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Abstract

We use first-principles calculations based on Density Functional Theory (DFT) to analyze
the structural, electronic, and optical properties of a MoSe, monolayer, one of the prominent
two-dimensional transition metal dichalcogenides (TMDCs) belonging to group VI of the
periodic table. Our research focuses on both the pristine material and its behavior under
various types of defects, such as a molybdenum vacancy, arsenic substitution at a Mo site, and

arsenic interstitial doping.

To our knowledge, this work represents the first theoretical study of the latter two defects.
The Quantum ESPRESSO package was used to perform the computations, employing the

plane-wave pseudopotential approach.

To better understand the impact of these defects, we investigated structural optimization,
formation energy, band structure, density of states, difference charge density, and a range of
optical properties including dielectric function, refractive index, extinction coefficient,
reflectivity, absorption coefficient, optical conductivity, and energy loss function. The study
found that defect engineering significantly alters the electronic properties of MoSe», such as
the band gap and the electronic states near the Fermi level. It also introduces localized states
and causes shifts in various optical spectra, suggesting potential applications in optoelectronic
devices.Moreover, our results are in good agreement with previously reported theoretical and
experimental studies, which further validates the reliability of our findings. This study sheds

light on the tunability of 2D TMDC materials through controlled defect introduction.

Keywords :TMDCs, MoSe; monolayer, 2D materials, Arsenic doping, DFT, Quantum
ESPRESSO, Electronic properties, Optical properties, Optoelectronic applications.



Résumé

Nous utilisons des calculs ab initio basés sur la théorie de la fonctionnelle de la densité
(DFT) pour analyser les propriétés structurelles, électroniques et optiques d’une monocouche
de MoSe», I’un des dichalcogénures de métaux de transition (TMDCs) bidimensionnelsde la

sixiéme colonne.

Notre étude porte a la fois sur le matériau parfait et sur son comportement en présence de
différents types de défauts, tels qu’une vacance de molybdene, une substitution du molybdéne
par de Darsenic, et un dopage interstitiel par I’arsenic. A notre connaissance, ce travail

constitue la premiere étude théorique des deux derniers défauts.

Les calculs ont été effectués a 1’aide du logiciel Quantum ESPRESSO selon I’approche
des pseudopotentiels et des ondes planes. Afin de mieux comprendre ’effet de ces défauts,
nous avons €tudié¢ I’optimisation structurale, 1’énergie de formation, la structure de bande, la
densité d’états, la densité de charge différentielle ainsi qu’un ensemble de propriétés optiques,
notamment la fonction diélectrique, I’'indice de réfraction, le coefficient d’extinction, la
réflectivité, le coefficient d’absorption, la conductivité optique et la fonction de perte
d’énergie.L’étude a révélé que I'ingénierie des défauts modifie considérablement les
propriétés électroniques du MoSe,, telles que la largeur de bande et les états électroniques
proches du niveau de Fermi. Elle introduit également des états localisés et provoque un
décalage dans les spectres des propriétés optiques, suggérant des applications potentielles
dans les dispositifs optoélectroniques. De plus, nos résultats sont en bon accord avec les
¢tudes théoriques et expérimentales précédentes, ce qui confirme la fiabilit¢ de nos
conclusions. Cette étude met en lumiére la possibilité de moduler les propriétés des matériaux

TMDC 2D par une introduction controlée de défauts.

Mots clés : TMDCs, Monocouche de MoSez,Matériaux 2D, Dopage a I’arsenic, DFT ,
Quantum ESPRESSO, Propriétés électroniques, Propriétés optiques, Applications

optoélectroniques.
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General Introduction

Since the groundbreaking work of Novoselov et al., which led to the 2010 Nobel Prize for
the successful exfoliation of graphene in 2004[1], there has been a growing interest in
graphene and other layered materials due to their distinctive structural and electronic
properties [2][3].

Graphene, in particular, exhibits exceptionally high carrier mobility and extremely low
resistivity at room temperature. However, its zero bandgap restricts its applications in
electronic and optoelectronic devices[4].

Additionally, graphene has limitations in energy storage applications, such as low
volumetric energy density and high initial irreversible capacity, which pose challenges in
lithium-ion battery technology[5].

These constraints have led researchers to explore alternative two-dimensional (2D)
materials with more tunable properties.

Among the promising 2D material candidates are transition metal dichalcogenides
(TMDCs), which exhibit remarkable characteristics. TMDCs follow the general formula MX>,
where M represents a transition metal and X is a chalcogen[6].

Structurally, they possess a honeycomb arrangement similar to graphene when viewed
from above but with a layered composition in which the transition metal atoms are
sandwiched between two chalcogen layers[7].

These materials display diverse electronic behaviors, ranging from semiconducting (e.g.,
MoSe>, MoS>, WSe>, WS>) to metallic (e.g., TiS>, VSe>) and even superconducting properties
(e.g., TaSy, NbS>)[8].

Such versatility makes TMDCs highly attractive for electronic and optoelectronic
applications, especially semiconducting materials.

To enhance the physical properties of these materials and expand their potential
applications, recent studies have focused extensively on the impact of point defects in
semiconducting TMDC:s.

A key feature of TMDCs is the tunability of their bandgap, which can be modified by
factors such as layer thickness, strain, and chemical doping[9].

Chemical doping, in particular, plays a crucial role in tailoring material properties. It can
occur through substitutional doping (where foreign atoms replace host atoms) or metastable

doping (such as interstitial incorporation).
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Metastable doping can be intentional or unintentional, influenced by environmental
factors such as substrate interactions, metal contacts, and humidity[10].

While most studies focus on MoS2, molybdenum diselenideMoSe> has gained significant
attention due to its similar structure to MoS: but with intriguing properties and potential
applications. This material exists in three primary phases: trigonal prismatic (2H), trigonal
(3R), and octahedral (1T).

While the 2H and 3R phases exhibit semiconducting behavior, the 1T phase is
metallic[11].

Furthermore, MoSepropertiescan be engineered through doping with transition metals,
chalcogens, or other elements. In this work, we selected arsenic (As) as a dopant due to its
potential to form new bonds with molybdenum and selenium atoms and its relatively small
atomic size compared to molybdenum. We also examined the effect of Mo vacancies and
compared them with arsenic substitution.

Generally, 2D TMDCs can be synthesized from their bulk counterparts using various
experimental techniques, primarily categorized into top-down and bottom-up approaches[12].

Additionally, these materials can be studied through theoretical simulations, which offer a
cost-effective and precise way to investigate their fundamental properties.

Density Functional Theory (DFT) serves as a first-principles computational framework for
systematically investigating the structural, electronic, and optical properties of materials[13].

To enhance the accuracy and efficiency of the calculations, the plane-wave
pseudopotential (PP-PW) approach, as implemented in the Quantum ESPRESSO package, is
widely used for electronic structure calculations.

The pseudopotential approximation significantly reduces computational complexity by
replacing the all-electron problem with an effective potential that accounts for core-electron
interactions, enabling efficient calculations while preserving accuracy[14]. To achieve reliable
electronic structure calculations, the selection of an appropriate exchange-correlation
functional is crucial.

The Generalized Gradient Approximation (GGA), particularly the Perdew—Burke—
Ernzerhof (PBE) functional, is commonly used as it offers a reasonable balance between
computational cost and accuracy.

Additionally, a plane-wave basis set with a well-converged kinetic energy cutoff is

typically employed.



General Introduction

The Brillouin zone is sampled using a Monkhorst-Pack k-point mesh to ensure proper
convergence of the calculations.

This thesis aims to provide a deeper understanding of MoSe:’s structural, electronic, and
optical properties, particularly in the presence of defects and dopants, with implications for its
integration into future nanoelectronic and optoelectronic devices.

To achieve these goals, the thesis is organized as follows:

e Chapter 1: Provides an overview of TMDCs, their properties, and the chemical

methods used to synthesize 2D materials, as well as their potential applications.

e Chapter 2: Describes the computational methodology, including the implementation
of DFT, the theoretical background, and the PP-PW approach within the Quantum
ESPRESSO package.

e Chapter 3: Presents and discusses the results obtained for the structural, electronic,
and optical properties of 2D MoSe: and investigates the effects of intrinsic defects on
these properties. The defectsstudiedare:

> Substitution of a Mo atom with an arsenic (As) atom.

» A Mo vacancy structure, where a molybdenum atom is removed.

> An interstitial As structure, where an arsenic (As) atom is positioned at the
center of the hexagonal cell.

Finally, we compare our results with theoretical and experimental studies available in the
literature. This work concludes with a general summary highlighting the principal results

obtained.
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I-1-Introduction:

After the scientific and technological revolution sparked by the discovery of graphene,
due to its layered and two-dimensional structure, researchers have paid great attention to
transition metal dichalcogenide (TMDC) materials.

Among these materials, transition metal diselenides have particularly attracted researchers'
interest. These materials can exhibit metallic, semiconducting, or insulating behavior and are
characterized by unique physical properties, especially in their semiconducting forms. They
have been widely used in various scientific fields, including electronics, optics, chemistry,
and biomedicine. Furthermore, their properties can be enhanced through various physical and
chemical modifications, such as doping with different elements, making them a key focus of
modern research.

In this section, we will provide an overview of TMDCs, including their general properties,
structure, fabrication methods, and types of doping. Additionally, we will highlight their

diverse and widespread applications.

I-2- Structure ofTransition Metal Dichalcogenide (TMDCs):

Transition metals dichalcogenides are layered compoundssimilar in structure to graphite,
with the general formula MX; where, M is a transition metal of group IV, Vs or VIg,and X
is a chalcogen (S,Se,Te)[1].

Figure 1.1 shows a presentation of the transition metal dichalcogenides in the periodic
table, while Figure 1.2 presents their lamellar structure.

