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ABSTRACT

Following the groundbreaking discovery of graphene, the scientific community has witnessed a
surge of interest in two-dimensional (2D) materials during recent times, remarkable capabilities
and versatility for technological applications. Apart from graphene, a lot of promising work has
been reported from other two-dimensional materials, including boron nitrides (like hBN, or "white
graphite™), dichalcogenides (like MoSy), silicene, germanane, stanene, etc. To use these materials
successfully in nanodevices and systems, it is important to figure out their elastic and mechanical
properties. This will help define the limits of useful applications for flexible electronics. Two
typical computational techniques for atomically thin models like 2D materials are molecular
dynamics and density functional theory. Using the concepts of classical mechanics, molecular
dynamics mimics the motion of atoms and molecules in a complicated system. In this study, the
effect of point and line defects on the 2D transition metal dichalcogenides (TMDs) namely
molybdenum ditelluride (MoTez) were investigated using the Sandia National Laboratory's
Molecular Dynamics Program LAMMPS. Three distinct types of point defect structures were
investigated: a 2-tellurium vacancy structure, a 4-tellurium vacancy structure, and a 6-tellurium
vacancy accompanied by a 1-molybdenum vacancy structure. Line defects were placed along
armchair axis and zigzag axis. We characterized their mechanical characteristics, including axial
stiffness, ultimate strength, and ultimate strain, as well as their thermal behavior at temperatures

ranging from 1 Kelvin to 600 Kelvin, using atomistic computational techniques.
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CHAPTER 1: INTRODUCTION

1.1. Two Dimensional Materials and Transition Metal Dichalcogenides

Two-dimensional (2D) materials are crystalline substances that only have one or a few layers of
atoms. The exceptional properties and distinctive structure of 2D materials have made them the
subject of significant interest. 2D materials exhibit a wide spectrum of traits, including
superconductivity, mechanical flexibility, high carrier mobilities, strong thermal conductivity,
favorable optical properties, and effective UV absorption [1].The mechanical strength of 2D
materials is one of their numerous desirable properties. It is of great interest to investigate possible
new applications that involve a coupling between mechanical and electronic properties [2].Since
the breakthrough of graphene, the number of 2D materials has expanded to encompass over a
thousand distinct substances. In general, there are four distinct classes of 2D materials (graphene

family, chalcogenides, xenes and 2D oxides) [3].

The exceptional qualities of graphene have prompted a burgeoning interest in the exploration of
additional 2D nanomaterials that can enhance and complement its properties. While graphene has
semi-metallic characteristics, the development of semiconducting and insulating 2D materials with
comparable structural properties is crucial for their integration into nanoelectronic devices. In
recent years, semiconducting 2D materials such as single layer transition metal dichalcogenides
(TMDs), including MoS;, WS,, MoSez, and WSe», have been discovered. Since TMDs are so
unusual in their mechanical, optical and electrical features, they have attracted a lot of research
interest [4]. Two-dimensional nanostructures with atomic-scale layers may display intriguing new
characteristics that are at odds with their bulk parent substances. Both theoretical and experimental
findings agree that 2D semiconductors possess unique characteristics that might lead to significant

advances in nanotechnology [5].

1.2. Background and Motivation
Semiconductors are found in all sort of electronic devices ranging from small LED to large
supercomputers. Silicon stands out as one of the commonly utilized semiconductor materials [6].

However due to the global scarcity of silicon researchers are looking for alternatives [7]. MoSo,

21



MoTe; and other 2D-TMD materials can be possible replacements for amorphous silicon in low-
cost flexible electronics [8]. Considering the high cost and limited availability of platinum,
researchers have looked at other materials to provide low-priced platinum-free counter electrodes.
Alternative counter electrodes based on abundantly found 2D TMDs like, WS;, , FeS», CoS2 ,FeSy,
TiSz2, NiSz, MoSez, TaSez, NbSez, NiSez, CoS, MoS;, SnSz, Bi2Ses have shown prospect for
making low-cost Pt-free DSSCs (Dye-sensitized solar cells). [9]. A distinguishing characteristic
of monolayer MoTe> is its minimal energy barrier between semiconducting and metallic 2H and
1T' phases respectively, setting it apart from other Mo- and W-based TMDs [10]. But for using

these materials in electronic devices, it is imperative to figure out their mechanical properties.

1.3. Defect Engineering

Some 2D materials may have intrinsic faults, while others may have extrinsic defects like
foreign atoms. In this context, defects are mainly classified based on their dimensional
characteristics, with zero-dimensional defects (including adatoms, Stone-Wales defects,
impurities, and vacancy) and one dimensional defects constituting the majority of the defect types
(line defect ,edges and GBs) [11]. They can happen by accident or on purpose during the process
of making something. During simulations of molecular statics and dynamics, these flaws are made
by taking atoms out of the 2D structure [12]. Defects have a major role in dictating the fracture
behavior of two-dimensional materials. Substantially lower failure stress is required to break 2D
materials with defects than it would for defect-free pristine structure for the same material.
Uniaxial tensile test on defective 2D materials helps us to learn more about the failure process
[13].

1.4. Scopes and Current Problem

Knowing how 2D materials behave mechanically is crucial for using them in new nanodevices and
for assessing their serviceability limits of promising applications like flexible electronics. Having
a comprehensive knowledge of the mechanical characteristics of a material enables us to assess its
compatibility with other constituent components. Recent studies on 2D materials have shown that
temperature and rippling have big effects on both planar stiffness and bending stiffness. Defects

in 2D materials determine their fracture mechanics [2]. The way 2D materials behave mechanically
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changes when they are doped [14]. To confirm these effects, further experiments are necessary.
MD simulations can predict how elastic 2D materials will behave at certain temperatures, and as

better force fields are made, they can give a more accurate picture of 2D systems.

However, the demand for 2D materials such as TMDs has yet to be sufficient for them to be mass
produced. That makes it expensive. Furthermore, we do not have the essential experimental
facilities that would be necessary to carry out research on 2D materials. In order to study the
properties of 2D materials, viable options for us were to simulate the system. There are two
computational methods mostly used for analyzing the properties of 2D materials. These methods
are density functional theory and molecular dynamics. DFT adheres to quantum mechanics
principles, whereas MD adheres to classical mechanics principles. Due to the slower and more
computationally expensive nature of DFT, molecular dynamics was chosen for the simulation of
this study. Molecular dynamics software LAMMPS (Large Atomic Molecular Massively Parallel
Simulator) was used as our simulation tool. With the aid of this software, the stress-strain responses
for vacancy-induced single-layer MoTe> of 2H (semiconducting) and 1T (metallic) phases were
determined at 3 different temperatures, i.e., 100K, 300K and 500K.

1.5. Research Objectives

The objective of this study is to examine the impact of point and line defects on the mechanical
behavior of single-layer MoTez. To accomplish this, olecular dynamics simulations were
employed to model the structures of 2H and 1T MoTe: with three types of point defects and two
types of line defects. The mechanical characteristics of both defective and non-defective pristine
MoTe, were analyzed, including stress-strain response and Young's modulus. The defects were
created by removing atoms from the perfect sheet, with three types of point defects and two types
of line defects identified. The point defects are (i) 2 Tellurium vacancy , (ii) 4 Tellurium vacancy
and (iii) 6 Tellurium vacancy accompanied by a Molybdenum vacancy. The line defects are (i) pre
crack along armchair axis & (ii) pre crack along zigzag axis. The study investigated the impact of
temperature and the direction of strain on the fracture mechanics of single-layer MoTez, with
simulations performed at 100K, 300K, and 500K. The impact of strain rate on the mechanical
response was also investigated using strain rates of 5e7, 1e8, and 5e8 along both armchair and

zigzag axes. The Stillinger Weber potential was used for all simulations.
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1.6. Methodology

LAMMPS was selected as the molecular dynamics simulation software for this study because of
its wide application in the field of materials science. The LAMMPS program requires three
essential files to execute a simulation: a structural file, an interatomic potential file, and an input
script. The structural file stores crystallographic data for specific structures in a desired format,
while the potential file outlines the interaction between two atoms, as well as the interaction
between one atom and numerous atoms in a condensed phase. The interatomic potential consists
of both attractive and repulsive interactions between atoms and molecules. Upon providing all the
necessary information, LAMMPS performs calculations by reading one line at a time from the
input script. The input script also includes the governing equations for the respective simulation to

be performed. The calculation process terminates when the input script ends. [15].

1.7. Outline of the Thesis

The manuscript comprises 5 chapters and follows this structure: Chapter 1 provides a brief
introduction to 2D materials and outlines the research objectives and scope. In Chapter 2, an
overview of the current state of research and state of art is presented. Chapter 3 delves into the
fundamental concepts of Molecular Dynamics and relevant simulation modelling tools. Chapter 4
offers a detailed insight of the research, including the research results and necessary validation of
existing literature. Finally, Chapter 5 summarizes the previous sections, presents the conclusions

of the study and discusses potential avenues for future research.
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CHAPTER 2 : LITERATURE REVIEW

In this section, an overview is provided for Single layer MoTe, (SLMoTe2), encompassing its
chemical composition, properties, and applications. Subsequently, a more detailed review explores
its mechanical behavior. The chapter explains the fundamentals of interatomic potentials and the
concept of Molecular Dynamics. It also examines the current use of MD simulation to study the
deformation of both pristine SLMoTe, and SLMoTe; with defects.

2.1. Composition of SLMoTe:

Single layer MoTe> is a member of the class of materials termed Transition Metal Dichalcogenides
(TMDs). It is composed of two elements: a transition metal called Molybdenum from group 6, and
a chalcogen called Tellurium from group 16 of the periodic table. The structure of SLMoTe:
consists of layers that are about 6 to 7 angstroms thick. Its layers are composed of metal atoms that
form a hexagonal pattern and are bonded by weak van der Waals forces. [16]. The metal atoms
contribute four electrons to form bonds, resulting in an oxidation state of +4 for the metal and -2
for the chalcogen. This information is illustrated in Figure 1, which depicts the location of

Molybdenum and Tellurium on the periodic table [5].

H MX, He
M = Transition metal
Li Be X = Chalcogen B cC N o] F  Ne

Na Mg 3 4 5 6 7 8 9 10 1" 12 Al Si B S Cl Ar

K Ca Sc Ti \' Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr

Rb  Sr Y Zr Nb Mo Tc Ru Rh 'Pd Ag Cd In Sn  Sb Te | Xe

Cs Ba La-Lu| Hf Ta w Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn

Fr Ra Ac-Lr Rf Db Sg Bh Hs Mt Ds Rg Cn  Uut FI  Uup Lv  Uus Uuo

Figure 1: Arrangement of approximately 40 distinct layered transition metal dichalcogenide
(TMD) compounds in the periodic table. The highlighted regions represent the transition metals
and three chalcogen elements that commonly form crystalline structures within these layered

compounds [104] .
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Figure 2: Three phases of 2D MoTe>

SLMoTe> can exist in various phases such as the trigonal-prismatic 2H or a-phase, semimetallic
orthorhombic y-structure, and monoclinic 1T’ or B-phase [17]. The atomic structures of 2H, 1T,
and 1T MoTe> are illustrated in Figure 2, which also shows that MoTe, has two main directions
of armchair and zigzag, similar to graphene. The atomic arrangement in the 2H structure follows
an ABA layer sequence, whereas in the 1T and 1T structures, the atoms are arranged in an ABC
stacking sequence. The dimensions of the hexagonal lattice constant (o) and Mo-Te bond length
are commonly used to characterize the atomic lattice of both 2H and 1T MoTe., where the lattice
constant of 2H-MoTe; is 3.551 A, and the Mo-Te bond length is 2.731 A and 2.756 A for 2H and
1T-MoTey, respectively. In a recent experimental study conducted by Wang et al, it was reported
that the unit cell of 1T'-MoTe; structure contains a rectangular lattice with side lengths of 3.452 A
and 6.368 A. The structure includes two separate Mo-Te bonds, measuring 2.718 A and 2.823 A
in length [18] .

