bandgap of the system, hence the hybrid

functional is applied to enhance precision.

2.2.3 Applications of DFT

There are many DFT packages like VASP, Quantum Expresso, ABINIT, SIESTA, and
WIEN2k which make computations easy and faster including electron density
functions, molecular geometries, and energy changes, dipole moments, vibrational
frequencies, entropies and many more. There are many applications of DFT in material
science to predict complex systems at an atomic scale. It is a quantum mechanical
model which helps in computations of the electronic structure of atoms. They have

been widely used very successfully in Physics and chemistry since 1970.

2.3 Research Design

Spin polarization Density Functional Theory (DFT) calculations are used along with
(Projector Augmented Wave) PAW as implemented into VASP (Vienna Ab Initio
Simulation Package) (Kohn & Sham, 1965). The GGA (Generalized Gradient
Approximation) was used to describe the electron exchange-correlation effects in the
form of Perdew-Burke- Ernzerhof (PBE) (Hohenberg & Kohn, 1964). Energy cut-off
for the plane-wave expansion was established at 400 eV and the Brillouin-Zone
integrations were carried out by the Gamma-cantered scheme with a 3x3x1 k-point
grid (Bhimanapati et al., 2015). A vacuum spacing of 25 A was implemented to avoid
artificial interactions between neighbouring super cells of MoSe, and WSe; as well.
The two compounds will be subjected to bandgap tuning and will be studied for

suitable dopants and the effects of vacancy creation on the bandgap.
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2.3.1 Vienna ab initio Simulation Package (VASP)
VASP is a computer simulation package that can calculate atomic structure, optical
and electronic properties etc. of the materials using the first Principal-theory. It
calculates the approximate solution of many bodies Schrodinger equation using DFT,
Kohn-Sham equations and other approximations like LDA, GGA and hybrid
functionals. While using VASP, the fundamental quantities like electron charge
density, one-electron orbitals, and local potentials are expressed in terms of plane-
wave basis set. The interactions between electrons and ions are explained by ultrasoft

pseudopotentials, or the Projector-Augmented-Wave method (PAW).

2.4 Calculation Setup Outline
All the calculations for the structural and electronic properties of the studies on
Transition Metal Dichalcogenides (TMD) monolayers i.e., MoSe; and WSe, will use

the parameters listed in Table 1.

Table 1: General Calculation Parameter

Parameter Value
Kinetic energy cutoff (in eV). 400 eV (MoSe), 400 eV (WSe2)
Mesh of k points 5x5x1
Inter layer distance for monolayers 20°A

2.5 Structural Properties of MoSe2 and WSe2 Monolayers

This section will lay out the effects of the theoretical study of the structure and
electronic properties of the MoSe, and WSe:monolayers. In the beginning, the
convergence test will be conducted for the cut-off kinetic energy and k-points

sampling. Then, Relaxation calculations for the relaxed structure are performed to find
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out the optimized lattice constant’ a’ for the mono layers. Finally, electronic properties
of the TMD monolayers have been performed which include the band structure and

Density of States (DOS).

For structural information of the chosen TMDs, the symmetry, space group, bond
length lattice constant and atomic positions are significant. TMDs like MoSe, and
WSe;, are hexagonal in symmetry with space group P63/MMC. The TMDs monolayer
(1L) has three atomic planes when two Chalcogens (Se) atoms sandwich with the
metals (Mo, W) atoms. A monolayer primitive cell of TMDs will have 3 atoms, 1 metal
and 2 Chalcogens. The structure of the monolayer TMDs is defined by the lattice

constant a and ¢ where c is the inter layer distance.

VASP is used to calculate the electronic and structural properties of the TMDs
monolayers. The PBE GGA (Medvedev et al., 2017) approximations of the exchange-
correlation functional and pseudopotentials (PAW) were applied. The necessary input
data i.e., atomic positions, lattice constant, and symmetry must be defined for the
structural properties of the TMDs. Before running the electronic calculations, it is
essential to find out the best structural properties for the studied materials so that the
relaxed lattice values give minimum total energy for the ground state. If experimental
values of the lattice constant are used without relaxation, then the final energy will not
be minimized because the material will be under stress, which will affect its electronic
properties. Also finding inter layer distance for a monolayer of TMDs is very crucial.
Before relaxation calculation for lattice constant and atomic positions, the two
important convergence tests were performed. One is related to kinetic energy cut -off

and the other is concerned with k-points.
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2.6 Electronic and Magnetic Properties of Mono Layer of MoSe2 and WSe2
To calculate the electronic and magnetic properties of mono layer MoSe, and WSey,
they are subjected to different methods for bandgap tuning. Vacancy creation and
doping are used in this research. Electronic band graphs and DOS are plotted and

analysed further to get the bandgap values, formation energies, and magnetic moments.

2.6.1 Monolayer TMD’s Band Diagram and Khon-Sham Bandgaps

To obtain band diagram and bandgaps, a set of computations is needed to be run on
VASP which later needs to be analysed. Band diagram of monolayer MoSez, WSe>
primitive cell using GGA approximation has been calculated. Also, the bandgap has
been calculated for the two TMDs. Bandgaps are formulated along with the high
symmetry points in the Brillouin zone by using the I'-M-K- T" path. The electronic band
structure of MoSez and WSe> were calculated, and it was evident that both (Ahmed et

al., 2020) monolayers have a direct bandgap.

2.6.2 Projected Density of States (PDOS) of Monolayer TMDs

In the next chapter of results, the Density of State (DOS) of WSe, and MoSe; will be
discussed in detail. The DOS was found by using GGA approximation of the
exchange—correlational functional and the pseudo potential for the monolayer
primitive cell. DOS of each atom was calculated and then summed up as total DOS as
a linear combination of each atomic orbital. Two methods were employed for bandgap
tuning, these are:

i.  Creating vacancies (structural defects).

ii. By substitutional doping.

Bandgaps and DOS are calculated after applying two tuning methods. The geometrical

structure and electronic properties were calculated by using DFT of doped and
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undoped MoSe; and WSe, using VASP.PBE function of GGA was used for the
electron-ion interactions and exchange-correlational potential respectively (Hamann
etal., 1979; Perdew et al., 1996). The super cell is 6x6x1 having 36 Mo and W atoms
(light pink),72 Se (green ball) and 1 Ru (blue) and Rh atom(red). The high energy cut
off for the plane wave is set at 400 eV and the Brillion sample is 5x5x1 by k sampling
grid. The structure is relaxed and the binding energy (E») of the doped system is

calculated to assess the stability of doped WSe, and MoSe..
E, = Evacancy + Uy — Edoped (Equation 2.17)

Where Vacancy IS the total energy of the Monolayer with one Se vacancy and pwm is the
chemical potential of the dopant. If Ey is positive, it means that it is favourable to be
found at the site of Se. The bandgap is reduced significantly by doping hence supplying

a good mechanism for bandgap tuning.