For bonding to occur between metal atoms and the chalcogen atoms, the metal donates
four electrons to fill the bonding states, resulting in +4 charge, while the chalcogen carries a -

2charge[2].
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Figure I.1: Representation of TMDC:s in periodic table, where the orange and yellow
elements represent the metals and chalcogenes, respectively, that form TMDC
materials[3].

The bond between atoms within the same layer is covalent in nature, while the layers are

held together by weak Van der Waals (VdW) forces[4].

Octahedral

Figure 1.2: three-dimensional representation of a typical layered MX structure, where
green and purple spheres present M (metal) atoms and orange balls present X
(chalcogene) atoms.

TMDCs are classified into three different polytypes, primarlybasedon the number of
layers as well as their symmetry (T :trigonal, H:hexagonal, R:rhomboheral), these polytypes
are illustrated in Figurel.3,and examples for each type can also provided[5] :

» 1T such as NbSe», TaSe,...

» 2H such as MoSez, MoS>,WSez,MoTe,,....
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» 3R such as MoS,,TaSe>,NbSes,.....

The TMDCs canintrinsecally exhibit a range of electronic properties including [6] :
» SemiconductorlikeMoS,, MoSe>, WS, WSes,...

> Metal like TiS;, VSe,,....

» Supraconductor like TaS,, NbS,......

x/i(ui(»/;(u \SL"L\ "‘SL" Li/gfug F
CeVeVe¥ vd Ve ¢ e v v ¢ e
< ‘L ‘L ‘,L [ /le\g/k

9.9, X
¢ Oy v C% Ve V¢ V¢ ¥

Figure 1.3: polytypes of lamellar TMDCs [7].

I-2-1- Transition Metal Dieselenide of the Sixth Column:

These are TMDCs compounds with general formula MSe>, where M is a transition
metalfrom group VIBof the periodic table. They can be abbreviated as TMDs.

The elements in this category are: CrSe>, MoSez, WSe;, these compounds crystallize in
the trigonal prismatic phases in their stable state. Additionaly, they are characterized by their
semiconducting nature, which made them highly significant in scientific and technological

research.

I-3- Fabrication of 2D TMDCs from Bulk Structure:

Experimentally, twomain methods are used to fabricate two-dimensional TMDCs|[8, 9],

which are:

I-3-1- Top-Down Methods:
This method involves exfoliating structures into low-layred or monolayer structures[10],
Several techniques have been highlysuccefulin processing these materials[11], including :

a- Mechanical Exfoliation:

This is the most efficient method for producing clean and highly crystalline nanosheets. In
this process, stacked TMDC crystals are exfoliated using adhesive Scotch tape to obtain thin
layers Then, the tap is applied to a substrate and rubbed to further split the layers[12].

10
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Afterward, the tape is removed, leaving mono-layer and multi-layer TMDC nanosheets on
the substrate.

However, this technique has a major drawback: it produces flakes with random thickness,
size, and limited dimensions, making it ineffective for large-scale technological
applications[13].

The stages of this technique are illustrated inFigure 1.4.

s

Figurel.4: Schematic of mechanical exfoliation process for 2D materials using Scotch
tape technique[14].

b- LiquidPhase Exfoliation :

This technique has been successfully used to separate graphene layers and later

applied to TMDC materials[15].

It is a simple method that contributes to the relatively inexpensive production of vast
quantities of 2D nanosheets, but it introduces defects and lowers the crystalline quality. The

basic mechanisms of this method are illustrated in Figure I.5 and can be described as follows:
> lon Intercalation (Figurel.5, a):

In this method, the layers of the material are separated by first weakening the interlayer

bonds through the insertion of ions, which expand the structure.

Then, ultrasonic or thermal agitation is applied to achieve complete layer separation. This

process occurs in a liquid environment, such as water.
» Ion Exchange (Figurel.5, b):

This technique is used for compounds that contain interlayer ions, which help balance the
surface charge of the layers. In this process, these ions are replaced by larger ions in a liquid

environment.
Through agitation, the layers are separated, resulting in an exfoliated dispersion[15].

» Liquid Exfoliation by Direct Ultrasonication (Figure 1.5, ¢):

11
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In this technique, bulk layered materials are subjected to ultrasonication in a suitable

solvent that is dispersive, polar, and has a well-defined surface energy.

To prevent reaggregation, the exfoliated nanosheets must be stabilized either by the

solvent itself or through steric or electrostatic repulsion.

This technique has been instrumental in obtaining thin films, only a few nanometers thick,

of graphene as well as WS, and MoS;[16].

\

. Exchange } ' \
Time \ y
Time Good solvent \

Figure L.5 : Schematic representation of the main liquid exfoliation mechanisms, where
(a), (b), and (c¢) correspond to ion intercalation, ion exchange, and ultrasonication
exfoliation, respectively[17].

Agitation

Sonication
—

l

c- Electrochemical Exfoliation :

This mechanism involves applying a positive current to an electrode made of bulk TMDC
material targeted for exfoliation. During the process, water oxidation occurs, generating OH

and O’ions, along with other negatively charged ions present in the solution, such as SO4*".

Theseanionsaccumulate at the electrode surface and intercalate between the layers of the

TMDC material, weakening thevan der Waals forcesthat hold them together.

Subsequently, these anions undergo oxidation between the layers, producing O> and
SOogases, which further separate the layers, leading to their dispersion in the

solution[10].Figure 1.6 illustrates this mechanism for bulk MoS,.

12
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Figurel.6: (a) Experimental setup for electrochemical exfoliation of bulk MoS; crystal,
(b) Schematic presentationof the electrochemical exfoliation of bulk MoS:[10].
I-3-2- Bottom-Up Techniques:
This method is highly successful in producing nanosheets of TMDC materials, as it
enables control over the number of layers obtained, unlike top-down techniques. Additionally,

it yields large-area sheets suitable for technological applications[18].

However, one of the challenges this method faces is the difficulty in controlling the

reaction kinetics and energy.

Generally, a reaction occurs between the chalcogen and metal-containing precursors, and
these reactions can take place in various physical states of matter[19]. This method includes

several techniques, such as:
a- For Gas-Phase Synthesis :

It is the most commonly used method due to its relatively easy synthesis of TMDC
nanomaterials. This approach simplifies the isolation of the resulting nanosheets from the
reaction medium and helps prevent their reaggregation. It isprimarilydividedintotwo main

techniques :

13
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» Physical Vapor Deposition (PVD) : This technique relies on the deposition of material
vapors onto a substrate[ 19, 20], as illustrated in Figure L7.

» Chemical Vapor Deposition (CVD): Various stages of this process[18], can be
illustrated in Figurel.8.

Cathode
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13.5 MHz power
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To vacuum pump
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—

Figurel.7: Schematic illustration of the synthesis of TMDC monolayers via PVD
method.
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Figure 1.8: Schematics of various methods used in TMD technology based on the CVD

method in the gas phase,

where: (a)Both metal and the chacogen are in powder form, (b) The chalcogen is in
powder form, while the metal or metal oxides deposited on the substrate, (c) the chalcogen is
a gaseous precursors, while the metal or metal oxides are deposited on the substrate, (d) both

the and chalcogen compounds exist as gaseous precursors[21].
b- For Liquid-Phase Syntheses :

This process is generally carried out throught in-solution thermal decomposition or by
injecting a mixture of precursors into a hot solution, followed by isolating the nanosheets

suspended in low-boiling solvents as emulsions[19].

Most studies have focused on the group 1V and V sulfides or selenides, which are

produced by sulfidation reactions with the metal chloride (MClx) in oleylamine[22].

As for group VI sulfides, this method is effective, as studied have yielded nanomaterials

with a relatively small thickness (less than 15 nm)[23].

15
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The limitation of this technique is the preparation of TMDC nanosheets with a significant

thickness more than 10 nm or the formation of multilayer TMDCsheets[24, 25].
c- For Solid-Phase :

In these reactions, single-source precursor deposited onto a specific substrate and then
slowly heated to melt the precursors, thus forming a TMDC nanomaterials within the molten

mixture[19].

I-4- The Band Gap (Eg):

The quantum model of solid-state physics, specifically the molecular orbital theory,
allows us to determine the possible energy values an electron can take, which are divided into

two categories:

» The first category has lower energy, is occupied by electrons in fundamental state, and
is called valence band.
» The second category has a higher energy, is vacant in fundamental state, and is called

conduction band.

These two bands are separated by a forbidden energy band that an electron cannot

occupy[26].

This gap is called the energy bandgap(Eg), and it is one of the most important quantities

that determines the electronic properties of the material.
The energy gap dependes on the material:

» Absent in metals due to the overlap of the valence and conduction bands, allowing
electrons to move freely between them.

» Very large in insulators, making the transition of electrons from the valence band to
the conduction band nearly impossible.

» Small in semiconductors, allowing electrons to transit from the valence band to the
conduction band when sufficie excitation is provided, enabling electrical

conductivity[27].

I-4-1- Direct and Indirect Band Gap in Semiconductor:

From the energy dispersion graph E=f(k)(band structure), we can determine the extreme

points of the conduction and valence bands.

16
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The difference between the absolute minimum of the conduction band and the absolute
maximum of the valence band represents the gap. Based on this, semiconductors can can be

classified into two main types:

» Direct gap: Where the conduction band minimum and valence band maximum lie at

the same point in k-space.

» Indirect gap : Where the conduction band minimum and valence band maximum lie

at different points in k-space[28].

We can further illustrate the difference between these two gaps through the two structures

shown in Figure L9.
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Figure 1.9: Direct Band-Gap Semiconductor and indirect Band-Gap Semiconductor[29].

I-4-2-Direct and Indirect Transitions:

Transitions across the forbidden band are very important in the study of the optical
properties of materials, as these transitions involve the recombination of electrons and
holes[30], There are two cases for transitioning from the conduction band to the valence

band :

» Direct Transition : This transition of an electron from the conduction band to the
valence band is highly probable, as the recombination process involves only one photon, this
is because the valence band maximum is at the same wave vector as the conduction band
minimum([30], as shown inFigure 1.10,a.