2.2. Properties and Application of SLMoTez

Single layer MoTe> exhibits unique electronic properties, including a transition from direct to
indirect electron transition as it goes from monolayer to bulk. It also exhibits optic coupling effects,
and the highest binding strength of excitons and tritons, as reported in previous studies [19]. The

semiconductor and semimetal properties of SLMoTe, are of great importance and practical
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significance. MoTe> behaves as a direct bandgap semiconductor in its single-layer or few-layer
state, while transitioning to a bulk state introduces an indirect bandgap of approximately 1 eV,
which is similar to Si. Due to this, 2H-MoTe; is highly suitable for electronic and optoelectronic
applications [20][21].

The presence of distinct phases in MoTe> offers opportunities for creating innovative devices and
architectures. Transforming the 1T'-MoTe> phase to the 2H-phase has the potential to create single-
material circuits that serve both as semiconducting channels and metallic interconnects, thus
presenting an opportunity for significant technological advancements [22]. By achieving better
control over the phase conversion, it may also be possible to reduce the semiconductor-metal
Schottky barrier and enhance optoelectronic performance by evolving the electronic band structure
continuously [23]. Recently phase engineering of MoTe, has been achieved through laser

processing [24] and chemical modification of its contact [25].

The ability to manipulate the phases of MoTe, holds great promise for various applications.
Doping, temperature fluctuations, strain manipulation, and the application of electric fields are
among the methods that can be utilized to induce transitions from metallic to insulating states.
These transitions hold potential for applications in the fields of sensors and nonvolatile information
storage [26][27][28][29]. Furthermore, it has been suggested that monolayers of MoTe,, which
have semimetallic properties, potentially exhibit a Z» topological invariant. This characteristic
indicates a ground state that exhibits a quantum spin Hall effect, with edge states that are
nondissipative and a bulk gap [30]. If confirmed, these edge states may have the potential to be
utilized as non-dissipative nano interconnects between logic elements that rely on 2H-MoTe>

semiconductors for energy-efficient electronics. [31].

Recent advancements in theory suggest that both the orthorhombic forms of MoTe, could
potentially be utilized as a novel type of Weyl semimetal. This is characterized by linear touching
points between the electron- and hole-Fermi surfaces, where the Berry phase exhibits topological
singularities [32][33][34][35][36][37]. The unconventional transport properties arising from the
singularities observed in the MoTe, orthorhombic phase, which recent theoretical developments
propose as a potential candidate for a Weyl semi metallic state characterized by linear meeting
points between hole and electron-Fermi surfaces and topological singularities in Berry-phase, have

been suggested to be of significant interest [38].
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Figure 3: (a) lllustration of the lattice structure of monolayer (ML) MoTe>. (b) Representation of
the single layer MoTe; band structure. (c) Ilustration of the double-gate (DG) monolayer MoTe;
field-effect transistors (FETS).

At present, researchers are placing their attention on MoTe; to create memory devices with
adjustable phases, taking advantage of the tiny energy gap between its 2H and 1T' phases, and
validated experimental observations of phase alteration under strain, gating, and heating
[39][40][18][29][31]. However, creating large-scale MoTe; thin films for use in electronic

applications is still challenging, as is precisely controlling the number of layer depositions [41].

MoTe: is a highly promising material for phase-engineered applications, owing to its minimal
energy gap (AE < 50 meV) between the semiconducting 2H phase and the metallic 1T phase
[26][24]. The disparity between the 2H and 1T' phases of MoTe results from the configuration of
Te atoms in space. While the 2H phase has a bandgap of roughly 1.0 eV, making it promising for
use in photonics, silicon-integrated optoelectronics, and Field Effect Transistors, the potential for
transitioning from the 2H to the 1T' phase is also noteworthy [21][42][43][44].

Researchers have proposed two-dimensional semiconductors as promising candidates for channel
materials as silicon-based field-effect transistors (FETS) are nearing their scaling threshold.
Recently, experimental fabrication of air-stable 2D trilayer (TL) MoTe2 FETs with a 4 nm gate
length has been achieved [45]. A DG SLMoTez FET is shown in the Figure 3. A novel method to
switch MoTe; between its semimetallic 1T' phase and a semiconducting phase has been proposed
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by utilizing electric-field-induced strain in a field-effect transistor configuration. Nanoscale strain
engineering using thin films and ferroelectrics provides a means to accomplish this desired
outcome. This approach presents a remedy for the issues of static and dynamic power consumption
encountered by traditional field-effect transistors [46][47].

2.3. Mechanical Behaviour of SLMoTez

The existence of multiple crystal structures of 2D transition metal dichalcogenides (TMDs),
including 2D MoTey, presents significant opportunities for the advancement of 2D electronics.
The Ohmic behavior of the metallic-semiconducting homojunction in TMDs has been
experimentally demonstrated [48], presenting a promising solution to the contact problem in the
domain of two-dimensional (2D) electronics [49]. However, the exploration of phase transitions
and the consequent semiconductor-metal transition has been largely overlooked due to the high
temperature requirements. Recent developments have shown that strain can be a useful tool to
regulate the transition temperature [50][51][52][53][54][55]. The planar configuration of TMDs
provides an easy method to apply tensile strain in the thin film, making it an appealing means to

regulate phase engineering [49].

In a recent study [49], Manipulation of the phase transition temperature of MoTe, has been
achieved by applying mechanical strain, leading to a reversible phase transition under ambient
conditions at room temperature, as demonstrated by researchers as illustrated in Figure 4. The
researchers employed an AFM tip to apply a slight tensile strain, enabling the identification of the
phase transition using CAFM. The study reveals that the level of strain applied affects the phase
transition temperature, which can be reduced from approximately 900°C to room temperature. The
researchers demonstrated that the phase transition from the SM phase at room temperature

exhibited complete reversibility upon strain release.

Numerous studies have been conducted to explore the mechanical characteristics of monolayer
MoTez in both its 2H and 1T phases. Experimental investigations suggest a Young's modulus of
around 110 GPa [56], while theoretical studies predict a range of values between 60-115 GPa
[17][57][58]. However, researchers have not yet achieved a thorough comprehension of the elastic

properties and fracture dynamics of MoTex.
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Figure 4: Strain-induced control of phase transition and transition from semiconductor to metal in
MoTez (a) Atomic structures of 2H and 1T MoTez, where the polymorphic behavior is regulated
by planar tensile strain. (b) Semiconductor to metal transition observed through changes in the 1V
curves during the 2H to 1T' phase transition. (¢) Schematic representation of strain-modulated
phase transition barrier, leading to a reduced phase transition temperature due to decreased
activation energy under tensile strain.

The Young's modulus of 2H MoTe. was determined by Without considering the thickness of the
1H-MoTe2 monolayer, a linear fitting analysis was conducted on the stress-strain relationship

within a narrow strain range of [0, 0.01]. The isotropic Young's modulus values were found to be
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79.8 N/m and 78.5 N/m for the armchair and zigzag directions, respectively, and showed good
agreement with experimental results such as 79.4 N/m from Ref. [59] and 87.0 N/m from Ref.
[60]. Likewise, for 1T MoTe>, the stress was calculated without accounting for the quasi-two-
dimensional structure for the single-layer 1T-MoTe;, and the Young's modulus was obtained by
linear fitting of the stress-strain relationship within the small strain range of [0, 0.01]. The resultant
isotropic Young's modulus values were 81.6 N/m and 81.2 N/m for the armchair and zigzag
directions, respectively. However, the fitted value of the Young's modulus was approximately 10%
smaller than the ab initio result of 92 N/m [61] due to the limited consideration of short-range

interactions in a recent study [62].

In recent studies, reactive potential molecular dynamics simulations were employed to examine
the elastic properties and fracture dynamics of MoTe> membranes in both the 2H and 1T phases.
These investigations have shown that the fracture mechanism of MoTe; involves rapid crack
propagation followed by a sudden rupture of the membranes into fragments that maintain a high
level of integrity. Cumulative findings that the structural stability of MoTe> monolayers could be
higher than that of MoS, monolayers.

Moreover, the structural stability of the 1T phase of MoTe> is lower compared to the 2H phase due
to the translated layout of chalcogen atoms [63]. The 1T phase also exhibits lower tensile strength.
Recent research has revealed that MoTe> exhibits anisotropic mechanical properties, and the

orientation of its atomic lattice can have a profound effect on its tensile properties. [17].

A recent investigation using atomistic simulations has explored the mechanical behavior of
monolayer and multilayer MoTe> at the nanoscale. The researchers were able to develop an
empirical potential that accurately predicted both the elastic and failure properties of MoTey,

comparable to first-principles calculations and experimental findings. The study found —

1. The nonlinear mechanical response of MoTe> under uniaxial tensile loading reveals

significant directional anisotropy.

2. Strain transfer in the out-of-plane direction occurs mainly in the top four layers of
multilayered MoTe, films, and the Raman peak shifts calculated from simulations

correspond well with experimental observations.

31



3. The elastic and failure properties of MoTe; are considerably influenced by macroscopic

factors, including crystal orientation and temperature [64].

2.4. Computational Methods

Computational methods, including DFT and MD, offer valuable insights into thin-film
deformation. Although DFT can incorporate quantum mechanical information, its practical use is
constrained to a few thousand atoms, and alternative techniques are needed for larger-scale
analysis, such as nanoscale deformation mechanisms. Molecular Dynamics simulations are well-
suited for length scales ranging from nanometers to microns and can effectively model
macroscopic factors, including temperature and various complex mechanical loads [65]. To
accurately describe the forces between atoms in MD models, the choice of interatomic potential is
crucial [66][67]. The Stillinger-Weber (SW) potential is a viable option for modeling single layer
TMD systems, as it has the ability to precisely capture the main bond-stretching and angle bending
interactions, including their nonlinear impacts [68]. Furthermore, in terms of computational
efficiency, the Stillinger-Weber (SW) potential outperforms bond-order potentials , such as REBO
and Tersoff [69][70], making it a more efficient choice for modeling larger structures with

reasonable accuracy [71].

2.5. Density Functional Theory

Density Functional Theory (DFT) is a method that allows for efficient computation and provides
precise descriptions of chemical bond correlation in various systems [72][73]. It can be difficult to
experimentally determine the stress-strain behavior of single layer systems, particularly in cases
where manufacturing specific two-dimensional materials is not possible or where defects may
occur during the preparation process. However, DFT can establish correlation between the internal
energy of the atomic system and the external energy exerted on it. The Hohenberg-Kohn theorems

form the foundation of DFT and is comprised of 2 theorems:

(1) the Hohenberg theorem and
(i)  the Kohn theorem [74]
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In the context of the Hohenberg-Kohn theorems, the first H-K theorem asserts that the electron
density governs all the characteristics of a non-degenerate ground state of a molecule or an atom.
This means that electrons are deemed to be moving within a confined box, which is a fundamental
principle of the H-K theorems.

In the study of electrons, they move in a random manner while being influenced by an external
potential v(r) and mutual Coulomb repulsion. The ground-state energy is achieved through an
external potential, and this process is evaluated using the Hamilton equation. This equation
involves the Hamiltonian (H), which includes the kinetic energy (T), potential energy from the
external field caused by positively charged nuclei (V), and the interaction energy between
electrons (U). In the context of electronic structure calculations, the probability of finding
electrons in a small volume element around a specific configuration xi is expressed by the many-
electron wave-function. This wave-function is assumed to represent the system in an electronic

eigenstate, while the nuclei remain fixed at their positions.