2.6.3 Substitutional Doping

It has been studied widely by DFT that substitutional doping involving bandgap tuning
affects the electronic properties of the material (Santhosh et al., 2020). Graphene has
no direct band and hence it does not show a semiconductor property and hence cannot
be used as a semiconductor. Substitutional doping is a way to open the bandgap of
Graphene (Lee et al., 2018). Various researchers have reported the magnetic behaviour
of MoSe, and WSe> after vacancy defect and substitutional doping (Mabelet et al.,
2020; Yang et al., 2019). Here in this research two metals Rh and Ru will be studied
for their impact on the two monolayers. The electronic and magnetic properties of the
doped semiconductor will be analysed. Hence substitutional doping and vacancy
defects affect the electric, electronic, and even optical properties (Deng et al., 2018;

Yang et al., 2019) of the TMD.
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Here we systematically studied the structural, electronic, and magnetic properties of
the two mentioned TMDs (MXz; M=W, Mo; X=Se) monolayers with atomic sized
structural defects. We considered the vacancy defects including mono (1V), tri (3V)
and Penta (5V) vacancies as well as the substitutional doping of TM Ru and Rh. They
are chosen as dopants in MoSez and WSe2 monolayers. Ruthenium, Ru is a transition
metal of group 8 in the periodic table, belonging to the Platinum Group with atomic
number 44. Ru has only one electron in the outermost shell. It is a white polyvalent
metal. Rhodium on the other hand is a silvery-white chemical element of atomic
number 45 which is a rare, hard, and chemically inert transition metal. It belongs to

group 9 of the periodic table and is face centred cubic (fcc) in structure.

These defects change the electronic and magnetic properties of the monolayers. These
structural defects and substitutional doping results in semiconductor to metal
transition. Later, the total magnetic moment is also calculated and tabulated in the

results.

2.7 Computational Methods

The calculation was made using Vienna Ab-Initio Simulation Package (VASP). The
exchange correlations functional are represented by Projected Augmented Wave
(PAW) pseudopotentials and Perdew-Burke-Research of functional of the GGA
approximation (Hamann et al., 1979; Perdew et al., 1996). The configuration used for
supercell is 6x6x1 which holds 36 W, Mo atoms and 72 Se atoms. When Metals Rh
and Ru enter the lattice of the semiconductors, we will consider substituting Se atoms
with them by creating vacancy defects first. A huge cut of the energy of 400 eV is set.
A 5x5x1 k-point sampling grid is used. Structures are relaxed until a force and energy

are less than 10 eV/A° and 1.0x 10 eV/atom. To avoid reciprocity amongst periodic
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slabs, layers vacuum of 20 A° was created. Further, formation energy was calculated

Ef by using the following equation.

Er = Egopea — Eundopea T Hse — Hm (Equation 2.18)

where E doped, and E undoped are the total energies of monolayer WSe, and MoSe, with
and without dopant atoms. u,, is the chemical potential of the doped elements? In this
Chapter, the bandgap tuning methods used in the research were discussed in detail.

The theoretical background was also supplied for the research design.
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Chapter 3: Results

3.1 Background

In the recent past, 2D layered materials have gained a lot of attention for researchers
in material science. Due to their typical structure, they exhibit different characteristics
than their bulk counterparts (Novoselov & Geim, 2007; Neto et al., 2009; Novoselov
et al., 2005; Zhang, 2016). With booming interest in Graphene synthesis, it was a
starting point in further exploration of 2D materials (Novoselov et al., 2004). Since
Graphene does not have a direct bandgap hence it cannot be used in many nano
technological devices. Some of the 2D TMDs are very useful because of having a
direct bandgap optical transparency and mechanical strength (Diez-Pérez et al., 2015;

Kuc et al., 2015; Zeng et al., 2012).

Many researchers have contributed to the study of the 2D monolayer of TMD which
is used for bandgap tunning as they offer a direct bandgap as compared to
Graphene.MoSe; and WSe; are such two promising compounds which are great in
terms of photo voltaic devices and other nano technological applications. Recently
(Zhao et al., 2017) made a remarkable contribution by studying the effects of
nonmetals doping into MoSe> for photocatalytic purposes. They found out that
nonmetals such as (H, B, C, Si, N, P, As, and the like) are energetically favoured to Se
vacancies except for B and C doped. Furthermore, they also discovered that an even
number of valance electrons when doped with MoSe; results in p-type conductivity
while the odd number of electrons when doped with MoSe> can have p-type or n-type

conductivity and they have better photocatalytic properties.

Another recent work (Tian et al., 2020) investigated the metal-doped (Fe, Mn, Co, Ni)

MoSe by DFT. Their work suggests that there were insignificant changes in the crystal
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structure after the incorporation of these metals, but formation energies show a Se rich
structure is more likely to be stable than Mo rich conditions. They also saw a semimetal
behaviour when doped with Fe and (Mn, Ni) as well as magnetic properties were
calculated. Another research (Urbanova et al., 2021) indicated the effects of Re doping
in TMDs and concluded that it enhances the photoelectron chemical properties of the
doped MoSe> and WSe>. They also saw an increase in photocurrent response in doped

WSe; and MoSe; upon exposure to UV light.

The researchers (Jain et al., 2020) investigated Hydrogen Evolution Reaction (HER)
in doped MoSe>.They used DFT to study the relationship between TM (Fe, Ni, Mn,
Co) doping and Se vacancies in MoSe, and analysed the Hydrogen Evolution Reaction
(HER phenomenon). They concluded that electron-rich TM dopants change the MoSe;

electronic structure towards HER basal planes and Se vacancies support the HER.

3.2 Bandgap Tuning of the MoSe2 Monolayer Through Vacancy
In this section, the bandgap tuning of MoSe> through vacancy will be discussed. The
next sections explain the two processes and results taken by creating defects

(vacancies).