» Indirect Transition:This transition has a low probability, as two simultaneous
quantas must be available for it to occur. These are(1) the emitted photon must have energy
greater then Eg and a negligible wave vector, and(2) the emission or absorption of a phonon,

as shown in Figurel.10, b.
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A phonon represents a quantized vibration of the crystal lattice,resulting from the
exchange of energy absorbed during the generation of electron-hole pair, or dissipated during

recombination. It is characterized by a small energy change and a large wave vector[30, 26].

a b
E \E
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3 p A photon
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Figurel.10: Schematic showing (a) direct gap transition and (b) indirect gap
transition|[31].

I-5- Point Defects:

A real crystal is not free from defects, wich can include various types such as point

defects, dislocations and grain boundaries[32].

However, point defects remain the most widespread in TMDC monolayer materials,
especially in semiconductors, as they create new energy states within the band gap, affecting

the physical properties of studied material[33].

Point defects arise during the growth process, the transfer of monolayers, or under the

influence of high-energy electron radiation[34].

The percentage of these defects in the material also affects its physical

properties[35]There are four types of point defects as shown in the Figure I.11, which are:

1-5-1-Vacancies :

This type of point defect occurs when a normally occupied lattice site remains vacant in
otherwise an ideal crystal structure. Vacancies play a crucial role in thermal treatment of
materials,facilitating atomic diffusion in the solid state by enabling the long-range movement

of atoms.
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1-5-2-Interstitials:
This defect occurs when an atom occupies a position within the crystal lattice that is

normally unoccupied in an ideal crystal.

If the atom is the same type as those in the lattice, it is referred to as an intrinsic

interstitial. This type of defect significant role in the formation of alloys.

1-5-3- AntisiteDefects:
This defect occurs when adjacent atoms of different types exchange positions within a

crystal lattice.

Antisite defects are commonly observed in alloys and compounds with well ordred

structures particularly when the constituent atoms have similar electronegativity.

I-5-4- Substitute Atoms:
This type of defect occurs when an atom outside the crystal system occupies a lattice site

such defects play a crucial role in the doping of materials.

significantly altering their electrical and optical properties.

pure structure vacancy defect

interstitial defect  substitational defect

Figure 1.11: Types of point defects in crystals.

I-6- Semiconductor Doping :
This process aims to modify the carrier concentration in semiconductor materials, thereby

changing their electrical conductivity and overall electronic properties.
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This is achieved through doping with carefully selected impurity atoms[36]. The doping

method also influences the variation inphysical properties.

There are two primary types of doping, which are n-type and p-type[37].

I-6-1- n-Type Doping:
In this type of doping, the introduced atom acts as a donor, meaning it has more valence

electrons than the host atoms, thereby increasing the material's conductivity.

In this case, an extra electron remains free and can transition to the conduction band with

relatively low energy.

The energy gap is small because the donor level is positioned close to the edge of the

conduction band, as illustrated in Figure 1.12,a.

I-6-2- p-Type Doping:
This process is achieved by introducing atoms with fewer valence electrons than those of

the host material, thereby creating holes in the semiconductor.

A hole can be filled by a lowenergy electron from the valence band, facilitating charge

carrier movement.

In this case, the acceptor energy level is positioned close to the valence band.

Figurel.12,b illustrates the schematic band structure for this scenario.

a b
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CB
, Free electron
= j_ Donator level 5 Ficed dopant
- A 2 | |
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n-semiconductor p-semiconductor

Figurel.12: Band structure for (a) n-type doping and (b) p-type doping[38].
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1-7- Doping in 2D TMDC Monolayer Materials:

The fundamental principles of doping discussed earlier also apply to two-dimensional

semiconductors. Researchers have highlighted its significance in enhancing the electrical,

optical, and magnetic properties of these materials, depending on the type of foreign atoms

introduced.

This modification can be permanent, further increasing the relevance of these materials in

modern technological applications.[37].

For example, a monolayer of MoS: is naturally an n-type semiconductor. However, when

a Mo atom is substituted with an Nb atom, the material transitions to a p-type

semiconductor[39].

In this context, there are two fundamental strategies for doping TMDC monolayers:

>

Substitutional doping by replacing original atoms in the crystal lattice with foreign
atoms.
Metastable doping which arrises due to external environmental factors like the

substrate, metals used as contacts, humidity,etc[40].

The theoretical study based on Density Function Theory (DFT), which will be discussed

in the following section, provide a powerful tool for predicting and interpreting experimental

results.

However, the study of TMDC monolayer materials presents several challenges, including

the following:

>

Controlling Dopant Concentration: Achieving precise control over dopant
concentration remains a challenge, as it is highly dependent on the experimental setup
and fabrication.

Considering Environmental Effects: The influence of external factors, such as
substrate interactions, temperature variations, and ambient conditions, must be
carefully accounted for in theoretical and experimental studies.

Inducing Ferromagnetism:The introduction of ferromagnetic properties through
substitutional doping with elements such as Fe, Ni, and Cr at room temperature

presents both opportunities and challenges in the design of spintronic devices.
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I-8- Application of 2D TMDCs:

The structure of mono and multi-layered of TMDC materials, wich resemble graphene,
along with their high surface-to- volume ratio, unique and optimizable properties, have enable
their integration into various applications like electrical, optical, chemical, and even

biological fields. Some of the most significant applications include the following:

I-8-1- Field-Effect Transistor (FET):

The first use of TMDC materials in transistors was in 2004, where thin layers of single-
crystal WSe2were utilized. This implementation demonstrated a notable charge carrier

mobility, comparable to that of silicon-based transistors[41].

Then, interest in TMDC-based FETs was revived following the discovery of
graphene[42].The FET can used as an amplifier[43,44], an analog switch[45,46], in integrated
circuits[43,47], oscillators[48].It is also characterized by its small size and low power
consumption compared to the traditional transistor[49].The TMDC-based field-effect
transistor (FET) consists of a thin channel of TMDC monolayer material connecting the
source and drain region By applying a voltage to modulate the charge carrier concentration,
the gate electrode regulates the conductivity of the channel[50], as shown in Figure 1.14,a
and Figure 1.14,b.TMDC FETs usually behave in two modes: p-channel (p-type), where
charge transport is dominated by holes, and n-channel (n-type), where electrons make up the
majority of carriers. But some TMDC materials are ambipolar, which means that depending

on the gate voltage, they can alternate between n-type and p-type conduction[51].

The choice of TMDCs as a channel materialsis attributed to their appropriate band gap
and their thikness, which help mitigate short-channel effects, Additionally, TMDCs exhibit
high carrier mobility, enabling fast switching speeds. For instance, MoS> has demonstrated a

mobility of up t0200 cm?V-'s!'[42].

The first MoSez-base FET was also studied by Larentis et al[52],demonstratingpromising

performance and favorable electricalcharacteristics.
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Figure 1.14 :(a) MoS2-based FET, (b) Schematic representation of a MoS2 —based
FETI[53].

I-8-2- Optoelectronic Applications:

The unique properties of monolayer TMDC semiconductors, particularly MS> and MSe,
make them highly promising for optoelectronic applications. These properties include the
direct band gap, high photoelectron affinity, and the ability to tune the band gapandmodify
electrical and optical properties through doping.

Such characteristics enable their use in a wide range of advanced optoelectronic devices,
includingphotodetectors, light-emitting devices, and photovoltaic cells.The most notable of

these devices are:
a- Phototransistors :

the first fabrication ofmonolayer MoSe> based phototransistor was reported by Xia et
al[54],where the study revealed a relatively low photoresponsivity. Subsequently, a few-layer
based phototransistorwas investigated by A. Abderrahmane et al[55], where they found a very
high photoresponsitivity compared to all previous studies of 2D materials based potodetectors
and estimated in demonstrating a significantly higher photoresponsivity compared to all

previously reported 2D material-based photodetectors.

The photoresponsivity was estimated at 97,1 AW™'at zero gate voltage, in addition to a
high quantum efficiencyof 22,26%.Vertical heterostructures composed of graphene
/MX,materials /graphene have also demonstrated high quantum efficiency, reaching up to

85%[56].
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The use of multilayer MX>-based photodetectors enables the absorption of light across a
wide range of wavelengths from the ultraviolet to the infrared, the Figurel.15,apresent a
schematic of MoSes-based phototransistor, while, the Figurel,15,billustrates a
schematicdiagram of multilayer MoS-based photodetector, The same principle is applied in

the MoSe» and other TMDCs semiconductors.

The operating principle of photodetectors is generally based on the generation of bound
excitons (electron-hole pairs), when incident photons with energy greater than the band gap of

the semiconductor fall on the material.

These excitons are then separated by an electric field, leading to the generation of a
photocurrent. This process is fundamental to the functionality of optoelectronic devices,

enabling applications in imaging, sensing, and optical communication.

2 b te..

| E.

532nm laser /

Egu=hv
18evVibeVideV

7R
s J—
‘.-;f‘a JEtE

s ip s 0) N A ? @ .
......... V,, shift

(negative side)

s,

Gate Dielectric n-channel

AR A
,&’7‘(\9"’}-’&

/
N
5
g

Figure 1.15 :(a) Schematic illustrationofa monolayer MoSe:-basedphototransistor
exposed to a laser beam [54], (b) Schematic showing of the impact of incident photons
on a multilayer MoS;-based phototransistor (n-channel) [57].

b- Light-EmittingDiods (LEDs) :

The TMDCs semiconductor have been used in the fabrication of LEDs through electrical

axcitation, thanks to the direct-gap property of the semiconductor monolayer TMDCs.