H=T+V+U (1)
N
h
T = Z <_2_Tnlz‘72> (2)
=1
V= Z () (3)

U= u(n/7) @)

i<j

Hp=T+V+U)p=Ep (5)
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After previous DFT methods were established, a new strategy known as Hohenberg-Kohn-Sham
(HKS) DFT was introduced, which follows the second H-K theorem that establishes an energy
functional for the system and indicates that the energy functional is minimized by the electron
density of the ground state [75]. Another method called Kohn-Sham (KS) DFT was introduced,
following shortly after the HKS DFT. This method addresses the challenge posed by interacting
electrons in a fixed external potential [76]. However, modelling these interactions can be a
challenge in KS DFT. To address this, the local-density approximation (LDA) is often used for
approximation. Orbital-free density functional theory (OFDFT) is a less commonly utilized
alternative to KS DFT but is computationally efficient and applicable to large systems. However,
OFDFT is less accurate than KS DFT. Despite the widespread use of DFT in material science, it
has some limitations, including computational expense, errors due to deficiencies of the exchange-
correlation functional, and the impact of the potential on the accuracy of the calculation. Therefore,

molecular dynamics simulation is preferred in some cases.

2.6. Molecular Dynamics

In order to study the behavior of particles in a system over a period of time, researchers often
employ molecular dynamics (MD) simulations, which are capable of generating true dynamical
observables and sampling equilibrium distributions. Initially used to simulate small numbers of
molecules, MD has been extended to study liquids, solids, and materials with the advancement of
computer technology [77]. A. Rahman performed the first MD simulation for atoms interacting
through an interatomic potential in 1964 [78]. MD follows a deterministic approach to mimic the
movement of atoms, where Newton's equation of motion is solved in successive time steps. In
every time, the forces among all atoms within the system are evaluated and utilized to compute
new velocities and positions. Based on these values, the material properties of the system can be
derived.MD is essential for studying large systems of more than thousands of atoms, as it allows
for the calculation of processes such as melting, deformation, sintering, and crack propagation in
materials. However, MD relies on two primary approximations, namely the Born-Oppenheimer
approximation [79] and the assumption that atoms are point particles following classical
Newtonian dynamics. In molecular dynamics simulations, interatomic potentials are employed to

move atoms based on Newton's laws of motion. [80], shown in the Eq. (6)
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Vo =F=m—— (6)

The overall empirical potential energy of a molecule is made up of various energies related to
bond, angle, van der Waals force and electrostatic interactions. This composition is used in
molecular simulations to determine the behavior of the system. To understand the mechanical and
thermal properties of 2D materials using MD, the energy correlation of the entire system must be

considered.

2.7. Force Fields

Force fields are essential mathematical models utilized in MD simulations to predict the forces
and energies existing between atoms or molecules within a given system [81]. These models
represent the potential energy of the system by factoring in the arrangement and orientation of its
constituent atoms or molecules. By using force fields, scientists can examine and predict the
behavior of complex molecular systems, which are otherwise challenging to analyze

experimentally.

During the 1960s, researchers first developed force fields to predict the vibrational spectra,
molecular structures, and enthalpies of isolated molecules. As researchers extended these models
to more complex systems, new and more broadly applicable force fields were developed. Examples
of these include Dreiding [82], Universal (UFF) [83], CHARMM [84], AMBER [85], GROMOS
[86], OPLS [87], and COMPASS [88]. The force fields are not static, but rather dynamic in nature

and are subject to ongoing development, with numerous versions available.
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Force fields can be classified as 1 generation or class | force fields, and second-generation or
class Il force fields, which include cross terms. The performance of general force fields varies
depending on the system and properties being simulated. In the scientific literature, comparisons
have been made between the accuracy of biomolecular simulations using the CHARMM,
AMBER, and OPLS force fields, but no definitive conclusions have been reached. The choice of
a specific force field is influenced by the particular strengths and limitations that stem from the
data and procedure used for its parametrization. As a result, the selection of an appropriate force

field is highly dependent on the particular problem under investigation.

In the literature, various potential models (Shown in Figure 5) have been proposed for covalent
materials, ranging from straightforward and computationally affordable to intricate and
computationally expensive models. In the modeling of covalent materials, several potentials have
been developed, including the the Stillinger-Weber (SW) potential, valence-force field (VFF)

model, Tersoff potential, Brenner potential, and ab initio methods. These force fields are useful

ab initio

Brenner
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—
D

}_
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Figure 5: A comparative schematic illustrating the computational cost of various interatomic

potentials [105].
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in capturing the angle-bending and bond stretching motions observed in these materials. Although
they can also model bond-twisting motion, it is generally associated with a relatively small amount
of energy. The choice of potential model is contingent upon the specific research objective and
computational resources available [89].

The Stillinger-Weber (SW) potential is a well-established interatomic potential that has been
extensively employed in simulating various materials, including two-dimensional (2D) materials
such as MoTe; [62]. The SW potential is particularly beneficial for studying 2D materials because
it can precisely account for the interlayer interactions that play a vital role in determining their

mechanical, electronic, and thermal properties [90].
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Figure 6: Depiction of local defects in MoS2 monolayer (ML): (1) ideal structure, (Il to IX)
defective structures containing point defects, (X & XIl) line defects and (XII & XIII) grain
boundary defects. The defective regions are indicated, with Mo and S atoms represented in red and

yellow, respectively. These figures display part of the simulated supercells. [91]
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Interstitial defect Graim bowndary

Figure 7: Visualization showcasing the common defects observed in the crystal lattices of solution-

processed transition metal dichalcogenides (TMDs) [92].

2.8. Structural Defects

Defects are commonly observed in 2D materials, including MoTez, and can result from various
sources such as impurities, vacancies, adatoms, or dislocations [93]. These defects (See Figure 6
and Figure 7) can be categorized into four types : point defects [91], line defects [94][95], grain
boundaries [91], and edge defects [96]. Point defects occur due to impurities or vacancies, line
defects arise from a missing line of atoms in the crystal lattice, grain boundaries result from
different crystal orientations, and edge defects occur at the abrupt termination of the crystal lattice.
Investigating defects in 2D MoTe: is crucial as these defects can considerably affect the optical,
electronic, and mechanical characteristics of the material. Examining such defects can give us
valuable insights into the behavior and performance of 2D MoTe; in different applications.
[97][95].
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CHAPTER 3 : METHODOLOGY

Since the structure (2D MoTe>) we are going to study is in nanoscale, molecular dynamics emerges
as the preferred simulation method. Molecular dynamics analyses movement of atoms and
molecules to calculate overall deformation, force and potential energy of the system. From the
numerical data obtained, different parameters like engineering stress, strain, bond strain, bond
stress or young’s modulus can be calculated for specific timestep interval for different boundary
conditions. Molecular dynamics abides by the principles of classical mechanics. That implies that
small atoms’ and molecules’ trajectories are deduced from Newton’s equation of motion for the
complex systems made of particles that interact with each other. The interaction between atoms
and molecules are defined by their attraction force as well as repulsion force. The interplay
parameters are contained in a potential file. One of the commonly used interatomic potential is
Stillinger weber potential. We have used Stillinger weber potential for our simulation. Figure 8

shows a comprehensive flow diagram of how molecular dynamics simulation is done.
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Figure 8: Molecular Dynamics Simulation Flow Diagram
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3.1. Molecular Dynamics

In Molecular Dynamics simulations, the movement of atomic entities is determined by numerically
integrating Newton's second law of motion. Like Monte Carlo simulations, Molecular Dynamics
calculations involve computing thermodynamic averages at uncorrelated time points to obtain
statistical significance. Molecular dynamics is utilized across a broad spectrum of disciplines from
molecular biology to material science. It enables us to dig into thermodynamic and Kinetic
properties inherent to a system and to calculate pressure temperature, reaction or energy in

molecular level.

Maintaining temperature and pressure within the system is a vital aspect of molecular dynamics
simulations. Temperature plays a crucial role in dictating the kinetic energy of the atoms, which
consequently influences their motion and interaction with one another. It is therefore imperative
to control the temperature to ensure that the system samples the correct phase space and attains the
desired thermodynamic state. The pressure of the system, on the other hand, affects the
intermolecular distances and the interaction between the atoms. Proper control of pressure helps
maintain the desired density and prevents uncontrolled expansion or contraction of the system. In
molecular dynamics simulations, temperature and pressure can be regulated by employing a
thermostat and barostat. There are various techniques for doing so, with three main methods

commonly employed in the literature —

1. Nose Hoover Thermostat-Barostat:

In MD simulations, the Nose-Hoover Thermostat-Barostat is a widely used method to control the
temperature and pressure of the system. This method adjusts the velocities of the atoms to achieve
a desired temperature distribution and generates momentum in the system. It is the only thermostat
among the three principal methods that is derived from statistical mechanics. The Nose-Hoover
Thermostat-Barostat is particularly useful for studying liquids and solids with slow relaxation
times, as it efficiently calculates thermodynamic properties such as heat capacity, thermal

expansion coefficient and compressibility.
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2. Brendensen Thermostat-Barostat

The Brendensen thermostat-barostat adjusts velocity proportionally using the same factor to obtain
the desired temperature. It is a simple and commonly used method in molecular dynamics
simulations, particularly for controlling very large velocities. This thermostat is especially useful
for non-equilibrium systems that involve reactions and is compatible with reaxff potential. One of
its main advantages is its ease of implementation and computational efficiency, making it a popular

choice for researchers.
3. Langevin Thermostat

In molecular dynamics simulations, the Langevin thermostat simulates the effect of collision with
solvent molecules to create a non-Gaussian velocity distribution that results in random diffusion
of particles. This thermostat is commonly used for equilibrating unstable systems by reducing the
magnitude of velocity and adding random forces in different directions. It is particularly useful for
simulating biological macromolecules in solution and can also be coupled with a barostat to

regulate the temperature and pressure of the system simultaneously.

3.2. LAMMPS

The molecular dynamics simulations for this study were conducted using the LAMMPS software,
which is founded on the principles of molecular dynamics. The LAMMPS software, which stands
for Large-scale Atomic/Molecular Massively Parallel Simulator, was created in the 1990s by
Sandia National Laboratory as an open-source code. Initially, LAMMPS was written in Fortran,
but later versions were written in C++. This software is compatible with CPU and GPU, and
parallel computing can be employed for improved performance. The developers’ package of
LAMMPS provides users with the flexibility to modify the code to fit their needs. LAMMPS
allows us to couple it with other third-party software. For example, VESTA and OVITO software,
along with LAMMPS, were utilized for visualization purposes. The process is illustrated in the
flowchart in Figure 8.
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3.3. Initialization

The initial step in our simulation process involves defining the thermodynamic activity unit in
LAMMPS. LAMMPS offers a variety of styles, such as real and metal, which are typically used
for simulating 2D materials. Following the unit definition, the simulation boundary conditions
were set up.. These conditions are defined by styles p, f, s, and m. In particular, style p indicates
that the simulation box is periodic, allowing particles to interact with their mirror images across
the boundary. On the other hand, styles f, s, and m signify that the simulation box is non-periodic,

fixed, and shrink-wrapped, respectively.