3.2.1 Pristine MoSe2 Monolayer
To understand the effects of bandgap tuning, we need to discuss the structural and

electronic properties of the pristine MoSe> monolayer first.
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Figure 2: Side view of the 6 x 6 x 1 Supercell of the Pristine 2D MoSe,; Material

Figure 3: Top view of the 6 x 6 x 1 supercell of the Pristine 2D MoSe, Sheet

As shown in Figures 2 and 3, the 2D TMD MoSe; is similar in structure to graphene
as it constitutes of Se-Mo-Se hexagonal planes which are covalently bonded. Weak
Vander Waal forces are keeping the crystal intact. Previous research work has shown
that the hexagonal structure is the most stable configuration for MoSe, (Ataca et al.,
2012). Electrons are confined to 2D, and the M-X covalent bond is made due to p-d
orbitals. Both MoSe2 and WSe> have hexagonal crystal structures with Mo and W
centred at the trigonal coordination with the six nearest Se atoms. The 6x6x1 super
cell was created for bandgap tuning as shown in Figure 3 by creating VVacancies in the

super Cell.
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3.2.2 Electronic Properties of the Pristine MoSe2 Monolayer
To understand the effect of vacancies in TMD MoSey, first, the calculations were done
on the monolayers of the compound in the pure form band structure of MoSe; as seen
in Figure 4 which shows high symmetry directions in the first Brillouin zone. It is also
complemented by looking at the band structures of the compound. MoSe> shows a
Semiconductor nature with no branches across the Fermi level. A direct bandgap
existed at the maxima of the valence band and the minima of the conduction band were
located at the same symmetry point M and it is consistent with the previous results
(Medvedev et al., 2017). To study the electronic properties of the pristine MoSey,
density of state (DOS) is evaluated and shown in Figure 5. The DOS plot shows a gap
between Valance Band Maxima (VBM) and Conduction Band Minima (CBM) which

explains MoSe; to be a semiconductor.
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Figure 4: Band Structure of the 6 x 6 x 1 Supercell of the Pristine 2D MoSe> Sheet
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Figure 5: Density of States of the 6 x 6 x 1 Supercell of the Pristine 2D MoSe;

It also displays that the bandgap between VBM and CBM occurs mainly due to the ‘d’
orbital of Mo and there is a small contribution by the p orbital of Se is also noticeable.
The bandgap of pristine MoSe> is found to be 1.432 eV which is consistent with the

previous experimental and theoretical data as indicated in Table 2.

Table 2: The Theoretical and Experimental Energy Band-Gaps of the Pristine MoSe;

Structure Method Bandgap (eV)
MoSe: Experimental 1594
MoSe2 Experimental 1.55"
MoSe2 GGA 1.43°¢
MoSe2 GGA 1.432 ¢

a: (Island et al., 2016),

b: (Lietal., 2018),

c: Deng, Li, Li, & Nanostructures, 2018),
d: This work.
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3.2.3 Electronic and Magnetic Properties of MoSe2 with VVacancies

To calculate the Electronic and magnetic properties of MoSez, random vacancies are
created at Mo sites and band structure and DOS are plotted. In this research, mono tri
and Penta vacancies are created to find the effects on MoSe». The structure of MoSe>
with the mono vacancy is presented in Figure 6. Figure 6 shows the mono vacancy of

the Mo atom which significantly reduces the bandgap to 0.89 eV.

Figure 7 illustrates the DOS of MoSe> with a single vacancy. It shows that the bandgap

has reduced. The bandgap reduction is also clear from the band structure in Figure 8.

Figure 6: Top View of the 6 x 6 x 1 Supercell of the Defected 2D MoSe, Sheet with
a Mono Vacancy (1 V) In the Middle
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Figure 7: Density of States of the 6 x 6 x 1 Supercell of the Defected 2D MoSe>
Sheet with a Mono Vacancy (1 V)
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Figure 8: Band Structure of the 6 x 6 x 1 Supercell of the Defected 2D MoSe> Sheet
with a Mono Vacancy (1 V)
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Figure 9: Top View of the 6 x 6 x 1 Supercell of the Defected 2D MoSe, Material
with Three Vacancies (3 V)
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Figure 10: Total and Partial Density of States of the 6 x 6 x 1 Supercell of the
Defected 2D MoSe; Sheet with Three VVacancies (3 V)
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Energy (eV)

Figure 11: Band Structure of the 6 x 6 x 1 Supercell of the Defected 2D MoSe; Sheet
with Three Vacancies (3 V)

Figure 12: Top View of the 6 x 6 x 1 Supercell of the Defected 2D MoSe> Material
with Five Vacancies (5 V)
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Figure 13: Total and Partial Density of States of the 6 x 6 x 1 Supercell of the
Defected 2D MoSe; Material with Five Vacancies (5 V)
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Figure 14: Band Structure of the 6 x 6 x 1 Supercell of the Defected 2D MoSe; Sheet
with Five Vacancies (5 V)
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Table 3: Summary of the Effect of Vacancy Defects in MoSe, Monolayer

System Formation Band Conductivity Bandgap
Energy (eV) Transition (eV)
MoSe> -0.725 r----r Semiconductor 1.432
V 1-MoSe> 5.781 r----r Semiconductor 0.089
V 3-MoSe; 17244 - Metal -
V 5-MoSe> 22.758 K----I' Semiconductor 0.029
MoSe> -0.725 I---T Semiconductor 1.432

Figure 9 shows the top view of MoSe> with tri vacancies and Figure 10 illustrates the
DOS of the defected structure. We can see that though the band structure, and bandgap
have reduced further, the structure illustrates a metallic character. Figure 11 shows the
spin-polarized band structure of MoSe> with tri vacancies. The yellow solid line shows
the spin-up channel while the blue dashed line is the spin-down channel. In the spin-
up channel, the electrons cross the Fermi level while in the spin-down channel, there
is a semiconducting bandgap is present. A material which has a bandgap in one spin
channel while it is semiconducting in the opposite channel behaves as a half-metallic
material. So, the MoSe> with tri vacancy behave as a half-metal which is visible in the

DOS plot in Figure 11.

Figure 12 shows the top view of the 6x6x1 supercell of the defected 2D MoSe; with
five vacancies. Further vacancy creation (five vacancies) within the MoSe> monolayer
makes it metallic as shown in the DOS and band structure plots presented in Figure 13
and Figure 14. As summarized in Table 3, we see that the bandgap reduces as the
number of vacancies increases. Tri vacancies induce metallic character in MoSe.

Table 4 summarizes the magnetic moments calculated. All the created vacancies,
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induce the magnetic moments. All the created vacancies, induce the magnetic
moments. To find the stability of MoSe> monolayer with vacancies, formation energy
is calculated and listed in Table 5. It shows the calculation for the formation energy
with vacancies in MoSe.. It is evident from Table 5 that a lower number of vacancies

are thermodynamically stable.

Table 4: Summary of the Magnetic Moments of all the MoSe, DFT Studied Material
with Vacancy Calculated by the DFT-GGA Method

Structure Method Magnetic Moment (us)
MoSez (1 V) GGA 3.99
MoSez (3 V) GGA 12.000
MoSe:z (5 V) GGA 2.00

Table 5: Formation Energy of the MoSe> Monolayer with Vacancies
Number of Vacancies v 3V 5V

E form (€V/fUC) 5.781 17.244 22.758

3.3 Bandgap Tuning of the MoSe2 Through Substitutional Doping

Monolayer MoSe> has a hexagonal crystal structure where Mo exists at the
trigonal prismatic with six nearby Se atoms. A supercell of 6x6x1 dimension was
created as shown in Figure 2 in which one Mo atom was replaced with one Rh atom
with a doping concentration of 2.7%, 8.3% and 13.88% respectively. The geometrical
structure was relaxed and optimized before doping with TM atoms. The closing value
of the ion radius of Mo with the TM dopants Rh and Ru suggest that there will not be

minimum distortion in the structure of doped TMD MoSe..
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3.3.1 Effects of Rh Doping on the Electronic and Magnetic Properties of the
MoSe2 Monolayer

The band structure results of the MoSe, monolayer with 2.7%, 8.3% and 13.8%
concentrations of Rh doping are presented in Figures 15-17 and Figure 19. The Fermi
level shifts to the high energy region in all the doped MoSe>. It happens as the 3d
electron of Rh dopant replace with that of Mo in the host MoSe> supercell. A flat
impurity band can be seen by adding the impurity metal Rh which enhances the
electronic transport property. Furthermore, all the band structures are asymmetric
between the spin-up and spin-down channels which suggests that 3d TM dopants can

induce spin-polarized states.