Researchers have developed and studied the LEDs based on monolayer TMDCs across a
wide range of frequencies showed efficiencies of up 10%. Notabely, a monolayerMoSe,-

based light-emitting diode was fabricated byBritton W. H. Baugher et al[58].
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c- Solar Cells :

Since their initial development in 1954[59], solar cells have attracted significant research
interest, with continuous advancements aimed at enhancing their efficiency and reducing
production costs.Solar cells based on TMDCs have sparked a significant revolution due to
their exceptional optical properties, which can be further enhanced through doping[60],
TMDC semiconductors typically exhibit a direct band gap ranging from 1.5 eV to 2 eV,
which corresponds to a high absorption coefficient for visible light. Additionally, their ability
to be deposited onto metals makes them promising candidates for use as ohmic back contacts

or gate materials in solar cells.

Figurel.16,apresents a schematic representation of a  WSez-based solar
cell.Figurel.16,billustrates the photoluminescence spectrum of the cell for single, bilayer and
multilayer configurations, while Figures 1.16, ¢ and Figurel.16,d represent the variations in
bias voltage (V) as a function of current (nA) in dark conditionsand under optical

illumination, respectively.

The simulation of a WTe/MoSe,—based gate yielded apower conversion efficiency(PCE)
of 30.7%, surpassing the efficiency of previously studied systems[61].

The synthesis of Fe-doped MoSe>on a SnO> substrate, which served as a counter electrode
(CE) in dye-sensitized solar cells, demonstrated excellent performance in terms of

electrocatalytic activity and reduced overpotential loss[62].
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Figure 1.16:(a) Schematic of a WSe:-based solar cell, (b) photoluminescence spectrum of
WSe:-based solar cell, (c)variation of bias voltage (V) as a function of current (nA) in the
dark , (d) the variation of bias voltage (V) as a function of current (nA) under optical

illumination[63].

I-8-3- Energy Storage:
a- Lithuim-Ion Batteries (LIBs):

Lithium batteries are among the most attractive energy storage devices due to their
rechargeability, environmental compatibility, high volumetric energy density, and relatively

long service life. These batteries are widely used in various everyday devices, including

mobile phones, laptops, drones, and other electronic applications.

The utilization of monolayer and multilayer TMDCs as electrode materials for lithium-ion
batteries has garnered significant attention in recent years.However, their application as

anodes has encountered several challenges, including low electrical conductivity, electrode

fragmentation, and limitations in cycle stability[60].

MoS; was the first TMDC material used as an anode in lithium-ion batteries.

Subsequently, MoSe> was introduced, demonstrating superior performance due to its larger
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interlayer  spacing  compared to  MoS;, which  facilitates  better  ion
intercalation[64].Dhanasekaran Vikraman et al. successfully synthesized a large quantity of
MoSe; for use as a cathode in lithium-ion batteries. Their study reported a high coulombic
efficiency of 99% after 100 cycles and a discharge capacity 0f843 mAhg™! [65].

The storage mechanism in lithium-ion batteries is based on the intercalation of lithium

ions (Li") between MX; layers[66], This process can be described by the following reaction:

MX, +4Li* +4e” & M +4Li X o

b- Sodium-Ion Batteries (SIBs) :

These batteries operate similarly to lithium-ion batteries but offer a more cost-effective
alternative due to the abundance and lower cost of their raw materials. Additionally, the use of
aluminum foil as an anode material contributes to their lightweight design and further reduces
production costs. In this context, TMDC nanomaterials have demonstrated high efficiency in
energy storage applications, achieving efficiencies of up to 98%][60].

c- Potassuim Ion Batteries (PIBs) :

Potassium-ion batteries offer several advantages, including lower cost compared to
previously mentioned battery technologies and a low redox potential, which has attracted
significant research interest.

JunMin Ge et al[67]made an anode on MoSe>/N-C, which demonstrated a high discharge
capacity of 258,02 mAhg! after 300 cycles, along with a coulombic efficiency of one 100%.
AdditionallyPIBsexhibit excellent stability under harsh conditions, operating efficiently
within a thermal range of -10°C to 50°C[60].

d- Supercapacitor :

They are also called electrochemical capacitors (ECs) and are characterized by a longer
cycle life, good performance at high and low temperatures, fast charging, low maintenance
costs, and better efficiency than batteries.

However, they have a lower energy density than batteries.

These compounds can be classified into two categories based on their mechanism of
action. The first category stores electrostatic charge in the form of a double layer, while the
second category stores charge by attracting ions from the electrolyte to the surface of the
electrode, where a redox reaction occurs. The latter is known as pseudo capacitors.

Initially, graphite was used as an electrode.To find electrodes with higher density and

larger surface area, TMDCs were introduced.
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The first study on TMDC-based electrodes was conducted in 2007 by Jia Mei Soon and
Kian Ping Loh[68], who investigated the use of multi-layer as an electrode in supercapacitors.
Subsequently, numerous studies have explored various TMDC compounds, including MoSe:.
In this context, SK Balasingam et al [69]examined the electrochemical performance of MoSe;
nanosheets as an electrolyte material for supercapacitors, reporting high efficiency with a

capacity retention of 75% after 10000 cycles.

I-8-4- Catalyst for Hydrogen Evolution Reaction (HER):

Hydrogen energy is among the most significant clean energy sources that have garnered
considerable attention from researchers.

However, its widespread adoption faces several challenges, including a slow reaction rate,
high production costs, and limited yield relative to demand[60, 70].

Therefore, it is essential to explore efficient hydrogen catalysts capable of addressing
these limitations.

Recently, significant attention has been directed toward two-dimensional transition metal
dichalcogenides (2D TMDCs) for their potential use as electrocatalysts in the hydrogen
evolution reaction (HER). Studies have demonstrated that TMDCs in the 1T phase exhibit
high efficiency in accelerating the HER[71, 72].

However, they are not effective in their pristine state; modifications such as introducing
vacancies, activating heteroatoms, engineering grain boundaries, and constructing
heterostructures are necessary to create active sites[73], facilitate hydrogen bubble pathways,
and enhance electron mobility[74].

The mechanism of HER catalysis in both acidic and alkaline media is illustrated in
Figurel.17.

Several studies have been conducted in this field, where Gholamvand et al[75] have
demonstrated that enhanced MoSe: films are the best electrocatalyst for hydrogen evolution
reaction. This is attributed to their ability to serve as a good source of OH- radicals, facilitated

by the ease of surface oxidation[72].
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Figure 1.17: Schematic representation of HER mechanism in acidic and alkaline
solutions[76].

I-8-5- Chemical Gas Sensors:

The development of semiconductor-based toxic gas sensors, which traditionally operate at
high temperatures, has advanced significantly following the fabrication of TMDC-based
sensors capable of functioning at room temperature[77].

The detection of toxic gases relies on charge transfer between gas molecules and the
reactive sites on the surfaces of TMDC materials through oxidation-reduction reactions. [ 78]

This interaction disturbs the surface charge of the material, thereby altering its
conductivity.

For example, the NO, molecule acts as an oxidizing agent due to the presence of two
unpaired electrons, whereas the NH3 molecule functions as a reducing agent because of its
ability to donate electrons from its lone pair. Meanwhile, the reactive sites on the TMDC
surface facilitate electron transfer by either accepting or donating electrons[79].

The Schottky barrier and the potential barrier between the TMDC material and the
electrode or metal oxide, respectively, contribute to enhancing sensor performance[3], The
gas sensing mechanism is summarized in Figure 1.18.

Dattatray J. Late and his colleagues utilized monolayer MoSe> as a gas sensor,
demonstrating high performance at room temperature[80].

Similarly, Rahul Kumar et al[3]developed a MoSe;-based epidermal gas sensor for the

detection of toxic gases, specifically NO> and NHs.
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Figurel.18: Schematic represontation of the gas sensing mechanism in a MoS2-based

sensor, (i)[81], (ii)[82], (iii)[83]

I-8-6- Biomedical Applications:

Two-dimensional TMDCs have been used as sensors in the biomedical field. Annu Mishra
et al[84]employed fluorine-doped.

MoSe;in the form of a nano broom for the detection of Salmonella bacteria, Additionally,
a MoSes-based sensor was used by Azadeh Azadbakht et al[85] for the detection of
kanamycin in milk, Several TMDC-based biosensors have also been developed for detecting
analytes such as DNA, RNA, and dopamine[77], In addition to biosensors, TMDC
nanomaterials have been extensively studied for various biomedical applications, which are

summarized in Figure 1.19.
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Figurel.19: various biomedical applications of TMDC nanoparticules[77].

I-9- MoSe: Monolayer and Arsenic Doping: General Overview and
Scientific Motivation :

As previously mentioned, two-dimensional (2D) materials have revolutionized the
field of condensed matter physics and materials science due to their remarkable physical and
chemical properties. Among these, transition metal dichalcogenides (TMDCs) have emerged

as a particularly versatile class of layered materials[6].

In particular, transition metal diselenides (TMdSe;) from group VI of the periodic
table, such as MoSe, and WSe,, have attracted significant interest due to their tunable band
structures, layer-dependent electronic properties, and potential applications in nanoelectronics

and optoelectronics|7].

Within this family, molybdenum diselenide (MoSe;) stands out for its stable
hexagonal crystal structure[5], moderate direct band gap in the monolayer form, and excellent
photoresponsivity. These features make it highly suitable for applications in field-effect
transistors, photodetectors, and solar energy [61, 62]conversion devices, as well as for more
specific functionalities such as catalysis[70] and sensing[80]. Moreover, the electronic and
optical properties of MoSe> are highly sensitive to external modifications, including

mechanical strain, defect engineering, and chemical doping[41].

In this work, we investigate both substitutional and interstitial doping of MoSe> with
arsenic atoms. Arsenic is selected due to its covalent radius being comparable to that of

selenium and its potential to introduce localized electronic states within the band structure
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features that could enhance charge carrier mobility and optical absorption. Furthermore, due
to the small size of the arsenic atom compared to molybdenum and selenium, we compare its
incorporation with the effect of a vacancy at the Mo site. The primary objective is to tailor the
electronic and optoelectronic properties of MoSe> monolayers for enhanced device

performance.