3.4. Periodic Boundary Condition

The periodic boundary condition is implemented in the study using the style p in the simulation,
which allows particles to interact across the boundary and allows for the box to be infinitely
extended in all directions. To avoid any potential impact of artificial boundaries on simulation
outcomes and enable large system studies, periodic boundary conditions are typically employed in
MD simulations. In this approach, particles interact with their mirrored images across the
boundary, which allows them to exit the box from one side and re-enter from the opposite side
(see Figure 9) . The periodic dimension of the box can be adjusted through constant pressure
boundary conditions or box deformation. This is particularly useful for mechanical deformation of
2D materials as it enables the material to deform without encountering artificial boundaries that
could affect the simulation results. Moreover, periodic boundary conditions facilitate the
simulation of larger systems, which is crucial for studying the mechanical properties of materials
accurately. It is essential to know that the dimensions of the periodic box may experience

alterations in size owing to constant pressure boundary conditions or box deformation.
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Figure 9: A two-dimensional representation illustrating the implementation of periodic boundary

conditions. The particle paths within the main simulation box are mirrored in all directions.
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[98].
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3.5. Energy Minimization

The process of energy minimization in LAMMPS simulation involves the a step-by-step
adjustment of atom positions, the potential energy of the system is systematically reduced until it
reaches its minimum (Shown in Figure 10). This process not only optimizes the initial structure
but also corrects overlap in atoms and fixes broken bonds or angles. LAMMPS offers several
energy minimization techniques, including conjugate gradient (CG), steepest descent (SD), and
Newton's method (QM), which can be used alone or in combination, depending on the complexity
of the system and user preference. The CG technique was employed for the simulation. Energy
minimization is an essential step in MD simulations, especially for studying mechanical properties
in 2D materials. It ensures that the simulation begins with a stable configuration, which allows for

accurate and reliable results.

3.6. Molecular Modelling

Molecular modeling involves computer simulations to investigate atomic-level changes in
materials. While early simulations were limited to small systems like diatomic gases and simple
interatomic potentials due to computational constraints, advancements in computer technology
now enable us to study much larger systems, potentially consisting of millions of atoms. By
simulating the mechanical, thermal, and chemical properties of materials, molecular modeling can
offer insights into their fundamental behavior. Additionally, this technique can be practiced to
project the behavior of new materials even before they are synthesized, thereby enabling their

optimization for specific applications.

3.7. Ensembles

Ensembles are used in MD simulations to analyze and describe the behavior of a system in different
thermodynamic states. They are a collection of all possible positions and momentum of atoms in
a given state and are a crucial aspect of the phase space. Ensembles satisfy specified
thermodynamic values, such as temperature, pressure, volume, and energy. Their importance lies
in allowing for the study of various physical systems under diverse conditions. In molecular
dynamics, ensembles refer to the collection of particles or molecules that interact with one another

and their surroundings. There are multiple types of ensembles, including the microcanonical
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(NVE), canonical (NVT), and isobaric-isothermal (NPT) ensembles, which differ in their means
of controlling the system's temperature, energy, and pressure. For our simulation, the NVT and

NPT ensembles were employed.

NVE (Microcanonical Ensemble):

The microcanonical ensemble, also known as NVE, is a type of ensemble used in molecular
dynamics simulations where the energy within the system is conserved due to the oscillation
between the atoms’ kinetic energy and the bonds’ potential energy. This type of ensemble

maintains a fixed number of atoms and fixed volume all over the simulation.

NVT (Canonical Ensemble):

In the NVT (Canonical Ensemble), the atom count and volume of the system are kept constant,
while the total energy of the system is allowed to change by exchanging Kinetic energy with the
surroundings. This allows for the maintenance of a constant temperature throughout the

simulation.

NPT (Isobaric-isothermal Ensemble):

In the NPT ensemble, the system’s volume is tuned to maintain a user-specified pressure, while
the number of atoms and temperature remain constant. The ensemble is useful for simulating

systems in which pressure plays an important role, such as liquids and gases.

3.8. Interatomic Potential

In order to numerically investigate physical and mechanical properties, it is essential to account
for atomic interactions in MD simulations (see Figure 11). The force exerted on each atom is
determined by Newton's second law of motion, with various interatomic potential models
employed, including Valence Force Field (VFF), Tersoff, Brenner, Stillinger-Weber (SW) and ab

initio potentials.
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The linear model of the Valence Force Field (VFF) was sidespread in the decades leading up to
the 1980s due to its computational efficiency. However, its accuracy is restricted to evaluating the
elastic properties of linear models. In contrast, the ab initio approach is known for its high accuracy
in predicting a wide range of physical properties, including nonlinear effects. However, it is
computationally intensive and requires significant computational resources, even for simulations

involving only a few thousand atoms.

Hence, it is essential to close the divide between affordable linear models like VFF and the
computationally intensive but highly precise ab initio method, as numerous research studies
necessitate efficient simulation that balances accuracy with nonlinear treatment. In response to this
challenge, several interatomic potential models have been suggested to span this intermediate
range, such as the Tersoff potential, SW potential and Brenner potential. These potential models
offer reasonably accurate representations of nonlinear effects and are particularly well-suited for

conducting molecular dynamics simulations.
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Figure 11: Simplification of parts of LAMMPS Script
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3.9. Objectives of this Study

The topic of our thesis was to study the impact of point and line defects on the mechanical
behaviour of single layer MoTe». To study the mechanical behaviour, determination of Young's
modulus and ultimate tensile strength is required. That implies the necessity of knowing the stress-
strain response of MoTe, with point and line defects. To determine the stress-strain response we

have to perform tensile test using LAMMPS.

The tensile test is to performed for both phases of MoTe, and for 3 types of defective structures of
MoTez with —

Q) 2 Tellurium vacancy

(i) 4 Tellurium vacancy

(iii) 6 Tellurium vacancy accompanied with one Molybdenum vacancy
(iv)  Line vacancy defect along armchair axis

(V) Line vacancy defect along zigzag axis

The tensile test is to be performed at both uniaxially in armchair and zigzag axes and also biaxially.

3.10. Mechanical Deformations

The mechanical, electronic, and optoelectronic properties of electronic components can be
significantly influenced by the loading conditions they experience during manufacturing and
usage. Understanding these loading conditions is crucial for establishing a functional relationship
between the applied loads and the resulting properties of these components. Specifically, it is

important to determine parameters such as fracture strength, fracture criteria and Young's modulus.

Generally, there are two main types of loading conditions that 2D materials, which electronic

components often comprise, are subjected to:

(i) Static Loading: This refers to a loading condition where the applied load remains constant over
time. In this scenario, the components experience a consistent level of stress or strain without any
significant variations. Static loading is commonly encountered during the manufacturing process

or in steady-state operating conditions. By studying the response of 2D materials to static loading,
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insights into their mechanical and functional properties under constant stress or strain conditions

can be gained.

(if) Dynamic Loading: Unlike static loading, dynamic loading involves the application of loads
that vary over time. These loads can be periodic, cyclic, or transient in nature. Dynamic loading
conditions are encountered in various scenarios, such as during the operation of electronic
components subjected to vibrations, thermal expansion and contraction, or other dynamic
environmental conditions. The response of 2D materials to dynamic loading provides valuable
information on their ability to withstand fluctuating or time-dependent stresses, strains, and
external forces. Dynamic loading is also classified into harmonic, non-periodic and periodic
loading. Mechanical behaviour of 2D materials also varies with these loading conditions.

3.11. Computational Methodology

LAMMPS requires 3 files to run the tensile test simulation which is also depicted in Figure 7 and
Figure 8. These files are atomic structure file, interatomic potential and input script. The output
files obtained are log file that contains all the numerical information of the simulation. The stress-
strain plot can be generated using Excel from this file. Another output file is dump file for
visualization of the simulation. OVITO is used for the visualization

3.12. Molecular Modelling

This file encompasses comprehensive details concerning the material intended for utilization. The
bond distance, bond length, bond angle between atoms and dihedral angle between planes are
provided in the structure file. Both phases (2H and 1T) of MoTe, were used for our study. The

structural information is provided below —

3.13. 2H MoTe2 Structure:
The layer of 2H MoTe> sheet was of 15 nm on both sides. The lattice parameters and structure

parameters of 2H MoTe; structure are given in the following Table 1 and 2 respectively.
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Table 1: Lattice Parameters of 2H MoTez Supercell

a 3.47 A
b 3.47 A
c 14.65 A
a 90°
B 90°
Y 120°

Table 2: Structure Parameters of 2H MoTe:
Element X y z
Te 1/3 2/3 0.859
Te 1/3 2/3 0.236
Te 2/3 1/3 0.671
Te 2/3 1/3 0.048
Mo 1/3 2/3 0.717
Mo 1/3 2/3 0.094
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3.14. 1T MoTez Structure:
For monolayer 1T MoTe; sheet that is 15 nm dimension was used on both sides. The lattice
parameters and structure parameters of 1T MoTe: structure are given in the following Table 3 and

4 respectively.

Table 3: Lattice Parameters of 1T MoTe2 Supercell

a 6.35 A
b 3.49 A
c 14.87 A
a 90°

p 90.12°
Y 90°

Table 4: Structural Paramaters of 1T MoTe;

Element X y z

Te 0.58 0 0.098
Te 0.09 1/2 0.138
Te 0.567 1/2 0.361
Te 0.063 0 0.401
Mo 0.28 0 0.069
Mo 0.32 1/2 0.506
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3.15. Input Script
The input script is made of commands to be executed for the simulation. The feature lets a user
change portion of the input script or add new interatomic constraints, diagnostics, potential files

and to a model to make it fit their needs. The three most important things about flexibility:
(1) Flexibility through input script: Tailoring without coding
(i) Flexibility through source code: Adding codes to extend performance capability.

iii) The flexibility by using reference library of LAMMPS
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Figure 12: Flowchart of Molecular Dynamics Simulation

Employing cutting-edge setups of CPUs and GPUs equipped with multiple threads can
significantly enhance computational performance. Incorporating algorithms such as the
rendezvous algorithm [99] proves beneficial in generating data decomposition, allowing
processors situated at entry and exit points to efficiently locate intermediate data. This facilitates
the distribution of computational tasks across a substantial computer system, thereby optimizing
resource utilization. To execute simulations on multiple CPUs utilizing parallel computing
capabilities, the LAMMPS software can be integrated with the MPI parallel protocol. This protocol

facilitates seamless communication and data exchange among processors, enabling collaborative
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execution of intricate calculations and simulations. Through the synergistic employment of
advanced hardware, efficient data decomposition algorithms, and the MPI parallel protocol in
LAMMPS, computational simulations are accelerated, enabling researchers to tackle complex

scientific challenges and attain results in a time-efficient manner.

Iterative simulations can be used to test different conditions in molecular dynamics (MD)
simulations. First, the right ensemble format is used with a set of governing equations. In NPT
ensemble, everything else stays the same except for the volume. NVE, NPH and NVT ensembles
are some ensembles commonly used in LAMMPS. The next part is the boundary conditions.
Boundary conditions can periodic or non-periodic. The periodic boundary condition maintains the
material within a single box, which can be reproduced indefinitely in all dimensions. Other
information includes settings for thermosetting, control of pressure, harmonic constraints, bond

angle constraints, and so on.

MD uses time integration algorithms to run simulations . The algorithm combines the equations
that describe how moving atoms affect each other and makes their path. A velocity verlet
integrator, a rigid body integrator, are instances of well-known integrators that are used in
LAMMPS.

After adding randomness to break up the symmetry of the material, the simulation starts.
LAMMPS executes one command line at a time in a sequence shown in the flowchart in Figure
9. When the simulation is finished, the simulator gives us two distinct files. The calculations for
each atom is found in a log file. This data file needs to be worked on before graphs and other
empirical relationships can be derived from it. The video of the whole simulation process is in
another file. The video can be played with OVITO [100], which is a 3D visualization program

that processes the atomistic data after it has been collected.
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3.16. Governing Equations

The stress is calculated using Eq. 7 :

P.x L, % L
g=x_y 7z @
Lyo* Ly
P, is the Tensile load
The strain is calculated using Eq. 8 :
Lx - on
T Toe 8)
LxO

L, — instantenous length of MoTe, along x axis.
Ly, — undeformed length of MoTe, along x axis.