The results are consistent with the magnetic moment calculated in Table 6. It shows a
semiconducting behaviour with a bandgap of 0.568 eV, and 0.022 eV by 2.7% and
13.88% concentration of Rh metals, respectively. However, for an 8.3% concentration
of Rh, as shown in Figure 17, many spin up branches cross the Fermi level and yield
metallicity, while the spin-down band structures stay semiconducting with a bandgap
of 0.431 eV showing half-metal feature which can be used for spin filter device

applications.

The Magnetic moments are calculated and listed in Table 6. The total magnetic
moment is greatest in the case of 8.3% doped Rh TM which results in half-metallic
character and reduces to 1.002 pg for highly Rh doped (13.88%) MoSe». Figures 16-
18 and Figure 20 depict the corresponding DOS of Rh doped in high, low, and
moderate concentrations, respectively. Fermi levels move from the valence band
maximum to the higher energy regions. The asymmetric distribution of DOS is clear

between spin up and spin down states confirming the formation of magnetic moments.
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Figure 15: Band Structure of the MoSe2 with 2.7% Concentration of Rh Atom
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Figure 16: DOS of the 2.7% Rh Doped MoSe>
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Figure 17: Band Structure of the MoSe, with 8.3% Concentration of Rh Atom
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Figure 18: DOS of the 8.3% Rh Doped MoSe;
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Figure 19: Band Structure of the MoSe, with 13.88% Concentration of Rh Atom
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Figure 20: DOS of the 13.88% Rh Doped MoSe>
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Table 6 summarizes the effect of TM doping of Rh metal on the monolayer MoSe,. The
bandgap significantly reduced from 1.432 to 0.022 eV as the concentration of Rh
dopant increased from 2.7% to 13.88%. This confirms the fact that as the doping
concentration of Group IV metal Rh increases, the bandgap reduces to an appreciable
value making MoSe> a favourable candidate for bandgap applications. The above
results also reveal the fact that Monolayer MoSe, changes its character from a
semiconductor to a half-metallic one as the doping concentration increases from Low
(2.7%) to Medium (8.3%). The transition is clear at M and I" points in Figure 3.20. It
regains its character of semiconductor TM again by heavy concentration i.e., 13.88%

of Rh doping. The transition happens at the I points.

Table 6: Summary of the Effects of Rh Doping on MoSe, Monolayer

System Formation Band Conductivity  Bandgap Magnetic
Energy Transition (eV) Moment
(eV/f.u.c)
MoSe> -0.725 I----T Semiconductor  1.432
MoSe> -1.721 Ir----r Semiconductor  0.568 2.9799
(2.73% Rh)
MoSe2 (8.3% 4.527 M ---T" Semi-metallic 0.431 8.9235
Rh) Spin-up
MoSe; 9.050 r----r Semiconductor ~ 0.022 1.002

(13.88% Rh)
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3.3.2 Effects of Ru Doping on the Electronic and Magnetic Properties of the
MoSe2 Monolayer

In this section, the effects of Ru doping in MoSe, are presented. Various
concentrations of Ru are used, and the electronic and magnetic properties are
calculated. The concentrations are 2.7%, 8.3% and 13.88% respectively. The band
structure and DOS are plotted to analyse various characteristics of Ru doped MoSes.
The properties calculated are bandgap values, formation energies magnetic moment,

conductivities, and transition points.

Figures 22-24, and Figure 26 show the DOS of doped MoSe; with 2.7%, 8.3% and
13.8% concentrations of Ru, respectively. With a 2.7% (low) concentration MoSe;
demonstrates a half-metallic character as shown in Figure 21 of band structure, where
the Fermi level crosses the spin-up channel, and the spin-down channel is a
semiconductor. Medium (8.3%) and high (13.8%) of Ru says a semiconductor
behaviour as shown by DOS in Figure 22 and Figure 24. The band structure in Figure

23 and Figure 25 show the same semiconductor behaviour.

Other interesting findings listed in Table 7 are the values of the bandgap energies.
Doping of Ru TM into MoSe> resulted in lowering the bandgaps from 1.432 eV to
0.271 eV which is 81% less and more significant. The bandgap values for the Low
(2.7%) medium (8.3%) and high (13.8%) concentration were calculated as 1.198 eV,

0.379 eV and 0.271 eV, respectively.
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Figure 21: Band Structure of the 2.7% Ru Doped MoSe;
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Figure 22: DOS of 2.7% Ru Doped MoSe>
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Figure 23: Band Structure of the 8.3% Ru Doped MoSe;
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Figure 24: DOS of 8.3% Ru Doped MoSe>

43



Energy (eV)

Figure 25: Band Structure of the 13.88% Ru Doped MoSe;
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Figure 26: DOS of 13.88% Ru Doped MoSe>
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Formation energies were also computed and are listed in Table 7 below. It shows that
a low concentration of Ru into MoSe; results in smaller formation energy of -2.367 eV
making it a thermodynamically favourable configuration than the higher
concentrations. Magnetic moments are also listed in Table 7 showing 2.00 ug, 5.365
MB, 4.533 ug for (2.7%), (8.3%) and (13.8%) concentrations of Ru dopant. The high
(13.8%) and low (2.7%) concentration of Ru reveals the semiconductor nature of

MoSe; as shown in Figure 25 and Figure 23 from the band structure results.

Whereas the Medium concentration (8.3%) of Ru metal in the monolayer of MoSe>
gives a half-metallic nature since the Fermi level crosses the spin-up channel while the
spin-down channel is a semiconductor as clear in Figure 24. More analysis of DOS
shows that TM 3d orbitals play a key role near the Fermi Level, suggesting the
magnetic properties induced by Ru impurities. Also, the 3d Mo orbitals find in the
same energy ranges as Se 4p orbitals, suggesting strong hybridization interactions

amongst them resulting in covalent bonds.