To the best of our knowledge, no previous theoretical or experimental studies have
specifically addressed arsenic doping in monolayer MoSe,, either by substitution at the Mo
site or via interstitial configurations. Thus, our work fills an important gap by providing a
detailed ab initio analysis using density functional theory (DFT). This investigation provides
new insights into the structural, electronic, and optical modifications induced by arsenic

incorporation.

To accurately predict and analyze these effects, we employ first-principles DFT
calculations within the pseudopotential approximation wich is an approach that is well-suited
to the simulation of low-dimensional materials. Chapter II presents the theoretical background
and computational framework adopted in this study, including the foundational concepts of
DFT, the treatment of exchange—correlation effects, the role of pseudopotentials in modeling

electron—ion interactions and the computational package used to perform the simulations.
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Chapter 11 Computational Methods

II-1-Introduction:

The description of theories and theoretical approximations utilized in numerical computations will
be the main topic of this chapter. Since the resolution of the multi-electron Schrodinger equation,
which is the closest to the real physical system, is necessary for the theoretical calculation of various
physical and chemical properties of materials, it must be simplified to a system of one-electron
equations. For this approximation, the density functional theory (DFT) are used, which is one of the
most significant computational theories adopted for various approximations and the most significant
computational methods applied in simulation programs to find the fundamental energy states of atomic
systems.

However, the use of specific approximations varies depending on the system and the kind of
properties being investigated. For example, the pseudopotential approach is utilized for
semiconductors and supercell systems, and the Quantum Espresso package can be used to make the

nemuric summation.

I1-2- Total Hamiltonian for the Crystal:

The crystal system is formed by a collection of nuclei and electrons that interact with each other.
The Schrodinger equation defines the stable state of the crystal system [1], and make the ability to
specify the wave function’s energy. The Schrédinger equation is formulated as follows:

Hy(R,r)=Ewy(R,r) (I1-1)
Where:R : Represents the positions of the nuclei.
r: Denotes the positions of the electrons.
E:Represent the total energy of system.

H: The entire crystal Hamiltonian caused by The electrostatic interaction between electrons and nuclei

and denoted by :

(1) H=T,+T,+V,+V,+V,

2 2

2 2
e _z zZ.e Z,zZ,e

o-h e
H‘Z 2m ot F-F| T ame|R | G8me|R K| (13)

A+
k

i e

o

L. : The electron kinetic energy.
T e
»: The nuclei kinetic energy.
V.. . . o
¢e: The electron-electron interaction energy (pairwise).

Ve : The interaction energy between electrons and nuclei.
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Vi : The nucleus-nucleus interaction energy (pairwise).
e : The charge of an electron.

m : The mass of an electron.

M : The mass of a nucleus.

#;,1;: The positions of the i-th and j-th electrons, respectively.
R, ,R,: The positions of the k-th and I-th nuclei, respectively.

z,,z;: The atomic numbers of the k-th and 1-th nuclei, respectively.

The Schrodinger equation cannot be solved generally due to a large amount of variants
3(Z+1)N, where N and Z are the number of atoms and atomic number, respectively.
Robert Oppenheimer and Max Born proposed an approximation to make the Schrodinger

equation solutions simpler, which will be discussed in the next title [2].

I1I-3- Born-Oppenheimer Approximation:

It is also known as the adiabatic approximation. In this approximation, the nucleus is
statically stable because the electron mass is negligible in comparison to the nucleus's mass
and the nucleus velocity is also negligible in comparison to the electron velocity. In this
scenario, the Hamiltonian is expressed in terms of the electron variations and takes the form
[3]:

H=T +V, +V,, (11-4)
z.e (I1-5)
‘ ix 47zgo‘ﬁk —7;.‘

H =
Z 2m
The Schrédinger equation in this approximation is written as follows:

Hel//e(R,l") = Ee’r//e(er) (H'6)

Despite this simplification, the complexity of electron-electron interaction makes solving

iz STE, I, r

the Schrodinger equation challenging; therefore, an alternative approximation, such as the

Hartre-Fock approximation, is necessary.

I1-4- Hartree-Fock Approximation:

In 1928, Can Hartree originally presented the one-electron approximation as a solution to
the problem of many electrons. Based on the independent electron hypothesis, this
approximation suggests that each electron evolves in an average potential that is produced by
the other electrons and the nuclei[4].

A sum of Hamiltonians can then be used to express the Hamiltonian:
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-7 H,=) H,

An individual electron's Hamiltonian can be written as follows:

2 11-8
H.:—h—Ai+ui(l7;)+I/i(;‘;) ( )
2m

l

(7 )mdlcates an electron's ¢ potential energy in the field of all nuclei ¥, as given by the

following relation:

A9) 4y () ==Y 2

R?

Where, ©* £ indicates the position of the nuclei.

As for Vi) , it represents the effective potential and given by:

1 1
V.(r)=— —_— 11-10
(@) 22_,7”[‘ (11-10)

The electrical system's wave function is expressed as follows since it is the product of the

electrons' wave functions:

A-1D) w(R, 5,5, 5) =y Ry (7B)y (7). (F,)

In this context, the sum of the energies corresponding to each electronic state is
considered the total energy:
(II-12) E=E +E,+E,+..E,

Thus, the Schrodinger equation for an electron is written as follows:

gy, (r)=| - Z‘ Z‘ ‘z/w) (II-13)

+ RO‘

Since the electrons are regarded as having no spin in this approximation, the solutions are
not antisymmetric. Fock corrected this by proposing the Pauli exclusion principle [5], which
makes the electronic wave function antisymmetric with regard to the exchange of two

electrons and expressed as a Slater determinant made up of mono-electronic functions.
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v, (1) W (1) v, (7,)

w,(r) Wo(Fy): e w,(7,)

D, 1
w(n,h, 5, 01,) = N (11-14)

v,n)  y,(5) v, (7,)

In which the normalizing constant is T
n!

Although this approximation is used in quantum chemistry to treat atoms and molecules,
solids cannot be treated with it. However, the density functional theory (DFT) a more

advanced and potent approach has emerged.

I1I-5-Density Functional Theory (DFT):

This theory's model dates back to 1927, when Thomas and Fermi developed it [5, 6].1t
took on its current form in 1964 thanks to studies by Kohn and Hohenberg in 1964 [8] and
Kohn and Sham in 1965 [9], and it will become the most popular approach in condensed
matter physics and quantum chemistry this century.

According to this theory, the electronic density p(7)is an essential variable, and every system's

total energy may be represented as a functional of the electronic density.

I1-5-1-Thomas-Fermi model:
In 1928, Thomas [6] and Fermi [10] proposed a model that divides the Brillouin region
into very small divisions, with the electron density in each divided region being considered

constant. This model determines the total energy of a heterogeneous electron gas as a function

5
of electron density, suggestingthat it is proportional to [p(r)]3 .
This theory disregards electronic bonding and is a local approximation of the electron

density.

I1-5-2- Dirac model:

In 1930, Dirac[11]introduced their model to enhance the Tomas-Fermi model. They
suggested that exchange effects might be explained by adding a factor derived from the
exchange energy density in a homogenous gas of electrons. The Dirac model's primary

problem is its inability to replicate an atom layer's electrical structure.
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I1-5-3- Theorems of Hohenberg and Kohn:

The term DFT was first introduced in 1964 with the publication of Hohenberg and Khan's
publications [8].Finding a mathematical relationship between a system's energy, principal
state, and electron density is the main notion of their theorem.They suggest two lemmas that

can be applied to any system of interacting particles evolving in an external potential.

Lemma 1: Since the ground state of the electron density p(r) represents the external potential,
the energy functional is given as a function of p(r). Consequently, a system's ground state

energy in an external potential with multiple electrons is stated as follows:
E = E[p(r)] (1)

Lemma 2 (variational principle ) :The exact density of the ground state is the density that
gives rise to the precise energy of the ground state, which is the minimal value of the total

energy functional. And, the density of the ground state p,(r) determines the other ground
state characteristics. Consequently, the ground state's total energy E [( po(r)] 1s expressed as

follows:

E[(p,(r)]=min E[p(r)] (11-16)

The function of the total energy of the fundamental state is expressed as follows:

El(p (0]=Flp @]+ [V ()p r)ar (11-17)
Where, V(r) : The external potential.
F lp (r)J: Represents the Hohenberg-Kohn density functional, which doesn't reveal anything about

the excited state; it just establishes the ground state's characteristics and it’s not precisely defined. This

is how it was presented:

Flom]=1lp)]+V.[o()] (IL-18)
Where, T [p(r)]: The kinetic energy of systeme.
V. [p(r)]: The potential of electron-electron interaction.

However, this theory does not specify the analytical expression for these two quantities.
The Hohenberg-Kohn theorems has generally demonstrated its efficacy in "ab initio"

computations used to investigate the electrical characteristics of materials.
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I1-5-4- Kohn-Sham equations

In 1965, Khan and Sham [9]suggested a hypothetical system for independent electrons
whose ground state and electron density were identical to those of the real system of
interacting electrons in order to calculate the Hohenberg-Kohn functional.

kohn and Shamadded that an imagined non-interacting system was used in place of the
real interactive system, with the density being the same.

To apply the Kohn-Sham theory, we write as follows:
E[p()]=T[p(]+ Ex o)+ Vo [+ Exe [p(r)] (I1-19)
Where: T [p(r)]Represents the kinetic energy in the Slater determinant for non-interacting

electrons, which is expressed as follows:

Tylp(r)]= Z<

") (I1-20)

Ey [p(r )] Represents the Coulomb interaction between electrons, often known as the

Hartree term, it’s presented by the following expression:

E, [p(r)]= HMM' (I1-21)

Ve ['0 (r )] contains the Coulomb interaction between nuclei and electrons as well as the

interaction between nuclei.

xe [p(r)] represents the exchange-correlation term, which comprises the total mistake
arising from the non-interacting kinetic energy as well as the Coulomb interactions. It is

expressed as:

Exc[p(]= [ p(r)e c[pr))dr (11-22)
The exchange-correlation energy is linked to the exchange-correlation potential, which

can be determined with the following formula:

XC[p(r)] H-23
Vielp(r]== ) (11-23)

From this, the Kohn-Sham equation can be derived as follows:

h2
{—2—V2 + Veﬁ" (r)j|§//i =&y, (11-24)
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vV,

Where &

V. (r) represents theLagrange multiplier, and the solution is
referred to as the Kohn-Sham orbitals, and indicates The effective potential that each electron
feels as a result of the other electrons and the nuclei is determined by:

I/e]j‘(r)zV

ext

) +V, +Ve (1) (I1-25)

I1-5-5-Solutions of Kohn-Sham equations

The independent electron wave functions determine the electron density, which in turn
determines the potential obtained from the density.