The stress generated was divided by the thickness to determine the plane stress, as outlined in
Eq.9:
Stress

Pl St = — 9
anar Stress = o —— )

3.17. Interatomic Potential

Interatomic potential file information regarding the interaction between atoms such as the
attraction as well as the repulsion force that act between 2 atoms as well as between atoms and
molecules. The possible interaction between atoms are shown in Figure 12. There are different
interatomic potentials developed that are used in different fields. AIREBO, REBO, Morse,

Lennard Jones, Stillinger Weber are a few of these interatomic potentials.

Bond rotation

Bond stretching Angle bending ,

Figure 13: Interaction between bonds
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3.18. Stillinger Weber Potential

For our molecular dynamics simulation, we applied Stillinger Weber potential. This potential is
computationally cheap as well as more accurate than some other potentials like Lennard jones. The
virial theorem gives a general equation that shows how the average total kinetic energy of settled
system comprised of distinct particles held together by potential forces corresponding to the
system's total potential energy. Atomic Stress for the system was calculated based on virial stress.

Components for virial stress [101] can be calculated using Eq. 10 [102][95].

1 1
Ovirial (T) = 0 [(=m; ® Wt 5 Z 1ij ®fij)] (10)
T

i

The mathematical expressions used to calculate the components of the virial stress.:

b=Vt ) Vs (11)

i<j i>j<k
p /B
VZ = Ae[r_rmax] (—4 — 1) (12)
r
P1 P2

Vs = Kee'tj Tmaxij Tik~Tmaxik (cos @ — cos 6,)? (13)
Here,

) — Summation of total volume occupied by atoms

, Tij — Reference Position of i atom with respect to j

® — Cross Product
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fij — Interatomic Force on i atom exerted by j atom

Tmax» Tmaxijr Tmaxik — Cutof f Ratios

6, — Angle between two bonds at equilibrium position

¢ — One of the constituents of virial stress

V,, V3 — Two body angle bending and bond stretching terms
A — Energy Parameter

K — Energy Parameter.

3.19. Defect Engineered Structures

Defect engineering is a complicated process that is used to induce vacancy as well as change the
shape and volume of target compounds. Defects might have different kind of effects on the target
structure’s mechanical behaviour that we want to study. In this study, the effect of five types of
defects on the mechanical properties of 2H and 1T MoTe, was examined through molecular
dynamics simulations. Specifically, 2H and 1T MoTe> structures with the following defects were
considered: (i) 1 Molybdenum 6 Tellurium Vacancy, (ii) 2 Tellurium Vacancy, (iii) 4 Tellurium
Vacancies, (iv) a line vacancy defect along the armchair axis, and (v) a line vacancy defect along
the zigzag axis. The top view of all the defective structures of 2H MoTe, and 1T MoTe> used for
the simulation is shown in Figure 14 and 15, respectively.
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O ®

Figure 14 : Molecular Structure of 2H MoTe> with (a) Pristine structure (b) 2 Tellurium vacancy
(c) 4 Tellurium vacancy (d) 6 Tellurium vacancy accompanied with one Molybdenum vacancy
(e) Line vacancy defect along armchair axis (f) Line vacancy defect along zigzag axis
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The Defective structures were prepared in VESTA by deleting atoms to get desired defect induced
structures. After obtaining the defect-induced structures in VESTA, the file was converted into an
LMP file for utilization in LAMMPS simulation. The inclusion of these defects can significantly
alter the mechanical characteristics of MoTe, and understanding their impact is crucial for
optimizing the performance of MoTe,-based devices. By conducting molecular dynamics
simulations of uniaxial and biaxial tensile tests on these defect-containing structures, insights into
the mechanical behavior of MoTe, under different loading conditions is gained, and the role of
defects in governing its properties is better understood.

3.20. Validation

Once the atomic structure of the material has been prepared, the subsequent step involves
conducting the planned simulation experiments. However, prior to commencing the experiments,
it is imperative to ensure the code and file structure align with the established standards and
reproduce the accepted results documented in reputable journals. This serves the purpose of
validating the simulation setup by comparing it against previous research. By examining the
accuracy and consistency of the codes and files, it becomes feasible to utilize the existing

simulation setup.

The simulations were specifically conducted to probe the uniaxial tensile response of pristine
samples of both phases of MoTe: in both the armchair and zigzag directions, as illustrated in Figure
16. Two different temperatures, namely 1K and 300K, were employed during the simulations.
Following the completion of the simulations, the stress-strain responses were plotted, and these
plots were subsequently validated by comparing them to the plots published by Jiang et al [62].
This validation process serves as a crucial step in ensuring the reliability and accuracy of the
simulation results obtained in this study, thereby establishing a solid foundation for further analysis
and interpretation.
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3.21. Validation of 2H MoTe2 Pristine Sample

Figure 17 and 18 showcase the stress strain plot for single-layer 2H-MoTe, of 10 nm x 10 nm
along armchair and zigzag axes [62]. This plot in Figure 17 is depicted in Jiang et al. The same
test was conducted using our code in LAMMPS, and the data was post-processed in MS Excel to
obtain the plot shown in Figure 18. It was observed that the stress-strain response obtained in our

study is consistent with the findings reported in the literature (see Table 5).

Figure 16: Force is applied for 2H MoTez in (a) Armchair (b) Zigzag Axes for 1T MoTe; in (a)
Armchair (b) Zigzag Axes

Table 5: Young's Modulus, Fracture Strength and Ultimate Tensile Strength values of 2H MoTe;
at 1K and 300K temperatures when strain is applied in armchair and zigzag direction were obtained

in our present study is compared with literature standard.

2H MoTe;
Strain-Armchair Strain-Zigzag
Temperature Ym (N/m) Ym (N/m)

FS | UTS Fs | UTS

Present | Ref | Ref Present | Ref | Ref
(%) | (N/m) (%) | (N/m)

Study [62] | [59] Study | [62] | [59]
1K 79.12 79.8 | 79.4|2539| 11.6 | 78.67 | 79.8 | 79.4|29.49 | 11.14
300K 75.01 79.8 | 79.4|17.34| 9.8 7435 | 79.8 | 79.4 | 19.05 | 9.61
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Figure 17: Stress-strain plot for single-layer 2H-MoTe, of 10 nm x 10 nm along armchair and

zigzag axes [62].
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Figure 18:Stress-strain plot for single-layer 2H-MoTe, of 10 nm x 10 nm along armchair and

zigzag axes from present study.
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3.22. Validation for 1T MoTe:2 Pristine Sample

Figure 19 and 20 shows the stress strain plot for single-layer 1T-MoTe of 10 nm x 10 nm along
armchair and zigzag axes [62]. This plot in Figure 19 is depicted in Jiang et al. By utilizing our
code in LAMMPS, we executed the identical test and obtained the stress-strain plot shown in
Figure 20 after processing the data in MS Excel. The stress-strain response we obtained was found

to be consistent with the findings documented in the literature (see Table 6).

Table 6: Young's Modulus, Fracture Strength and Ultimate Tensile Strength values of 1T MoTe;
at 1K and 300K temperatures when strain is applied in armchair and zigzag direction were obtained

in our present study is compared with literature standard.

1T MoTez
Strain-Armchair Strain-Zigzag
Temperature Yo (N/m) Y (N/m)

FS | UTS Fs | UTS
Present | Ref | Ref | (o) | (N/m) | Present| Ref | Ref | (gf) (N/m)

Study | [62] | [103] Study | [62] | [103]
1K 80.57 | 81.6 | 92 |13.93| 6.03 | 80.09 | 812 | 92 |16.45| 6.02
300K 6442 | 816 | 92 | 7.72 | 424 | 6404 | 812 | 92 | 811 | 4.19
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Figure 19: Stress-strain plot for single-layer 1T-MoTez of 10 nm x 10 nm along armchair and
zigzag axes [62]
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Figure 20: Stress-strain plot for single-layer 1T-MoTez of 10 nm x 10 nm along armchair and
zigzag axes from present study.
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CHAPTER 4: RESULTS AND DISCUSSION

4.1. Exploration into Mechanical Behaviour of Defective MoTez

The elastic properties of pristine MoTe> in both phases were confirmed by comparing them with
previous studies. Subsequently, Molecular Dynamics simulations were carried out using
LAMMPS to investigate the mechanical behavior of defect induced MoTe>. Uniaxial and biaxial
tensile tests were performed on the structures of both 2H and 1T MoTez during the simulations.
The defective structures considered in the simulations included various types of vacancies: 2
Tellurium atom vacancies, 4 Tellurium atom vacancies, and 6 Tellurium atom vacancies
accompanied by 1 Molybdenum atom vacancy, line defect along armchair axis and line defect
along zigzag axis for both phases. The simulation codes were successfully converged, and the

resulting stress-strain responses were plotted using Excel.

4.2. Uniaxial Tensile Test

The uniaxial tensile test is a mechanical testing technique that involves applying a stretching force
to a material in one direction while keeping it fixed in all other directions. The LAMMPS software
was utilized in this investigation to perform uniaxial tensile tests on monolayers of 2H and 1T
MoTez. The simulation was conducted by applying stress opposite ends of the MoTe. sheet to
simulate the uniaxial stretching process. Throughout the simulation, the stress and strain trends
were monitored and recorded to generate the stress vs strain curve for the material. This allowed
us to investigate the mechanical properties of 2H and 1T MoTe, such as their ultimate strength
and elastic modulus, when subjected to uniaxial tension. These results were compared (see Figure
21-32, Table 7,8) to those obtained from the biaxial tensile tests (see Figure 33-44, Table 9,10) to

enhance our comprehension of the mechanical response of the materials.
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Table 7: Mechanical Properties of 2H SLMoTe> determined using uniaxial tensile test at 300K

2H MoTe2

Strain-Armchair

Strain-Zigzag

UTS Ym UTS
Ym (N/m) FS (%) FS (%)
(N/m) (N/m) (N/m)
Pristine 2H MoTe2 75.01 17.24 9.88 74.35 19.04 9.61
2 Te Vacancy MoTez 74.97 12.91 8.19 74.31 13.79 8.03
4 Te Vacancy MoTe2 74.68 10.14 6.79 74.22 15.69 8.69
1 Mo 6 Te Vacancy
74.94 13.59 8.48 71.19 7.16 4.65
MoTez
MoTe2 with Line
Defect along 74.94 13.59 8.48 71.19 7.16 4.65
Armchair axis
MoTe2 with Line
70.68 6.50 4.37 73.43 10.77 6.67

Defect along Zigzag

axis
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Table 8: Mechanical Properties of 2H SLMoTe> determined using uniaxial tensile test at 300K

1T MoTe2

Strain-Armchair Strain-Zigzag

UTS
Ym (N/m) FS(%) UTS(N/m) Ym(N/m) FS (%)
(N/m)
Pristine 2H MoTez 64.03 7.72 4.24 64.04 8.10 4.19
2 Te Vacancy MoTez 64.48 5.84 3.51 64.14 7.31 3.93
4 Te Vacancy MoTe2 64.46 5.17 3.17 63.83 6.24 3.54
1 Mo 6 Te Vacancy
64.28 54 3.29 64.00 5.35 3.16

MoTe2

MoTe2 with Line
Defect along 64.15 6.67 3.85 60.60 341 2.07

Armchair axis

MoTe2 with Line
Defect along Zigzag 60.08 3.13 1.93 63.48 6.53 3.66

axis
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Figure 21 to 26 presents the stress-strain plots obtained from the LAMMPS uniaxial tensile test

simulations conducted on 2H MoTe;. Figure 21 illustrates the stress-strain plot for the pristine

2H MoTe; structure. On the other hand, Figures 22 to 26 depict the stress-strain plots for the

five different defective structures that were investigated in this study.