Table 7: Summary of the Effects of Ru Doping in MoSe> Monolayer

System Formation Band Conductivity Bandgap Magnetic
Energy . (eV) Moment
(eV/f.u.c) Transitions (1s)
MoSe> -0.725 Ir----I Semiconductor 1.432
2.7% of Ru in -2.367 r----r Semi-metallic 1.198 2.000
MoSe> spin-up
8.3% of Ru in 1.764 M----T"  Semiconductor 0.379 5.3658
MoSe;
13.88% of Ru 6.931 r----T Semiconductor 0.271 4,533

in MoSe>
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3.4 Bandgap Tuning of the WSe2 Monolayer Through Vacancy
To understand the effect of vacancies and substitutional doping in TMD WSey, first,
we have calculated the electronic properties of the pristine WSe,. Many previous
studies indicate that structural defects can impact the electronic, magnetic and
mechanical properties of the materials (Song & L, 2018; Wu et al., 2019). Points
defects and vacancy defects induce magnetism in graphene as reported by (Nair et al.,
2012; Yazyev, 2010). Three different configurations for defects were studied in this
research. All these defects 1 V, 3V and 4 V indicate the 1, 3, and 4 vacancies created

at the W site, resulting in point defects.

3.4.1 Pristine WSe2 Monolayer

WSe; has been a subject of interest amongst the family of TMD because of its good
electrical conductivity and strong photoluminescence properties and it is widely used
in photocatalyst and photodetector applications.(Lin & Ni, 2016; Xin et al., 2017;
Yang & Wu, 2016).WSe; is nonmagnetic which makes its use limited in spintronics
(Seyler et al., 2019; Yang & Wu, 2016; Ye et al., 2019). Other research has suggested
induced magnetic moments in WSe2 by TMD’s doping (Ahmed et al., 2020; Lin & Ni,
2016; Xin et al., 2017; You et al., 2018). It has been studied that NM dopant and
vacancy defects can also bring magnetic moments in WSe, (Mabelet et al., 2020; Yang
etal., 2019). In this work, the effects of two metal dopants Rh and Ru on the electronic

and magnetic properties of WSe, monolayers will be studied.
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Figure 27: Side View of the 6 x 6 x 1 Supercell of the Pristine 2D MoSe; Material

L.

Figure 28: Top View of the 6 x 6 x 1 Supercell of the Pristine 2D WSe2 Nanosheet
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Figure 29: Total and Partial DOS of the 6 x 6 x 1 Supercell of the Pristine 2D WSe;
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Figure 30: Band Structure of the 6 x 6 x 1 Supercell of the Pristine 2D WSe, Material
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3.4.2 Electronic Properties of the Pristine WSe2 Monolayer
WSe> is a semiconductor with a bandgap of nearly 1.6 eV (Ataca et al., 2012; Choi et
al., 2017; Zhuang & Hennig, 2013). It’s carrier mobility is 250 cm?/V and the on-off
ratio is higher than 10° at room temperature (Fang et al., 2012). All these interesting

features make WSe; a very promising field of study.

Figures 29-30 show the DOS and band structure of the pristine WSez monolayer. GGA
approximation was used to find the bandgap of WSe, by DFT. The bandgap is found
to be 1.539 eV at the I"'-points which is close to the experimental value of 1.73 eV. The
next sections will show results for bandgap tuning of monolayer WSe, by creating

vacancies and substitutional doping.

3.4.3 Electronic and Magnetic Properties of WSe2 with VVacancies

To calculate the electronic and magnetic properties of defected WSe>, we will create
vacancies at W sites and plot DOS and band structures of defected WSe,. Several
electronic and magnetic properties including bandgap values, formation energies,

conductivities and magnetic moments are calculated.

Figures 31-34, and Figure 37 show the optimized structure with a single, three and
four vacancies in the WSe, monolayer. A 6x6x1 supercell was used for the present

study of the monolayer of defected WSe>. Table 8 summarizes the results performed.
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Figure 31: Top View of the 6 x 6 x 1 Supercell of the Pristine 2D WSe, Nanosheet
with a Mono Vacancy (1 V)

Density of States (states/eV)

Energy (eV)

Figure 32: Total and Partial DOS of the 6 x 6 x 1 Supercell of the Defected 2D WSe>
Material with a Mono Vacancy (1 V)
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Figure 33: Band Structure of the 6 x 6 x 1 Supercell of the Defected 2D WSe;
Material with a Mono Vacancy (1 V)

Figure 34: Top View of the 6 x 6 x1 Supercell 2D WSe, Nanosheet with Three
Vacancies (3 V)
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Figure 35: Total and Partial DOS of the 6 x 6 x 1 Supercell of the Defected 2D WSe>
Material with Three Vacancies (3 V)
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Figure 36: Band Structure of the 6 x 6 x 1 Supercell of the Defected 2D WSe;
Material with Three Vacancies (3 V)
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Figure 37: Top View of the 6 x 6 x 1 Supercell of the Defected 2D WSe, Nanosheet
with Four Vacancies (4 V)
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Figure 38: Total and Partial DOS of the 6 x 6 x 1 Supercell of the Defected 2D WSe;
Material with Four Vacancies (4 V)
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Energy (eV)

Figure 39: Band Structure of the 6 x 6 x 1 Supercell of the defected 2D WSe>
Material with Four Vacancies (4 V)

Table 8: Summary of the Effect of Vacancy Defects in WSe, Monolayer

System Formation Band Nature Bandgap Magnetic
Energy (eV) Moment
(eV/F.uc)  Structure (Ms)
WSe; -0.578 I----I' ~ Semiconductor ~ 1.539
(1 V) WSe, 5.122 K----M  Semiconductor ~ 0.208
(3 V) WSe; 15216 - Metallic ~  --—--- 4.3987

(4 V) WSe 19.385 M----M Nearly semi- 0.0026 3.750
metallic down

Figure 33 shows the electronic band structure of the single vacancy of WSe». As Table
8 shows, the defected monolayer remains to be semiconducting, but there are extra
electronic states generated from the vacancy located at the bandgap area. As a result,
the energy gap reduces to 0.208 eV from the pristine WSe; has a bandgap of 1.539 eV.

Furthermore, creating three vacancies at the W site, makes it metallic and induces a
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magnetic moment of 4.3987 pg. The band structure shows that spin up and spins
channels have crossed the Fermi level indicating magnetic behaviour of defected WSe>
and making it metallic. Figure 39 shows the band structure of defected WSe, with 4
vacancies at the W site. It is evident from the band structure that the bandgap reduced
further to a value of 0.0026 eV and it shows a half-metallic character as the spin-up
and spins down channel cross the Fermi level and the magnetic moment is 3.75 pg.
Density Of State (DOS) were also calculated for the defected WSe; and is shown in
Figures 32-35, and Figure 38 for the single, three and four vacancies. It is clear from
Figure 33 that the substance is still a semiconductor, though the value of the bandgap

has reduced.