This determines the 7. potential in the Khon-Sham equation. For iteration to
solve these equations, self-consistency must be approached. An initial charge density Pun(7)

and an initial estimate for the Kohn-Sham orbitals ¥ are needed for this.

Following the computation of the effective potential, V, (r) the Kohn-Sham equations

were solved to yield the revised density Pren(r) . Should the result fail to meet the convergence
condition, the process is repeated by mixing the initial and new charge densities. An

illustration of the self-consistent cycle can be viewed in Figure II.1.
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p
Initial guess p, (7) L
k )
v

p
CalculateVe(r) }

v

Solve Kohn-Sham equations (find wave
functions )

y
[ Calculate p,,,(7) ]

-

Figure I1.1: Schematic representation of the self-consistency cycle in Kohn-Sham
density functional theory calculations.

I1-5-6- Functional Exchange-correlation:

The Kohn-Sham results only determine the ground state's minimum potential, known as

e
the Kohn-Sham potential Vis (r) = Vmin, and the exchange-correlation energy of the Khon-

sham equations is unknown. This result made it difficult to apply DFT in practice, so it was

necessary to propose a formulation for the exchange-correlation energy Ee [p(r)] that
attracted the attention of researchers in order to propose approximations, some of which are as

follows:

I1-5-6-1- Local Density Approximation (LDA):

In 1965, Khon and Sham suggested this approximation[12], assuming that the electron
density varied slowly enough toward the system's interior and considered the heterogeneous
electronic system as a homogeneous one. The energy-correlation exchange function can be

described locally as follows:

Ex[pm]=[ 5! [p(rlotrydr (11-26)
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Eorv 1. . . . .
Where “XCindicates a particle's exchange-correlation energy in a uniform gas of electrons

with density © (r) , which can be divided Into separate exchange and correlation components:

e’ lo(M]= e o))+ [p(r)] (11-27)

We can use the following expression to compute the exchange energy ¥ [p(r )]

analytically:
LDA __3 3 %
e [p(n]= 7P (I1-28)

Although the exchange-correlation energy Exc ['0 (r) ] functional form is undetermined
quantum simulations based on the homogeneous electron gas have given an accurate
numerical approximation, which has been used in Monte Carlo calculations [13].

Furthermore, other methods have been developed to obtain correlation energy
approximations utilizing various analytical forms, such as Vosko-Wilk-Nusair (VWN)[14],

Perdew-Zunger (PZ81)[15], Cole-Perdew (CP)[16], and Perdew-Wang (PW92) [17].

I1-5-6-2-Generalized Gradient Approximation (GGA) :
The LDA approximation is improved by the GGA approximation, which also restores the
LDA approximation's proven and validated characteristics.

The exchange-correlation term in GGA approximation is taken into consideration as a

function of the density # (r) and its gradient V(p) , which also accounts for the density's

. . o . E'[p]
inhomogeneity. The following is how the exchange-correlation energy ¢ is

expressed in the GGA approximation [18, 19]:
ESS' (M) = [ fielo(r). Vo) }o(r)dr (11-29)

Where, e represents an enhancement factor and is a function of the local density and its
gradient.

on the other hand, the exchange energy in GGA approximation difinedas :

EY = [ p(r)& () f (s)dr (11-30)

The factor Ix has various forms, including Wu-Cohen (WC)[20], Engel-Vosko (EV)[21],
Becke (B88)[18], Perdew-Wang (PW91) [22], and Perdew-Burke-Ernzerhof (PBE)[19].
Because of its accuracy and adaptability, we only employed the PBE functional in our

work. It is important to note that the GGA approximation, in all of its variations, has shown
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remarkable efficiency in computations concerning metal magnetism, molecular bonding, and

the electronic properties of semiconductors, metals, and surfaces.

I1-5-5-1-a- Approximation PBE-GGA:
The GGA is enhanced by the PBE approximation[19].
Its first and second order gradients, which are part of its enhancement factor, and the local

electron density define it. The following presents this factor's form:
f(s)=l+x——D @31)

1+'“S7
K

Where, S presents the reduced density gradient, difined by:

\Y
= VAl (I1-32)
2krp
ke 1s the Fermi wave vactor, known as :
1
k, = (37%p)3 (I1-33)

And, the empirical constants & =0,804 and 7~ 0,21951

where, selected to meet
physical requirements.

As compared to LDA and previous GGA functionals, the PBE-GGA approximation
balances theoretical consistency, computational efficiency, and precision.

The GGA-PBE version has specifically improved the solids compression coefficient and
structural characteristics. It is commonly utilized in the study of magnetic and surface
properties and in the computation of electronic properties like energy levels and band gaps,
particularly for semiconductors and transition metal compoundes.

It is sufficiently precise for application in phase transitions, molecular bonding, and two-

dimensional materials.

I1-6- The Plane Wave (PW):

The free Schrodinger equation can be solved using the plane wave function, which is used

in DFT to represent the electrons in a crystal[23]. It looks like this:
P (r)=e" (11-34)

where, 7 presents the position vector in space.

k is the wave vector associated with the momentum of the electron.
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e™ is a periodic function, ideal for describing electrons in a crystal.

The electronic wave function, or the real wave function of the electron in a crystal, must
be defined since the electron in a crystal is not free and senses the periodic potential of the
atoms. This can be done by solving the Schrodinger equation [24]. The electronic wave

function must be periodic according to the Bloch lattice, and it represented as follows:

W (r) =u, (r)e” (II-35)

where, u, 1s a periodic function that can be expressed as a Fourier series in the basis of

reciprocal vectors G and has the same periodicity as the crystal lattice :

u (ry=Y Cee'”  (11-36)

Where C;is the Fourier coefficient wich dependent to the crystal potential and the

electronic state.

Replacing this expression in the Bloch equation:

v (r) =2, Cee"™" (11:37)
G

I1I-7-Pseudopotential Approximation:

There are two kinds of electrons: valence electrons, which exist outside the core, and core
electrons, which are attached to the inner shells of atoms. Since core electrons usually do not
take part in the chemical reactions, it is computationally costly and takes a long time for the
calculation to converge when all electrons are included. In the pseudopotential approximation,
core electrons are neglected within the framework of DFT theory, only valence electrons are
taken into account.

Fermi first put forth the concept of pseudopotential in relation to nuclear interactions in
1934[25].

Additionally, Phillips [26], Hellmann [27], and Gombads [28]created this method in 1940—
1950 to make electrical wave computations easier. Cohen and Heine [29]then, used the idea to
calculate the electronic structures of solids in 1960. Then, in the 1990, Troullier-Martins and
Vanderbilt [30] improved pseudopotentials to increase their accuracy and effectiveness in ab

initio computations.
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Figure I1-2: Schematic illustration of the pseudopotential concept, where,iy ™ |, ",

Vs, Vag and reuccorresponding the pseudo-wavefunction, all electron-wavefunction,
pseudo-potential, all electron-potential and the cutoff radius, respectively.

A pseudo-wave function is used in place of the all-electron wave function which is
strongly oscillates near the nucleus due to the Coulomb potential in this approximation, and
the pseudopotential for all electrons is used in place of the total potential for all electrons.

In the Figure II-2 shows the diagram for these variables. The pseudo-wave function ™

and the all-electron wave functiony ** which is are identical outside the specified cutoff

radius, as the graph illustrates.

The all-electron potential V. and the pseudopotential Vg share the same dispersion

characteristics. This highlights the significance of selecting the cutoff radius r,, with

cut

care[31,32].

The general form of pseudopotential is given as :

Vs (1) = Vigeu () + 2| V™ (r)(1] (11-38)

Where, Vioear (1) is the local potential.
y M is the nonlocal potential, wich depends on the engular moment/.

The benefit of using a very limited number of plane waves to represent the pseudo wave
functions in Fourier space is that it would significantly minimize the need for numerical
calculations. The pseudopotential's form is selected to ensure that the energies of all electron

wave functions and pseudo wave functions are equal [33].
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It discovered several kinds of pseudo potential, including Norm-Conserving, Ultra-Soft

pseudopotentials and Pojected Augmented-wave.

I1I-7-1- Norm-Conserving Pseudopotential (NC)

Hamann, Schluter, and Chiang (HSC) introduced norm-conserving pseudopotentials in
1979 [34], with the goal of making quantum mechanical computations easier by using a
pseudopotential to describe the core electron effect. The reason these pseudopotentials are
referred to as "norm-conserving" is that both the real charge and the real wave function's
characteristics are preserved in the core region.

The norm-conservative approach guarantees a good reproduction of the electronic forces
and characteristics by requiring that the integral of the pseudo electron density in a region
equal that of the real electron wave. The following is the norm-conserving condition :

J Wl dr= [l ) dr 11-39)

The NC pseudopotential exhibits conserved charge, good convergence, and great

precision but it is costly since it needs a large number of plane waves.

I1-7-2- Ultra-Soft Pseudopotential (US):

David Vanderbilt developed the ultrasoft psodopotential in 1990 [35], to lower the cost of
ab initio calculations, minimize the high number of plane waves used in the NC
pseudopotential, and accurately depict the wave states of valence electrons, particularly for
elements with d and f orbitals.