Analyzing the stress-strain plots for the point defects, it was observed that as the number of

vacancies increased, the ultimate tensile strength decreased. This indicates that the presence of

vacancies within the MoTe» structure affects its mechanical strength. Additionally, a decrease

in the fracture strain was observed in conjunction with the increase in the number of vacancies.

This suggests that the presence of vacancies also influences the material's ability to withstand

deformation before failure.
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Figure 21: The uniaxial tensile stress—strain curves of Pristine 2H SLMoTe, at different

temperatures of 1K, 300K and 600K in (a) armchair, and (b) zigzag directions.
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Figure 22:The uniaxial tensile stress—strain curves of 2H SLMoTe, with 2 Tellurium vacancy at

different temperatures of 1K, 300K and 600K in (a) armchair, and (b) zigzag directions.
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Figure 23:The uniaxial tensile stress—strain curves of 2H SLMoTe> with 4 Tellurium vacancy at

different temperatures of 1K, 300K and 600K in (a) armchair, and (b) zigzag directions.
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Figure 24: The uniaxial tensile stress—strain curves of 2H SLMoTe; with 1 Molybdenum 6

Tellurium vacancy pre-crack in armchair direction at different temperatures of 1K, 300K and 600K
in (a) armchair, and (b) zigzag directions.
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Figure 25: The uniaxial tensile stress—strain curves of 2H SLMoTe, with pre-crack in armchair
direction at different temperatures of 1K, 300K and 600K in (a) armchair, and (b) zigzag directions.
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Figure 26: The uniaxial tensile stress—strain curves of 2H SLMoTe, with pre crack in zigzag

direction at different temperatures of 1K, 300K and 600K in (a) armchair, and (b) zigzag directions.

Figures 27 to 32 display the stress-strain plots obtained from the LAMMPS uniaxial tensile test
simulations conducted on 1T MoTe,. Figure 27 specifically illustrates the stress-strain plot for
the pristine 1T MoTe> structure. Meanwhile, Figures 28 to 32 showcase the stress-strain plots

for the five different defective structures examined in this study.

Upon analyzing the stress-strain plots for the point defects in 1T MoTe;, observations were
made. As the number of vacancies increased, a corresponding decrease in the ultimate tensile
strength was observed. This suggests that the presence of vacancies within the 1T MoTe>
structure has a detrimental effect on its mechanical strength. Moreover, a decrease in the fracture
strain was also observed alongside the increase in the number of vacancies. This indicates that
the presence of vacancies influences the material's capability to withstand deformation before

failure.
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Figure 27: The uniaxial tensile stress—strain curves of pristine 1T SLMoTe; at different
temperatures of 1K, 300K and 600K in (a) armchair, and (b) zigzag directions.
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Figure 28: The uniaxial tensile stress—strain curves of 1T SLMoTe> with 2 Tellurium vacancy at
different temperatures of 1K, 300K and 600K in (a) armchair, and (b) zigzag directions.
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Figure 29: The uniaxial tensile stress—strain curves of 1T SLMoTe, with 4 Tellurium vacancy at

different temperatures of 1K, 300K and 600K in (a) armchair, and (b) zigzag directions.
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Figure 30: The uniaxial tensile stress—strain curves of 1T SLMoTe, with 1 Molybdenum and 6
Tellurium vacancy at different temperatures of 1K, 300K and 600K in (a) armchair, and (b) zigzag

directions.
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Figure 31: The uniaxial tensile stress—strain curves of 1T SLMoTe, with 1 Molybdenum and 6

Tellurium vacancy at different temperatures of 1K, 300K and 600K in (a) armchair, and (b) zigzag
directions.
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Figure 32: The uniaxial tensile stress—strain curves of 1T SLMoTe> pre-crack in zigzag direction
at different temperatures of 1K, 300K and 600K in (a) armchair, and (b) zigzag directions.
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4.3. Biaxial Tensile Test

In the biaxial tensile test of 2H and 1T MoTe2 using LAMMPS, the specimens were subjected to
tensile stress in two perpendicular directions simultaneously. By performing such a test, we can
gain insights into the material's mechanical properties within the plane, encompassing attributes
like Young's modulus and fracture behavior when exposed to biaxial loading. During the
simulations, a strain rate of 10°8/s was implemented, a range commonly observed in experimental
settings, thus ensuring a realistic representation of the system. By graphing the stress and strain
values collected throughout the simulation (illustrated in Figure 33-44), we were able to visualize
and analyze the stress-strain response of the materials.
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Table 9: Mechanical Properties of 2H SLMoTe, determined using biaxial tensile test

2H MoTe2
Strain-Armchair Strain-Zigzag
Ym UTS Ym UTS
FS (%) FS (%)
(N/m) (N/m) (N/m) (N/m)
Pristine 2H MoTe2 98.50 15.09 7.86 98.94 15.10 7.85
2 Te Vacancy MoTe2 98.41 11.97 7.29 99.03 11.97 7.29
4 Te Vacancy MoTe2 97.37 8.53 6.10 98.58 8.52 6.12
1 Mo 6 Te Vacancy

97.72 9.4 6.47 98.89 941 6.46

MoTez

MoTez2 with Line
Defect along 97.09 5.26 4.34 94.98 5.21 4.20

Armchair axis

MoTe2 with Line
Defect along Zigzag 92.03 5.64 4.40 97.03 5.64 4.58

axis
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Table 10: Mechanical Properties of 2H SLMoTe> determined using biiaxial tensile test

1T MoTe2

Strain-Armchair Strain-Zigzag

UTS
Ym (N/m) FS(%) UTS(N/m) Ym(N/m) FS (%)
(N/m)
Pristine 2H MoTe2 70.40 7.62 3.60 70.46 7.61 3.61
2 Te Vacancy MoTez 70.25 5.88 3.14 70.17 591 3.16
4 Te Vacancy MoTe2 70.23 5.61 3.04 70.92 5.65 3.03
1 Mo 6 Te Vacancy
70.06 5.61 3.03 70.32 5.61 3.03

MoTez

MoTez with Line
Defect along 70.31 3.27 2.05 67.08 3.23 1.92

Armchair axis

MoTez2 with Line
Defect along Zigzag 65.71 3.16 1.88 70.58 3.24 2.03

axis

By collecting stress and strain data throughout the simulations, we generated stress-strain plots to

visualize and analyze the mechanical response of 2H MoTe: under biaxial tensile loading. Figure
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33 depict the tress-strain plot for pristine structure, providing a comprehensive view of the
material's behavior. The later ones Figure 34 to 38 are for defective 2H MoTe,. These plots
showcase the relationship between applied stress and resulting strain, highlighting the material's

elastic and plastic deformation regions, as well as its ultimate failure point.

The stress-strain plots enable us to extract valuable information about the mechanical properties of
2H MoTe; subjected to biaxial tensile loading. By analyzing the slope of the stress-strain curve, we
can determine the material's Young's modulus, which represents its stiffness. Moreover, the stress
at the ultimate failure point and the corresponding strain provide insights into the material's fracture

behavior and its ability to withstand biaxial loading.
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Figure 33: The biaxial tensile stress—strain curves for pristine 2H SLMoTe; at different

temperatures of 100,300 and 500 K in (a) armchair, and (b) zigzag directions.
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Figure 34: The biaxial tensile stress—strain curves of 2H SLMoTe, with with 2 Tellurium vacancy
at different temperatures of 100,300 and 500 K in (a) armchair, and (b) zigzag directions.
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Figure 35: The biaxial tensile stress—strain curves of 2H SLMoTe, with 4 Tellurium vacancy at
different temperatures of 100,300 and 500 K in (a) armchair, and (b) zigzag directions.
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Figure 36: The biaxial tensile stress—strain curves of 2H SLMoTe, with 1 Molybdenum and 6

Tellurium vacancy at different temperatures of 100,300 and 500 K in (a) armchair, and (b) zigzag

directions.
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Figure 37: The biaxial tensile stress—strain curves of 2H SLMoTe> with pre-crack in armchair
direction at different temperatures of 100,300 and 500 K in (a) armchair, and (b) zigzag directions.
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Figure 38: The biaxial tensile stress—strain curves of 2H SLMoTe, with pre-crack in zigzag

direction at different temperatures of 100,300 and 500 K in (a) armchair, and (b) zigzag directions.

The stress-strain response of 1T MoTe> under biaxial tensile loading was investigated through the
collection of stress and strain data during the simulations. These data were used to generate stress-
strain plots, allowing for a comprehensive analysis of the material's mechanical behavior. Figure
39 illustrates the stress-strain plot for the pristine 1T MoTe> structure, providing an overview of
its response to biaxial tensile loading. Subsequent figures (Figure 39 to Figure 44) represent the
stress-strain plots for defective 1T MoTe: structures, showcasing the material's elastic and plastic

deformation regions, as well as its ultimate failure point.

The stress-strain plots serve as a valuable tool for extracting essential information about the
mechanical properties of 1T MoTe, under biaxial tensile loading. By analyzing the slope of the
stress-strain curve, the material's Young's modulus, which characterizes its stiffness, can be
determined. Furthermore, the stress at the ultimate failure point and the corresponding strain

provides insights into the fracture behavior of the material and its resistance to biaxial loading.
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Figure 39: The biaxial tensile stress—strain curves for pristine 1T SLMoTe, with at different
temperatures of 100,300 and 500 K in (a) armchair, and (b) zigzag directions.

—— 100K —— 100K
a{ ——300K a{ ——300K
—— 500K —— 500K
E E
= =
w w
%] %]
£ 24 £ 24
) )

; N | . B!

T
0.00 0.05 0.10 0.15 0.00 0.05 0.10 0.15
Strain Strain

(a) (b)

Figure 40: The biaxial tensile stress—strain curves of 1T SLMoTe, with 2 Tellurium vacancy at

different temperatures of 100,300 and 500 K in (a) armchair, and (b) zigzag directions.
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Figure 41: The biaxial tensile stress—strain curves of 1T SLMoTe, with 4 Tellurium at different

temperatures of 100,300 and 500 K in (a) armchair, and (b) zigzag directions.
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Figure 42: The biaxial tensile stress—strain curves of 1T SLMoTe, with 1 Molybdenum and 6

Tellurium vacancy at different temperatures of 100,300 and 500 K in (a) armchair, and (b) zigzag

directions.
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Figure 43: The biaxial tensile stress—strain curves of 1T SLMoTe; with pre-crack in armchair

direction at different temperatures of 100,300 and 500 K in (a) armchair, and (b) zigzag directions.
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Figure 44: The biaxial tensile stress—strain curves of 1T SLMoTe; pre-crack in zigzag direction at

different temperatures of 100,300 and 500 K in (a) armchair, and (b) zigzag directions.
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4.6. Variation in Strain Rate

Varying the strain rate in molecular dynamics (MD) simulations is done to evaluate the mechanical
properties of 2D MoTe, because it allows us to study the material's response under different
loading conditions. By applying different strain rates, we can investigate how the material behaves
at different rates of deformation, which provides valuable insights into its mechanical behavior,
such as its strength, ductility, and resistance to deformation. The variation in strain rate helps
capture the dependence of material properties on the loading rate, providing a more comprehensive
understanding of its mechanical response and allowing for the prediction of its behavior under
different real-world conditions. We have used 2 strain rates 10e8 and 10e9 (see Figure 45-68) for

our analysis.