The electronic states are mainly contributed by ‘d’ orbitals in the conduction band
around the vacancy and some contribution of p orbitals of Se atoms in the valance band
around the vacancy which can be seen. Figure 35 shows the DOS of WSe> with three
vacancies at the W site. DOS indicate the contribution of both d orbitals of W atoms
and a little from the p orbitals of Se atoms at the conduction band crossing over the
Fermi level and making it magnetic with a magnetic moment of 4.3987 ug. Figure 38
shows the DOS of WSe; with four vacancies. It shows a half-metallic character as the
electronic states of d-orbitals of W and p-orbitals of Se crosses the Fermi level from

the valence band and move to the conduction band.

3.5 Bandgap Tuning of the WSe2 Through Substitutional Doping

Monolayer WSe, has a hexagonal crystal structure where W exists at the trigonal
prismatic with six nearby Se atoms. A supercell of 6x6x1 dimension was created as
shown in Figure 30 in which one W atom was replaced with one Rh and Ru atom with

a doping concentration of 2.7%, 8.3% and 11.11% respectively. The geometrical
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structure was relaxed and optimized before doping with TM atoms. The closing value
of the ion radius of W with the TM dopants Rh and Ru suggest that there will be

minimum distortion in the structure of doped TMD WSex.

3.5.1 Effects of Rh Doping on the Electronic and Magnetic Properties of the
WSe2 Monolayer

Figures 40-42, and Figure 44 show the band structure of Rh doped WSe, with 2.7%,
8.3% and 11.11% concentration, respectively. It is evident from Table 9 that as the
doping as the concentration increases from 2.7% to 11.11%, the bandgap reduces from
1.539 eV to 0.20 eV which is a significant result, and it makes Rh a suitable candidate
for bandgap tuning. Another outcome which is worth noting is the magnetic moment
of 2.7% and 8.3% concentration of Rh doping induced a magnetic moment of 2.99 ug
and 1.00 ug, respectively. Whereas 11.11% concentration does not bring the magnetic
moment of the doped WSe,. All the doped concentrations of Rh keep the

semiconductor behaviour of doped WSe; intact.

Figures 41-43 and Figure 45 show the DOS of low, medium, and high Rh doped WSe:.
All the DOS plots show the main contribution of d-orbitals of W and Rh while some
contribution of p-orbitals of Se atoms is also clear from the DOS. Medium doped Rh
shows the main contribution of d orbitals of W and Rh while the little contribution of

p and d orbitals of Se atoms is also noted.
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Figure 40: Band Structure of 2.7% Rh Doped WSe;

Arb. units

— Total DOS — Se (p)
—l- Rh (d) I —_— W (Id)
-1 0 1

Energy (eV)

Figure 41: DOS of 2.7% Rh Doped WSe>
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Figure 42: Band Structure of 8.3% Rh Doped WSe>
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Figure 43: DOS of 8.3% Rh Doped WSe>
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Figure 45: DOS of 11.11% Rh Doped WSe>
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Table 9: Summary of the Effect of Rh Doping in WSe, Monolayer

System Formation Band Conductivity Bandgap Magnetic

Energy (eV) Moment
(eV) Structure (Us)
WSe, -0.578 r----r Semiconductor 1.539
WSe, 3.654 r----r Semiconductor 0.492 2.9949
(2.7% Rh)
WSe, 8.324 I----K Semiconductor 0.183 1.000
(8.3% Rh)
WSe, 10.477 r----r Semiconductor 020 -

(11.11% Rh)

Table 9 summarizes the results performed on Rh doped WSe,. The bandgap values
reduce as the concentration of the dopant increases. The calculated formation energies
show that a lower concentration of Rh dopant is more thermodynamically stable. Rh

dopant also induces magnetic moment as listed in Table 9.

3.5.2 Effects of Ru Doping on the Electronic and Magnetic Properties of the
WSe2 Monolayer

Figures 46-48, and Figure 50 show the band structure calculated for low, medium, and
high concentrations of Ru doped WSe,. A low concentration (2.7%) of Ru makes it
half-metallic as shown in Figure 46 as the spin-up channel crosses the Fermi level and

the spin-down channel does not.
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Figure 48: Band

Structure of 8.3% Ru Doped WSe>
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Table 10: Summary of the Effect of Ru Doping on WSe, Monolayer

System Formation Band Bandgap Magnetic
Energy o (eV) Moment
(eV) Structure  Conductivity (Us)
Pristine WSe> -0.578 r----r Semiconductor 1.539
WSe; 5.917 K----T'  Semiconductor 0.55
(8.3% Ru)
WSe, 6.580 K----T Semiconductor 0.376
(11.11% Ru)
WSe> 2.954 r----r Semi-metallic 1.26 1.9786
(2.7% Ru) spin down

Figures 47-49, and Figure 51 show the DOS of the low (2.7%), medium (8.3%) and
high (11.11%), Ru doped WSex. It is clear from the DOS that ‘d’ orbitals contributed
the most towards the electronic states while p orbitals of Se and d orbitals of Ru also
contributed slightly. 2.7% Ru doped (low doping) resulted in a half-metallic character
which is visible from the band structures shown in Figure 47. The spin-down channels
have crossed the Fermi level inducing a magnetic moment of 1.9786 pg. Table 10
reveals the bandgap values calculated for the Ru doped WSe,. Ru Doping into pristine
WSe> reduced the bandgap from 1.539 eV to 0.376 eV depending on the different
concentrations of Ru.11.11% Ru doped WSe: resulted in a maximum reduction in the

bandgap though it’s still showing semiconductor behaviour.

Formation Energy is calculated for all the doped systems of WSe,, and it is clear from
Tables 9-10 that formation energies increase as we increase the doping concentration
of both Ru and Rh metals. Formation energy can be calculated by using the following

equation.

Eform = EMXZ -2 E; (Equation 3.1)
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Where Ey, is the energy of monolayer MX: per unit cell, i is the element that
constitutes MXo, nj is the number of i atom per unit cell, and E; is the energy of the i

atom. The formation energy of the defects was Efqrm-_gerec: fOr the defect of

monolayer MX; were calculated as:
Eform—defect = EMXZ—defect + Z n; E; — njEj - EMX2 (Equation 3.2)

Where Eyyx, .. fect and Ej,y,are the total energy of the 6x6x1 supercell of monolayer

MX2 with and without defect, respectively i and j are removed and added elements in
MXz, ni and nj are the number of removed i and added j atom, E; and E;j are the energy
of the i and j atoms. Negative formation energy shows a more thermodynamically
stable configuration. Hence, we notice in Table 8 that as the number of vacancies in

WSe> increases, the formation energy increases from 5.122 eV to 19.385 eV.

We see a decrease in the formation energy once we dope it with Ru and Rh metals
showing thermodynamically more stability with an increased concentration of doping.
It is also noticeable that Ru is thermodynamically more favourable and stable than Rh
doping.