The number of plane waves required is decreased by this pseudopotential's relaxation of
the norm conservation criterion, which permits even smoother pseudo-wave functions.
Although ultrasoft pp can speed up calculations and are perfect for complicated systems and

metals, they can occasionally be less precise than Norm-Conserving pseudopotentials.

I1-7-3-Projected Pseudo-Potential PAW (Projector Augmented Wave):
Introduced by Blochl in 1994, the PAW [36], the PAW (Projector Augmented-Wave)
method is an advanced approach that enhances the accuracy of ab initio calculations,
particularly in DFT.
This method combines excellent precision with a reduction in computational cost. The
basis of the PAW is a lineartransformation between two spaces: the all-electron space, which

contains the real wave function w(r) , which is highly oscillatory close to the nuclei, and
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. . . PS . . .
the pseudo space, which contains smooth pseudo-wave functions ¥ ()  wich is simple to
represent with plane waves. The first space is utilized for computations throughout the crystal,
but the second space is only utilized in the areas near the nucleus [37], The PAW expression

that follows is used to transform between the two spaces:

v=y"+ (0~ PPy ") (11-40)

Where, ¢.: all-electron function in the region near the nucleus.
@. : pseudo-function in the region near the nucleus.

E :projector of PAW.

The pseudopotential PAW is very precise for electrical and optical properties, and is
especially suitable for transition metals, lanthanides, and complicated materials like

superalloys and transition metals dichalcogenides [38].

I1-8- Plan Wave-Pseudopotential (PW-PP):

Combining the pseudopotential approach (PP) with plane waves (PWs) is advantageous as
long as the former are straightforward and well-defined, while the latter reduce the
complexity associated with core electrons and the number of plane waves needed in nemuric
calculations.

In density functional theory (DFT), the PW-PP approach is frequently used to calculate a
material's electronic structure. Compatible with Quantum ESPRESSO, ABINIT, and
VASP, among other DFT packages.

11-9- Calculation Code:

An ab initio simulation is a computational method to estimate a material's physical and
chemical properties using the fundamental principles of quantum mechanics rather than
experimental parameters[39].

It primarily uses the Schrodinger equation and Density Functional Theory (DFT) to
compute the electronic structure, total energy, interatomic forces, and other properties of
materials.

An ab initio simulation program is chosen based on the type of material researched, the
computational method required, and the computing resources available. For example, for

studying the physical properties such as electronic, phononic, optical properties,..) of bulk and
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two- dimential solid materials using the DFT and the PW-PP method, we can utilize several
simulation programs such as ABINIT and Quantum ESPRESSO.

Quantum ESPRESSO is a modeling software whose name is separated into two parts:
"Quantum" relates to quantum mechanics, and "ESPRESSO" refers to an open source
package produced for electronic structure simulation, optimization, ..etc[40].

The program focuses on solving DFT problems with methods and algorithms that
accurately describe chemical systems [41], It’s based on the plane wave and pseudopotential
(PW-PP) method [42]. The codes are also constructed using periodic boundary conditions,
which means the system is treated as repeating periodically in space.

Basic calculations that can be performed using Quantum Espresso include the
following[40] :

e Relaxation step. In Quantum ESPRESSO, relaxing is the process of adjusting atomic
locations and lattice characteristics to reduce the total energy and forces acting on the
atoms. This confirms that the system reaches its most stable configuration before doing
any further electrical structure computing.

e The Self-Consistent Field (SCF) calculation. Whichis an important stage in Density

Functional Theory (DFT) computations. It computes the ground-state electron density
by iteratively solving the Kohn-Sham equations until self-consistency occurs [9].

e Magnetic ground state calculations.Includingspin-orbit couplingandnon-collinear
magnetism[45,46].Quantum ESPRESSO involves using the DFT framework to
determine if a material is ferromagnetic (FM), antiferromagnetic (AFM), or
nonmagnetic (NM) based on spin polarization.

e Response properties. These include phonon frequencies and eigenvectors [47],
phonon dispersions[48], electron-phonon interactions [49], effective charges, and
dielectric tensors [50]. These properties describe how the system responds to external
perturbations, such as vibrations, electric fields and magnetic fields.

e Optical properties and spectroscopic properties.This involves the calculation of
optical response characteristics, such as absorption and scattering of light, as well as
spectroscopic features like spectra that describe the interaction of light with the
material [51, 52].

e Electronic Band Structure Calculations.It describes the link between electron

energy levels and momentum, which contributes to the determination of important
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properties like as conductivity, band gaps, and effective masses. It is essential for
semiconductors, metals, insulators, and two-dimensional materials.

¢ Density of States (DOS).It describes the number of electronic states available at each
energy level. It is useful for analyzing electrical structure, band gaps, metallic vs.
insulating behavior, and orbital hybridization.

e FElectron Density and Charge Distribution. describehow electrons are spatially
distributed in a material. This is important for understandingchemical bonding, charge
transfer, and electronic structure.

e Mechanical Properties. Mechanical characteristics define how a material reacts to
external forces including stress, strain, and deformation. These qualities are critical for
determining material stability, elasticity, and mechanical strength.

e Defect and Impurity Calculations. Its help to Studing the effects of point defects,
impurities, dopant in materials and formation energies.

e Calculating other properties using external packages. Such as excitonic effects
with YAMBO, Seebeck coefficient, electrical conductivity from band structure with
BoltzTraP2, and band structure interpolation with WANNIER90, among others. These
extra packages are used to broaden the scope of computations, allowing for a more
thorough examination of electronic structure, magnetic properties, and other complex

behaviors in materials.

I1-9-1- Structure of the input data in QUANTUM ESPRESSO software:
Quantum ESPRESSO (QE) uses text input files to define the calculations. Each input

file is divided into sections. Each section contains lists of different names and maps that are
determined by the needs of the researcher. The names indicate the materials or systems
studied, while the maps represent parameters or settings used in the calculations.

Due to their multiplicity, we will mention the most important of them, on which we have
relied in our calculations, Here, we used the example of Si crystal.

a- CONTROL Namelist : Which contain global simulation settings.

&CONTROL
calculation = 'scf' ! Type of calculation: 'scf', 'nscf', 'relax',K 'vec-
relax'
prefix = 'Si' ! Prefix for output files
pseudo _dir = './pseudo' ! Directory for pseudopotentials
outdir = './output' ! Directory for saving results
verbosity = 'high' ! Output level: 'low', 'medium', 'high'
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/
b- SYSTEM Namelist :1t defines the physical system parameters.
&SYSTEM
ibrav = 2 ! Bravais lattice index (2 = FCC)
celldm(l) = 10.2 ! Lattice constant in Bohr
nat = 2 ! Number of atoms
ntyp = 1 ! Number of atomic species
ecutwfc = 50.0 ! Plane-wave energy cutoff (Ry)
occupations = 'smearing'
smearing = 'gaussian'
degauss = 0.01 ! Smearing value for metallic systems
/
c- ELECTRONS Namelist : Controls electronic convergence
S&ELECTRONS
conv_thr = 1.0d-8 ! Self-consistency convergence threshold
mixing beta = 0.7 ! Mixing parameter for SCF cycles
diagonalization = 'david' !Diagonalizationmethod
/

d- ATOMIC SPECIES :1t describes atomic elements and their pseudopotentials with the

format :Element, Atomic Mass, Pseudopotential File.

ATOMIC_SPECIES
Si 28.0855Si.pbe-nc.UPF

e- ATOMIC POSITIONS: Defines atomic positions in different units.
ATOMIC POSITIONS {angstrom}
Si 0.000.00 0.00
Si 1.351.35 1.35

f- K POINTS: Defines k-point sampling for Brillouin zone integration:

K _POINTS automatic
444 111

11-9-2- QUANTUM ESPRESSO algorithm :

The Figure II-3illustrates the general sequence of the QUANTUM ESPRESSO
algorithm based on Density Functional Theory (DFT). It begins with the initialization of
essential input parameters such as the atomic structure and exchange-correlation functionals.
At the core of the process lies the Self-Consistent Field (SCF) cycle, which involves solving
the Kohn-Sham equations iteratively: an initial electron density is used to solve the equations,
yielding new wavefunctions, from which an updated electron density is computed. This cycle

repeats until self-consistency is achieved. Once a stable solution is reached, post-
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SCFcalculations are performed to extract key physical properties such as bandstructure,
density of states (DOS), and optical or vibrational characteristics. Finally, the algorithm
outputs results including the total energy, optimized atomic structure, and forces and stresses

within the system.

Input initialization :

- Define atomic structure.
- Choose pseudopotentials.
- Select exchange-correlation (LDA/GGA) .

y

Start SCF cycle :

- Initialize electron density p(r)
- Solve Kohn-Sham equations

- compute new electrondensity

- Check for convergence
- | )

A

Update
densityp(r)

Converged ?

[ Output SCF Results ]

y

Post-SCF Calculations (Optional)
- Band structure, DOS.

- Phonons, opticalproperties,
relaxations.

y

Final output results

- Total energy, optimized structure.
- Forces, stresses, electronicproperties. ..

Figure II-3: Schematicrepresentation of the QUANTUM ESPRESSO algorithm.
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ChapterlIll Results and Discussion

ITI-1-Introduction

In the first chapter, we have shown the importance of 2D transition metal dichalcogenides
(2D-TMDCs). They have very important characteristics that suggest them as potential
candidates for a wide range of applications in electronic and optoelectronic devices. In this
way they have recently attracted significant attention; researchers have explored ways to
expand their functionality by introducing various defects. Among this wide family of
materials, the molybdenum diselenide (MoSe>) has occupied an important part of the research
effort.

In this chapter, we present the results obtained concerning the structural, electronic, and
optical properties of the pristine MoSe> monolayer, as well as its modified forms with
different defects. These defects include the substitution of molybdenum (Mo) atom with
arsenic (As) atom, the presence of a vacancy at a molybdenum site, and the incorporation of
an interstitial As atom.