104 ——1e8 10 1e8
19 ——1e9 /W
8 - 8 -
E E
Z 161 2 6+
(23 (23
w0 w0
o o
5 4 - 5 4
2 2 A-
0 T T T 0 T T T h_l..nl A ol
0.00 0.05 0.10 0.15 0.20 0.25 0.00 0.05 0.10 0.15 0.20 0.25
Strain Strain
(@) (b)

Figure 45: The uniaxial tensile stress—strain curves of Pristine 2H SLMoTe> at 300K at strain rates

1e8 and 1e9 in (a) armchair, and (b) zigzag directions.
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Figure 46: The uniaxial tensile stress—strain curves of 2H SLMoTe; with 2 Tellurium vacancy at
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Figure 47: The uniaxial tensile stress—strain curves of 2H SLMoTe, with 4 Tellurium vacancy at

300K at strain rates 1e8 and 1e9 in (a) armchair, and (b) zigzag directions.
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Figure 48: The uniaxial tensile stress—strain curves of 2H SLMoTe, with 1 Molybdenum and 4
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Figure 49: The uniaxial tensile stress—strain curves of 2H SLMoTe, with line defect along armchair
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Figure 50: The uniaxial tensile stress—strain curves of 2H SLMoTe> with line defect along zigzag

direction at 300K at strain rates 1e8 and 1e9 in (a) armchair, and (b) zigzag directions.

To investigate the influence of strain rate on the mechanical behavior of 1T MoTe,, we conducted
LAMMPS simulations for uniaxial tensile tests in both the armchair and zigzag axes. By subjecting
the material to varying strain rates of 1e8 and 1e9, we aimed to compare the resulting stress-strain
behavior and understand how strain rate affects the material's mechanical response. The
simulations were performed on the same 1T MoTe, structure under identical temperature
conditions to ensure a consistent comparison. By collecting output data from the simulations, we
generated stress-strain plots to visualize and analyze the material's response to different strain
rates. These plots, presented in Figure 51 to 56, provide a comprehensive representation of the
stress-strain behavior for both strain rates in the armchair and zigzag directions. By juxtaposing
the stress-strain plots for the two strain rates, we were able to observe any discernible differences
in the mechanical response of 1T MoTe>. This comparative analysis allowed us to gain deeper
insights into the material's mechanical properties, including its elastic deformation, plastic

deformation, and ultimate failure stength, under varying strain rates.
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Figure 51: The uniaxial tensile stress—strain curves of Pristine 1T SLMoTe; at 300K at strain rates

1e8 and 1e9 in (a) armchair, and (b) zigzag directions.
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Figure 52: The uniaxial tensile stress—strain curves of 1T SLMoTe, with 2 Tellurium vacancy at

300K at strain rates 1e8 and 1e9 in (a) armchair, and (b) zigzag directions.
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Figure 53: The uniaxial tensile stress—strain curves of 1T SLMoTe, with 4 Tellurium vacancy at

300K at strain rates 1e8 and 1e9 in (a) armchair, and (b) zigzag directions.
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Figure 54: The uniaxial tensile stress—strain curves of 1T SLMoTe, with 1 Molybdenum and 6

Tellurium vacancy at 300K at strain rates 1e8 and 1e9 in (a) armchair, and (b) zigzag directions.
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Figure 55: The uniaxial tensile stress—strain curves of 1T SLMoTe; with line defect along armchair

axis at 300K at strain rates 1e8 and 1e9 in (a) armchair, and (b) zigzag directions.
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Figure 56: The uniaxial tensile stress—strain curves of 1T SLMoTe> with line defect along zigzag

axis at 300K at strain rates 1e8 and 1e9 in (a) armchair, and (b) zigzag directions.

Our findings revealed that varying the strain rate had a notable effect on the mechanical response
of 2D MoTe,. When the strain rate was increased from 1e8 to 1e9, significant changes were

observed in the material's behavior. These changes encompassed various mechanical properties,
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such as the ultimate stress, fracture strain, and Young's modulus. In particular, we observed that
an increase in the strain rate resulted in alterations in the material's ultimate stress. The ultimate
stress, which represents the maximum stress the material can endure before failure, exhibited
different values at the two strain rates. Additionally, the fracture strain, which represents the strain

at the point of failure, also showed variations with the strain rate.

Moreover, the Young's modulus, which characterizes the material's stiffness, was found to be
affected by the strain rate. The modulus values differed between the two strain rates, indicating a
change in the material's elastic response. Similar trend is observed in the biaxial tensile test stress
strain response for both phases of MoTe; as shown in the Figure 57 to 68
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Figure 57: The biaxial tensile stress—strain curves of Pristine 2H SLMoTe; at 300K at strain rates
1e8 and 1e9 in (a) armchair, and (b) zigzag directions.
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Figure 58: The biaxial tensile stress—strain curves of 2H SLMoTe; with 2 Tellurium vacancy at
300K at strain rates 1e8 and 1e9 in (a) armchair, and (b) zigzag directions.
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Figure 59: The biaxial tensile stress—strain curves of 2H SLMoTe, with 4 Tellurium vacancy at
300K at strain rates 1e8 and 1e9 in (a) armchair, and (b) zigzag directions.
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Figure 60: The biaxial tensile stress—strain curves of 2H SLMoTe, with 1 Molybdenum and 6
Tellurium vacancy at 300K at strain rates 1e8 and 1e9 in (a) armchair, and (b) zigzag directions.
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Figure 61: The biaxial tensile stress—strain curves of 2H SLMoTe, with line defect along armchair
axis at 300K at strain rates 1e8 and 1e9 in (a) armchair, and (b) zigzag directions.
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Figure 62: The biaxial tensile stress—strain curves of 2H SLMoTe; with line defect along zigzag

axis at 300K at strain rates 1e8 and 1e9 in (a) armchair, and (b) zigzag directions.

To investigate the influence of strain rate on the mechanical behavior of 1T MoTe,, we conducted
LAMMPS simulations for uniaxial tensile tests in both the armchair and zigzag directions. By
subjecting the material to varying strain rates of 1e8 and 1e9, we aimed to compare the resulting
stress-strain behavior and understand how strain rate affects the material's mechanical response.
The simulations were performed on the same 1T MoTe> structure under identical temperature
conditions to ensure a consistent comparison. By collecting output data from the simulations, we
generated stress-strain plots to visualize and analyze the material's response to different strain
rates. These plots, presented in Figure 63 to 68, provide a comprehensive representation of the
stress-strain behavior for both strain rates in the armchair and zigzag directions. By juxtaposing
the stress-strain plots for the two strain rates, we were able to observe any discernible differences
in the mechanical response of 1T MoTe>. This comparative analysis allowed us to gain deeper
insights into the material's mechanical properties, including its elastic deformation, plastic

deformation, and ultimate failure strength, under varying strain rates.
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Figure 63: The biaxial tensile stress—strain curves of Pristine 1T SLMoTe; at 300K at strain rates

1e8 and 1e9 in (a) armchair, and (b) zigzag directions.
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Figure 64: The biaxial tensile stress—strain curves of 1T SLMoTe> with 2 Tellurium vacancy at

300K at strain rates 1e8 and 1e9 in (a) armchair, and (b) zigzag directions.
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Figure 65: The biaxial tensile stress—strain curves of 1T SLMoTe, with 4 Tellurium vacancy at

300K at strain rates 1e8 and 1e9 in (a) armchair, and (b) zigzag directions.
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Figure 66: The biaxial tensile stress—strain curves of 1T SLMoTe, with 1 Molybdenum and 6

Tellurium vacancy at 300K at strain rates 1e8 and 1e9 in (a) armchair, and (b) zigzag directions.
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Figure 67: The biaxial tensile stress—strain curves of 1T SLMoTe; with line defect along armchair

axis at 300K at strain rates 1e8 and 1e9 in (a) armchair, and (b) zigzag directions.
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Figure 68: The biaxial tensile stress—strain curves of 1T SLMoTe> with line defect along zigzag

axis at 300K at strain rates 1e8 and 1e9 in (a) armchair, and (b) zigzag directions.

In the uniaxial tensile tests, a notable change in the mechanical behavior of both 2H-MoTe; and
1T-MoTe; was observed when the strain rate was increased from 1e8 to 1e9.. Specifically, higher

strain rates led to increased ultimate stress values for both phases. This indicates that the materials
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exhibited enhanced strength when subjected to higher strain rates. It is observed that the fracture
strain values decreased with increasing strain rate. This suggests that higher strain rates resulted in
a reduced ability of the materials to withstand deformation before fracture occurred. It indicates a
decreased ductility and increased brittleness at higher strain rates for both 2H-MoTe, and 1T-
MoTes.

In the biaxial tensile tests, similar trends were observed. Increasing the strain rate from 1e8 to 1e9
led to an increase in the ultimate stress values for both 2H-MoTe; and 1T-MoTe,. Additionally,
the fracture strain values decreased with higher strain rates, indicating reduced ductility and
increased brittleness under increased loading rates. These findings highlight the significant
influence of strain rate on the mechanical behavior of both MoTe> phases. The observed trends
suggest that the response of these materials to external loading is sensitive to the applied strain
rate. It is important to consider the strain rate effects when evaluating the mechanical properties of

these materials, as they can have implications for their performance in practical applications.

4.5. Fracture Visualization and Stress Mapping

Uniaxial and biaxial tensile tests were conducted on 2H and 1T MoTez using LAMMPS, and stress
mapping was performed to study the deformation characteristics of the materials. The stress
mapping analysis allowed for the visualization of the stress distribution in the materials under
different loading conditions. In uniaxial tensile tests, stress was selectively exerted along one
direction, while in biaxial tensile tests, stress was simultaneously applied along two directions.
The visualization (see Figure 69-73) was done from the LAMMPS output dump file with the help
of 3 party software OVITO as. Rainbow color coding was applied to indicate stress concentration
regions. In Figures 69-71 strain rate used was 1e9 whereas in Figure 72 shows biaxial tensile tests

that were done at 1e8 strain rate.
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Figure 70: Fracture snapshots of 2H SLMoTe, with and without defect

(1) Pristine structure (11)

s response to uniaxial tensile loading. We observed that the stress was primarily

with 2 Tellurium vacancy (111) with 4 Tellurium vacancy (IV) with 1 Molybdenum 6 Tellurium

direction, observed under uniaxial tension applied along the armchair direction. Under each
The stress mapping of 2H MoTez (Figure 70) revealed interesting patterns and trends in the

Vacancy (V) with line defect along armchair direction and (V1) with line defect along zigzag

snapshot, corresponding strain is mentioned in percentage.

material

indicating the presence of stress

concentrated at the edges and corners of the specimen

concentration zones. These regions experienced higher levels of stress compared to the rest of the

material.
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Furthermore, as the applied strain increased, the stress distribution underwent changes. The stress
concentration zones became more prominent and extended along the edges, highlighting the

vulnerability of these areas to higher stress levels and potential failure.
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Figure 71: Fracture snapshots of 1T SLMoTe> with and without defect - (I) Pristine structure (I1)
with 2 Tellurium vacancy (111) with 4 Tellurium vacancy (IV) with 1 Molybdenum 6 Tellurium

Vacancy (V) with line defect along armchair direction and (V1) line defect along zigzag direction

The stress mapping analysis of 1T MoTe, (Figure 71) revealed distinct characteristics that
differentiate it from the stress distribution observed in the 2H phase. Unlike the 2H phase, the
stress concentration zones in 1T MoTe, were found to be more evenly distributed throughout the
specimen, rather than being primarily concentrated at the edges and corners. During uniaxial
tensile loading, we observed that the stress was more uniformly distributed across the 1T MoTe>
specimen. This suggests a more homogeneous stress distribution pattern, indicating a potentially

higher resistance to stress concentration and localized failure.