The results obtained in this chapter are very extensive and have sufficient data to
explore the bandgap tuning of WSe> and MoSe». The effects will be analysed in detail

in the next chapter of the discussion.
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Chapter 4: Discussion

The results listed in the earlier chapter highlight the electronic and magnetic properties
of both MoSe, and WSe>. They include Bandgap values, formation energy, magnetic
moments supported by the band structure plots and DOS of both pristine and doped

MoSe; and WSe,.

4.1 Comparison between Pristine MoSe2 and WSez

Table 2 lays out some of the earlier research performed and compares it with this work.
It is reported that the bandgap value calculated for pristine MoSe; by different
experimental and theoretical methods as listed in Table 2 is very close to the calculated
value of 1.432 eV using the GGA method in this research. Our results in Table 2 verify
MoSe> as a semiconductor with a direct bandgap at the I" position and the formation
energy calculated value is -0.725 eV. Whereas Table 8 shows results calculated for
pristine WSe> that confirm it as a semiconductor with a direct bandgap value of 1.539
eV and formation energy of -0.578 eV. The comparison of the following sections
between the MoSe, and WSe, will be laid out, discussing the effects of vacancy

creation, and doping, respectively.

4.2 Comparison between MoSe2 and WSez with VVacancy

Table 3 summarizes the effects of vacancy creation on MoSe, semiconductors. It
shows how mono vacancy creation decreases the bandgap value significantly from
1.432 eV 10 0.089 eV proving that vacancy creation is a successful method for bandgap
tuning. Furthermore, it is clear from the results in Table 3 that as the number of
vacancies increases, the bandgap value decreases so. It is calculated that tri vacancies
make MoSe> metallic while introducing Penta vacancies reduces the bandgap further

t0 0.029 eV.
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Results are also calculated for the formation energies in Table 5 showing an increase
in formation energies for pristine MoSe, from -0.725 eV to 22.758 eV showing that a
lower number of vacancies are thermodynamically suitable for the system. Table 4
summarizes the results of calculated magnetic moments on MoSe; after mono, tri, and
Penta vacancies creation. It reveals that magnetic moment increases first from 3.999
Ms to 12.000 ps after creating mono to tri vacancies but it reduced to a value of 2.00

ps after creating five vacancies in MoSeo.

Table 8 summarizes the results of vacancy creation in WSe, semiconductors showing
the formation energies and bandgap values. Table 8 shows that the pristine WSe, has
a bandgap value of 1.539 eV, and it reduces significantly to 0.0026 eV for mono to
Penta vacancies making it a suitable method of bandgap engineering. Related results
are listed for the formation energies in Table 8 which display the formation energy of
pristine WSe; as -0.587 eV which increases to 19.385 eV after introducing mono to
Penta vacancies proving that the small number of vacancies is favourable for
thermodynamically stable WSez>.Magnetic moments are also calculated for the
defected WSe,, and Table 8 shows the results. Magnetic moment decreases from
4.9387 ue to 3.750 g for tri to Penta vacancies showing that a higher number of

vacancies create a lower magnetic moment.

4.3 Comparison between Doped MoSe2 and WSe:

Calculations were performed on the pristine sample of MoSe, and WSe; with various
concentrations of Ru and Rh metals. They have been labelled as low, medium, and
high accordingly as the concentration level increases. Where low (2.7%), medium
(8.3%), high is (13.88%) for MoSe> and for WSe;, low is (2.7%), medium is 8.3% and

High is (11.11%). Both the metals turn out to be a useful source of bandgap tuning and
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the results are listed in chapter 3, Tables 6-7, and Tables 9-10. It is clear from the
conducted research in Table 6, that conductivity of Rh doped MoSe> changes as the
concentration of the doped metal changes. It shows a semiconductor behaviour with
2.7% and 13.88% concentration of Rh doping while it reveals a semimetal tendency

for 8.3% doping.

The calculated bandgaps are also listed in Table 6 which proves Rh to be a useful
source of bandgap tuning as the bandgap reduces from 0.568 eV to 0.022 eV for low
to a high concentration of Rh in pristine MoSe,. Furthermore, Table 6 details the
calculated magnetic moments of the Rh doped MoSe; as well. It is shown from the
results that magnetic moment increases from 2.98 pg to 8.93 ug as the concentration
of Rh doping increases from 2.7% to 8.3% but then reduces to 1.002 g as the
concentration increases further to a 13.8%. Table 6 shows the formation energies of
Rh doped MoSe». It is reported after the calculations that formation energies increase
from -1.721 eV to 9.050 eV as the dopant concentration of Rh increases in MoSex.

That makes a low concentration of Rh thermodynamically favourable.

Table 7 summarizes the results of formation energies, bandgap transition, bandgap
values and magnetic moments for Ru doped MoSe2.Bandgap values reduce
significantly from 1.432 eV for pristine MoSe, to 0.271 eV for a high concentration of
Ru metal doping. It proves that Ru transition metal is a practical choice for bandgap
engineering. Table 7 list the magnetic moments of the Ru doped MoSe; as well. A low
concentration (2.7%) of Ru doping results in a magnetic moment of 2.00 yg and it
increases to 4.53 pg as the doping concentration rises to a 13.8% value. AS per the
conductivity is concerned, a low concentration (2.7%) of Ru metal results in a half-

metallic character while the medium (8.3%) and high concentration (13.88%) of Ru
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doping result in a semiconductor nature. Formation energies listed in Table 7 shows
an increase from -0.2367 eV to 6.931 eV as the concentration of Ru increases from
2.7% to 13.88% in MoSe;. Low values of formation energies depict a more
thermodynamically stable system hence the low concentration (2.7%) of Ru dopant is

more favourable than high concentrations (13.88%).

Table 10 summarizes the effects of Ru doping on WSe.It tabulates formation energies,
conductivities, bandgap values and magnetic moments. It is evident from Table 10 that
the bandgap reduces from 1.539 eV for pristine WSe, to 0.492 eV for a low
concentration (2.7%) of Ru doping. As the concentration increases from medium (8.3
%) to high (11.11%) its value increases slightly from 0.183 eV to 0.2 eV. Magnetic
moment decreases from 2.99 pg to 1.000 us as the dopant concentration increased
from medium (8.3%) to high (11.11%). Our DFT calculations show formation energies
of pristine WSe; as -0.578 eV while it increases from 3.654 eV to 10.477 eV for low

(2.7%) to high concentration (11.11%) of Ru doping in WSe, respectively.

As per conductivity is concerned, Table 10 shows that WSe; keeps its semiconductor
character even after doping with a medium and high concentration of Ru and as well
as with low, high, and medium concentrations of Rh dopant. It shows a half-metallic

nature with a low concentration of TM Ru as listed in Table 10.