Additionally, the stress mapping analysis showed that the stress concentration zones in 1T MoTe>
were less pronounced compared to the 2H phase. This could be attributed to the structural
differences between the two phases, as the 1T phase possesses a different atomic arrangement and
bonding characteristics. The differences in stress mapping characteristics between the 1T and 2H
phases of MoTe: highlight the influence of crystal structure on the mechanical behavior of the
material. Understanding these distinctions is essential for tailoring the mechanical properties of
MoTe; in specific applications, where the choice between the 1T and 2H phases can have a

significant impact on the material's performance.
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Distinct patterns of stress distribution were observed in MoTe; during the biaxial tensile test (see
Figure 72). The stress mapping analysis revealed that the edges and corners of the specimen
exhibited prominent stress concentration zones with higher stress levels compared to the rest of
the material. The analysis further indicated that the stress distribution was non-uniform throughout
the specimen, displaying an anisotropic behavior. This anisotropy in stress distribution stemmed
from the crystal structure and symmetry of MoTe, resulting in varying stress levels along different

directions within the material.

Furthermore, the stress mapping analysis provided valuable insights into the propagation of stress
within the material during biaxial tensile loading. It was observed that stress transmission and
distribution predominantly occurred along the principal directions of the material, leading to

preferential stress concentration and deformation patterns.
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Figure 73: Fracture snapshots of 1T SLMoTe> with and without defect - (I) Pristine structure (I1)
with 2 Tellurium vacancy (l11) with 4 Tellurium vacancy (IV) with 1 Molybdenum 6 Tellurium
Vacancy (V) with line defect along armchair direction and (V1) with line defect along zigzag
direction, observed under biaxial tension applied along both armchair and zigzag direction. Below

each snapshot, corresponding strain is mentioned in percentage.

Mapping the stress distribution in 2H and 1T MoTe> (Figure 69 to 73) during uniaxial and biaxial
tensile tests using LAMMPS software is crucial for gaining insights into the spatial variations of
stress and strain within the material during the test. Analyzing this data can offer valuable
understanding of the mechanical characteristics of the material, including its tensile strength,
ductility, brittleness and fracture behavior. By analyzing stress and strain distribution, it is possible
to identify regions where stress is concentrated and where failure is likely to occur, as well as to

understand how defects and other factors affect the material's response to deformation. This
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information is crucial for developing accurate models of material behavior and designing materials

with optimized properties for specific applications.

Our findings revealed that in the uniaxial tensile test along the armchair axis, 2H-MoTe; exhibited
a fracture behavior characterized by the formation of two distinct MoTe, fragments, indicating
cleavage along the armchair direction. Conversely, 1T-MoTe: displayed a brittle lattice structure,
without well-defined fragments, in the armchair axis. Shifting our focus to the zigzag direction in
the uniaxial tensile test, a similar brittle trend is identified in the fracture behavior of 2H-MoTe2,
although with potential variations in the specific fracture pattern. In contrast, the brittle fracture
behavior observed in the armchair direction for 1T-MoTe2 was not consistently observed when the
tensile test was conducted along the zigzag axis, indicating a dependence of fracture behavior on

the loading direction.

Furthermore, The fracture behavior in biaxial tensile tests was explored along both the armchair
and zigzag axes. The stress-strain curves of both 2H and 1T MoTe; exhibited a non-linear elastic
region leading up to the ultimate strength value. Beyond a critical fracture strain, a stress-free
region emerged, indicating the rupture of the membranes. Notably, the fracture behavior varied
between the 2H and 1T phases, underscoring the influence of crystal structure on fracture behavior
under different loading conditions. Our findings yield insightful understanding into the fracture
dynamics of 2D MoTe, highlighting the impact of phase and loading direction on their mechanical
behavior. These observations emphasize the anisotropic nature of MoTez and its mechanical

response’'s dependency on crystal structure and loading conditions.

4.6. Limitations
1. Computational power: Molecular dynamics simulations of 2D materials like MoTez require
significant computational power, particularly in cases involving a substantial quantity of
atoms. This limitation can restrict the simulation size and duration, which may affect the
accuracy of the results obtained.

2. Experimental step: Another limitation is the lack of experimental data on 2D materials,
which makes it difficult to validate simulation results. The experimental data can be used

to calibrate the model parameters and to confirm the accuracy of the simulation.
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Assumptions of standard conditions: Most simulations of 2D materials are carried out
under idealized standard conditions, which may not reflect the real-world conditions. This

limitation can affect the predictive ability of the simulation results.

Inherited computational error: The process of MD simulations entails numerically
integrating the equations of motion., which can introduce errors in the results. The

accumulation of such errors over time can lead to inaccurate results.

Approximation in governing equations: The reliability of the simulation results is also
contingent on the accuracy of the governing equations used. The approximations and
simplifications made in these equations can lead to errors in the results.

Random initial conditions: The initial conditions of the simulation, such as initial velocity,
relaxation, and energy minimization, can affect the simulation results significantly.
Therefore, careful selection of these initial conditions is necessary to ensure accurate

results.

Time-scale limitation: MD simulations have a constraint in terms of the time-span that can
be effectively simulated. Many important phenomena, such as plastic deformation and
crack propagation, occur on time-scales that are much longer than what can be simulated

using molecular dynamics.

Interatomic potentials: The accuracy of the simulation results is highly dependent on the
interatomic potentials used to describe the atomic interactions. Different interatomic
potentials can produce significantly different results, and the selection of an appropriate

potential can be challenging.

Size limitation: The dimensions of the simulation cell is also a limitation, as This factor
has the potential to impact the fidelity of the results. Small simulation cells can lead to

boundary effects, while large cells can require significant computational resources.

Temperature limitation: Molecular dynamics simulations at high temperature require
careful consideration of temperature control to ensure accurate results. Managing
temperature in 2D materials is a demanding task due to their significant surface area and

limited thermal conductivity.
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4.7. Discussion on Findings

Our MD simulations yield valuable insights into the mechanical response of 2H and 1T MoTe;
during uniaxial and biaxial tensile tests. Our findings indicate that the 1T-MoTe> phase exhibits
greater vulnerability compared to the 2H-MoTe> phase, as its fracture initiation requires nearly
half the critical strain observed in 2H-MoTe,. Additionally, the fracture behavior of 1T-MoTe;
results is brittle in nature, while 2H-MoTe, generates two distinct MoTe, fragments. These
observations suggest that the layout of chalcogen atoms in the 1T phase significantly influences
the structural stability of transition metal dichalcogenides (TMDs).

Our simulations also indicate that the disparity in fracture strains between 2H and 1T MoTe; is
less pronounced when stretching is exerted along the zigzag direction. The brittle fracture behavior
observed in 1T-MoTe; during armchair direction stretching is not observed when stretched in the
zigzag direction. Moreover, the stress-strain plots for both 2H and 1T-MoTe, demonstrate a
nonlinear elastic range that precedes the ultimate strength. Subsequently, there is a stress-free
region beyond a critical fracture strain, during which the membranes undergo rupture. It is worth
mentioning that the ultimate strength values exhibit a slight increase when the tensile stretching is
directed along the zigzag axis. Notably, the ultimate strength values are slightly higher when the

tensile stretching is applied in the zigzag direction.

It was further observed that an increase in temperature led to a reduction in the ultimate stress,
Young modulus and fracture strain of the membrane. However, the elastic modulus does not vary
with temperature. The armchair configuration of MoTe> is found to be stronger than the zigzag
configuration, indicating that the MoTe> membrane is nearly isotropic in mechanical

characteristics.

Based on our findings, it is evident that stress accumulates significantly around the hole location
during tension, resulting in the rupture of atomic bonds as strain progressively increases. The
concentration of stress at these points leads to a decrease in both the failure strain and ultimate

strength of the porous sheets compared to those of the pristine sheet.
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CHAPTER 5: CONCLUSION

5.1. Findings

In this research, the mechanical response of 2H and 1T MoTe, was explored through uniaxial and
biaxial tensile tests conducted under different temperature conditions. Furthermore, the fracture
behavior of these materials was analyzed by studying stress distribution and stress-strain curves.
The obtained results suggest potential applications for both 2H and 1T MoTe, under diverse

conditions.

1. The 1T-MoTe; phase exhibits significantly higher fragility compared to the 2H-MoTe;
phase.

2. The critical strain at which fracture initiates in 1T-MoTe; is nearly twice as small as that
in 2H-MoTeo.

3. When 1T-MoTe2 undergoes fracture, it exhibits brittleness, while 2H-MoTe fractures into

two separate MoTe, fragments with well-defined boundaries.

4. The structural stability of TMDs is greatly diminished by how the chalcogen atoms are

arranged in the 1T phase.

5. When applying stretching in the zigzag direction, the disparity in fracture strains between
2H and 1T MoTe; is reduced.

6. Stretching 1T-MoTe: in the zigzag direction eliminates the brittle behavior observed during

fracture, which is evident when stretched in the armchair direction.

7. Both 2H and 1T-MoTe> exhibit stress-strain curves characterized by a nonlinear elastic
region extending up to the ultimate strength point. Beyond a critical fracture strain, a stress-

free region occurs where the membranes undergo fracture.

8. The ultimate strength values show a slight improvement when the tensile stretching is

performed along the zigzag direction.
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10.

11.

12.

13.

An escalation in temperature leads to a decline in the ultimate stress, fracture strain and

Young’s modulus of the membrane.
The Elastic Modulus does not vary with temperature.

The armchair configuration of MoTez is stronger than the zigzag configuration, suggesting
near isotropy in its mechanical characteristics.

The outcomes imply that as the strain increases, stress becomes highly localized around
the vacancy position during tension, causing the disruption of atomic bonds in that area.
This stress concentration at the hole positions results in a reduction in the failure strain and

ultimate strength of the porous sheets when compared to the defectless sheet.

In summary, this study reveals important insights into the fracture mechanics of 2H-MoTe>
and 1T-MoTe; and provides a basis for further investigations into the mechanical

properties of transition metal dichalcogenides.

To conclude, our research provides our study offers valuable perspectives on the mechanical

characteristics of 2D MoTe; and the impact of defects on its behavior. The implications of these

findings can contribute to the prediction of mechanical characteristics in TMDs for industrial

applications, contributing to the development of advanced materials in various fields.

5.2. Future Recommendations

Based on the study of the mechanical properties of 2H and 1T MoTez, several promising future

directions and areas of exploration can be identified. These include:

1.

Investigation of band gap and band structures: Further research can be conducted to explore
the impact of vacancy-induced defects on the band gap and band structures of MoTe>. This
will offer significant understanding into the electronic characteristics and possible utility

of these materials.

Doping effects on fracture and electrical properties: The influence of doping on the fracture

behavior and electrical properties of transition metal dichalcogenides (TMDs), including
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MoTe,, can be studied. This will help understand the role of dopants in modulating the
mechanical and electrical characteristics of these materials, opening up possibilities for

tailored applications.

Exploration of composite 2D heterostructures: The fracture points of composite 2D
heterostructures, involving combinations of MoTe, with other 2D materials, can be
investigated. This research can focus on understanding the mechanical properties, such as
fracture toughness and interfacial strength, of these heterostructures, which will contribute
to the design and fabrication of advanced 2D materials with enhanced mechanical

performance.

Characterization of mechanical, thermal, and electronic properties of TMD nanowires: The
mechanical, electronic and thermal properties of TMD nanowires, including MoTe;
nanowires, can be comprehensively studied. This research can provide valuable insights
into the unique properties and potential applications of TMD nanowires, such as nanoscale

sensors and high-performance nanoelectronics.

Exploration of other TMD materials: Beyond MoTe>, the properties of other TMD
materials can be investigated. This includes studying the mechanical, thermal, and
electronic characteristics of different TMDs, such as MoSz, WS,, and WSez. Understanding
the diverse properties of TMD materials will expand the knowledge base and enable the

development of a wider range of TMD-based devices and technologies.
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