It shows calculations for formation energies, bandgap values, magnetic moments, and
conductivity status. It is clear from the results that the bandgap values reduce from
1.539 eV to 1.26 eV for pristine WSe> to 2.7% Ru doped WSe.It further reduces to a
value of 0.55 eV for medium concentration (8.3%) of Ru and it reduces to 0.376 eV
for high concentration (11.11%) of Ru. It makes Ru metal a favourable candidate for

bandgap reduction. The magnetic moment calculated for a low concentration (2.7%)
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of Ru doping in WSe; resulted in 1.978 pg. Formation energies are also calculated, and
formation energies increase from 2.954 eV to 6.58 eV as the dopant concentration
increases from low (2.7%) to high (11.11%). It suggests that a low concentration
(2.7%) of Ru is thermodynamically more suitable as compared to other systems in

which Ru concentration is medium (8.3%) or high (11.11%).

Our discussion analysed the results obtained during the research and both methods
supply ways for successful bandgap tuning. During the process, it is discovered that
the metallic character of WSe, and MoSe; is visible for tri vacancies. Furthermore,
bandgap reduces as we increase the dopant concentration and the number of vacancies

in both the compounds.



71

Chapter 5: Conclusion

In summary, first-principles calculation of 3d transition metal Rh, Ru doped MoSe>
and WSe, monolayer are performed to study their electronic and magnetic properties.
The results show that the doped system maintains the structure type of monolayered
MoSe and WSe,.Furthermore, this research also focused on bandgap tuning of MoSe;
and WSe2 monolayers by creating vacancies. Both the methods are successful in terms

of lowering the bandgap values.

The calculated formation energies show that the incorporation of TM impurities is
energetically preferable under Rh dopant in MoSe: as the formation energies are lower
i.e., -1.732 eV for 2.7% concentration of Rh while For WSe, the low formation
energies are calculated 2.954 eV for Ru dopant for 2.7% concentration. For vacancy
creation, it is found that WSe, has low formation energy i.e., 5.122 eV for the mono

vacancy as compared to MoSe, where it is 5.781 eV for the mono vacancy.

As far as bandgap values are concerned, WSe> shows more reduction in bandgap
values than MoSe; as the number of vacancies increases. In WSe; the bandgap reduces
from 1.539 eV to 0.0026 eV whereas, in MoSe; the bandgap reduces from 1.432 eV
to 0.029 eV. While regarding TM dopants, MoSe> shows lower values of bandgap i.e.,
0.022 eV with high concentration (13.8%) of Rh than Ru where it reduces the bandgap
to 0.271 eV. A similar trend is followed in WSe, where Rh dopant reduced the value
of bandgap to 0.20 eV and Ru dopant lowered it reduces to 0.376 eV which is 12%

more hence Rh dopant is more successful when it comes to bandgap tuning.

In addition, the spin-polarized calculations say the magnetic behaviour of the studied

WSe, and MoSe> monolayers by both strategies i.e., by doping of transition metals
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(Ru & Rh) as well as by creating vacancies. With regards to MoSe2, magnetic moment
increases from 3.99 pgto 12.00 ps for mono to tri vacancies and then decreases to 2.00
ps with the introduction of Penta vacancies. Also, with the inclusion of TM Rh dopant,
the magnetic moment increases from 2.9799 g to 8.9235 pg for 2.7% concentration
of dopant to 8.3% and then further decreases to 1.002 pg by increasing the
concentration to 13.8%. Whereas magnetic moment increases from 2.00 pg to 4.33 Us
by adding Ru impurity from 2.7% to 13.8% concentration and shows a semiconductor

behaviour for 8.3% concentration of Ru dopant.

Regarding WSe;, it shows semiconductor behaviour with the mono vacancy and shows
metallic behaviour with tri vacancies and nearly half-metallic with four vacancies.
With Ru dopant, WSe, shows the half-metallic character with a low concentration of
2.7% and a magnetic moment of 1.978 pg and then it further shows semiconductor
tendency by increasing the concentration of Ru from 8.3% to 11.11%. In addition to
TM Rh as a dopant in WSe, it shows and decreases in the magnetic moment from 2.99
pe to 1.00 pg as the concentration increases from 2.7% to 8.3% but WSe; exhibits a

semiconducting behaviour as concentration increases further to 11.11%.

Concerning conductivity, both WSe, and MoSe> show different behaviour under
different conditions which include semiconducting, half-metallic and metallic
characteristics. For MoSe, tri vacancies show a metallic character and mono and Penta
vacancies give the semiconductor nature of MoSe>. For low concentration (2.7%) of
Ru, it shows half-metallic nature and semiconductor behaviour for (8.3%) and

(13.88%) of Ru.

The medium concentration (8.3%) of Rh exhibits a half-metallic behaviour while for

2.7% and 13.88% of doped Rh, MoSe> shows a semiconductor nature. When it comes
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to WSey, the half-metallic character is found for low concentration (2.7%) of Ru and
nearly half-metallic with four vacancies. Tri vacancies creation results in the metallic
character of WSe,.Semiconducting nature is revealed for the rest of the configurations

as listed in Tables 9-10.

Another interesting finding of the research are the nature of the bandgap whether is
direct or indirect. It is found that some configuration shows direct bandgap which
includes pristine MoSe> where the bandgap transition happens at the I"'-point showing
direct bandgap. For mono vacancy, it has a direct bandgap I'-points and for Penta
vacancies, it occurs at K- I points showing an indirect bandgap. Also, low (2.7%), and
high concentration (13.88%) of Ru shows the direct bandgap at I'-point and indirect
bandgap at M---T" points for medium concentration (8.3%) of Ru. Similar findings are
reported for Rh in the research where 2.7% and 13.8% of Rh concentration reveal
direct bandgaps at I" points in MoSe2> while it shows indirect bandgap for medium
concentration 8.3% of Rh at M----T" points. For WSe, results show that the pristine
form of WSe> has a direct bandgap at I'- point while low (2.7%) and high (11.11%)
Rh concentration of impurity also results in direct bandgap at I'- point. For Ru dopant,
alow concentration of (2.7%) results in a direct bandgap at I'-point and medium (8.3%)
and a high (11.11%) concentration of Ru results in an indirect bandgap at K----I'
points. It is interesting to find that four vacancies in WSe> indicate a direct bandgap at

M-point while mono vacancy results in an indirect bandgap at K----M points.

In conclusion, our results reveal that bandgap values reduce linearly in both
semiconductors with an increase in the number of vacancies and with an increased
concentration of dopants. Also, magnetism is induced in both compounds with the two

methods of bandgap tuning. The transition from semiconductor to metals and half
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metal is also recorded in both compounds using the specified ways of bandgap tuning.
Another finding of the research is that doped systems are more thermodynamically
favourable than the ones with vacancies as revealed by the values of formation

energies.

5.1 Research Implications

Our results reveal that 3d TM doping and vacancy creation is an effective method for
modulating the electronic properties of MoSe, and WSe, monolayers which can be
used for making nanodevices for electronic, optical and spintronics applications. It will
open doors for research in the electronic industry locally and contribute valuably to

the international scientific community.
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