We specifically investigate the 2H phase of MoSe> due to its stability. Arsenic (As)
doping was selected for its intriguing properties, motivating us to contribute to the study of its
effects. Notably, our calculations indicate that the introduced defects do not alter the structural

dimensions of MoSe: crystal.

III-2- Computational Details

The calculations in this work were performed using density functional theory (DFT)
within the generalized gradient approximation (GGA). To describe the electronic exchange-
correlation effects, we employed the Perdew-Burke-Ernzerhof (PBE) functional. The
projector-augmented wave (PAW) method and ultrasoft (US) atomic pseudopotentials (PPs)
were utilized[1,2],with pseudopotentials extracted from the Standard Solid State
Pseudopotentials (SSSP) library.

All computations were carried out using the Quantum ESPRESSO (QE) software
package[1].

A 4x4x1supercell consisting of 48 atoms was constructed, comprising 32 selenium (Se)
atoms and 16 molybdenum (Mo) atoms. When substituting a Mo atom with an arsenic (As)
atom, the defect concentration was set to 6,25% relative to the number of Mo atoms. A
vacuum layer of 15A° was included in the Z direction to erase interactions between periodic
images.

All computational parameters were chosen to ensure convergence. The first Brillouin zone

was sampled using a Monkhorst-Pack K-point mesh of 2x2x1for the self-consistent field

65



ChapterlIll Results and Discussion

(SCF) calculations, while a denser K-point grid of 8x8x1was used for the density of states

(DOS) and projected density of states (PDOS) calculations[3].
A plane-wave energy cutoff of 50 Ry was applied. The convergence thresholds for forces
and total energy were set to 2 .10 Ry and 10 Ry, respectively. Additionally, the Murnaghan

equation of state was used to determine the minimum energy value[4].

III-2- Test of convergence:

To ensure the accuracy of the calculations, a convergence test is required for different
parameters. This involves calculating the total energy of the system while varying key
parameters such as the cutoff energy (Ecuwfr) and the number of K-points in the Monkhorst-
Pack mesh. Figure II1.1 and Figurelll.2 present the total energy (in Ry) as a function of the
number of K-points and the selected cutoff energy within the first Brillouin zone.

From the two graphs, we can conclude that the optimal number of K-points is 8 x8x1 for
the primitive cell, which corresponds to 2x2x1for the 4x4x1supercell. Regarding the

cutoff energy, a minimum estimate of 30 Ry can be chosen.
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Figure III.1: Convergence test of the total energy as a function of the number of k-
points in the first Brillouin zone.
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Figure I1L.2 : Convergence test of the total energy as a function of ecutoff energy.

III-3- Structural Properties :

The calculation of structural properties is crucial for determining other physical properties
of a material. This calculation aims to find the equilibrium cell size corresponding to the
minimum energy E,, using the Murnaghan equation, given by the following relation[4]:

B

E(WV)=E,+ B

V& -] + S v -1y (III-1)

Here, E(V) represents the total energy at volumeV, while Eoand Vo correspond to the
energy and volume at equilibrium, respectively. Bo and By’ denote the bulk modulus
(compressibility coefficient) and its first derivative, respectively, which are given by the

following two relationships[3]:

0%E
B = Vﬁ (IH—2)
And
1= 9B
B'=— (I3

MoSe; crystallizes in a hexagonal structure, where the 2H-MoSe> phase belongs to the
space group P63/mmc (No. 194). Figure IIL.3 presents the structure of a MoSe, monolayer:
(a) a top view of the supercell, (b) a side view of the supercell, and (c) the primitive structure.
The monolayer 2H-MoSe; structure was first optimized to determine its equilibrium lattice
parameters, including the lattice constants a and c, the Se-Mo bond length, and the nearest

Se—Se distance. These results are summarized in Table I11.1.
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Additionally, Figure IIL.4 illustrates the variation of total energy as a function of the

volume of the primitive MoSe; structure.

We note that the obtained structural parameters, lattice constants a=3,32A° and
c=13,46A°, monolayer thickness (dmo-mM0o=3,38 A°), and bond length (dmo-se=2,67 A°) are in
good agreement with previously reported theoretical and experimental values[5-12]. The
relative error remains small, indicating the reliability of our calculations.

The bulk modulus Bpand its first derivativeBy of the bulk 2H-MoSe: structure were found
to be 111.8 GPa and 3.84, respectively. Notably, the value of By falls within the typical range

of 3 to 5, consistent with other solid material.

Figure III. 3: the structure of MoSe2 monolayer where (a) top view of the supercelle,
(b) side view of the supercell and (c) is the premative structure, the atom of Selenuimare
shown with yellow and of the molebdenum with green.

Table I11.1: Structural parameters of 2H-MoSe2, including the lattice constants a (A°)
and c (A°), the monolayer thickness dmo-Mo(A°), and the bond length dwmo-se(A°).

Our Auther Ex Relative error(%)
calculation calculation P
3.36[8], 3,29[10], 1.01
a(A°) 3.32 3.327[9], 3.25, 33.22898[[75]]’
3.33[12] ’
12.98[8], 1.03
¢ (A°) 13.46 12,93[10], 11229932[[65]]’
13.175[9] ’
dmo-Mo 3.38[8], 3.35,
(A°) 3.34 3,32[12] ) )
2.58[8], 2.55[9],
dmo-se 2.541[10],
(A°) 2.67 2.535[11]. 2,49[5] -
2.51[12]

68



ChapterlIll Results and Discussion

Total energy (Fy)

=

T T T T T T T T T T
1800 2000 2200 2400 2600 2800
Volume (a.u¥)

Figure I11.4: Variation of total energy as a function of volume for the primitive
monolayer MoSe; .

e Structure of MoSe; Monolayer with Defect :

From the primitive structure, we constructed a supercell and introduced three types of
defects: (i) the doped As(Mo) structure, where a molybdenum (Mo) atom is substituted with
an arsenic (As) atom; (i1) aMo vacancy structure,where a molybdenum atom is removed; and
(ii1) an interstitial Asstructure,where(As) atom positioned at the centre of the hexagonal cell.

These structures are illustrated in Figure IIL5.
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Figure IIL.5:Structure of the MoSe, monolayer supercell: (a) pristine structure, (b)
As(Mo)-doped structure, (¢) Mo vacancy, and (d) interstitial As.
III-4-Formation Energy of Structures with Defects:
The formation energies for the defferent defects of monolayer MoSe> were calculated
asdone in [8]:
Ef = Edef - Epure - Zi n;H; (III-4)
Where Egserepresents the total energy of the supercell containing a single defect, Epure 1S

the total energy of the pristine MoSe: supercell of the same size, u, is the chemical potential

of species i, and nidenotes the number of atoms added (ni>0) or removed (nj<0) from the
system[8,13, 14].

For the calculation of chemical potentials, we consider the bulk (bcc) phase for Mo and
Se, and the rhombohedral phase for 4s. The values of the chemical potentials are primarily
governed by experimental growth conditions. Due to the absence of experimental values.

These were used as references in the defect formation energy calculations. To determine the
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possible states, we consider Se-rich conditions, where uu, and use are related through the

following thermodynamic equation:
UMoSe2 = Unmo +2use(IT1-5)

Where uumosez represents the energy required to form MoSe: from its elemental constituents
in their most stable phases. This approach is consistent with previous DFT studies that
consider phase stability and defect energetics in transition metal dichalcogenides, e.g., Komsa
and Krasheninnikov[15] ;S. Halder et al[13].

The values of the chemical potentials are presented in Table III-2, while the formation
energies of the different studied structures under Se-rich conditions are provided in Table ITI-

3.
Table III- 2: Chemical potentials of Mo, Se and As atoms expressed in (Ry).

Chemical potential (Ry)
Mo —139.746
Kse —20.777
Ras —20.456

Table I1I- 3: Formation energies of different structures under Se-rich conditions in (eV).

Structure Formation energy (eV) Auther calculation (eV)
As(Mo) doped 1,839 2,01 for Sb atom[8§]
3,6[13], 2,42[8],
Mo vacancy 2,670
3,2 in MoS»[16]
As interstitial 17,422 -

It can be observed that As(Mo) doped structure is a favourable configuration due to its
low formation energy of 1.839 eV. The Mo vacancy system is also a stable configuration, as
studied in [17].

In contrast, the formation energy of the As interstitial defect is as high as 17.422 eV,
suggesting that while the formation of this defect is possible, it is likely to be a metastable

state.
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III-5- Electronic Properties:

It is essential to describe the electronic structure, as studying the electronic properties
enables the determination of key characteristics such as the energy gap, band structure,
density of states (DOS), and partial density of states (PDOS).

The electronic structure of a material is influenced by its atomic composition, bonding,

crystal symmetry, defects, and external conditions.

IT1-5-1-Band Structures

The band structure allows us to determine the nature of all possible electronic states by
representing the electron energy as a function of the wave vectork in the reciprocal lattice.
The analysis is typically simplified by focusing on high-symmetry points within the first
Brillouin zone. This concept is fundamental in solid-state physics and is crucial for
understanding the electrical, optical, and thermal properties of materials.

e From Bulk to Monolayer Band Structure

The Figure I11.6 presents the band structure of the bulk primitive cell and monolayer of
MoSe», where the bandstructure is calculated along high-symmetry points I' =M — K —I" in
the Brillouin zone [18], As shown in Figure II1.6(a), the valence band maximum is located at
a high-symmetry point, while the conduction band minimum lies between the K point and I"
point, indicating an indirect band gap semiconductor.

In contrast, for the monolayer structure, Figure II1.6(b) shows that both the valence band
maximum and conduction band minimum are at the K point, revealing a direct band gap

semiconductor. The values of the energy gap are presented in the Table I11-4.

Table I11-4: Energy gap values of bulk MoSe; and its monolayer.

Our calculations Auther calculations Exprimental calculations

Bulk MoSe; 1.47 1.43[19], 1.36[20] 1.56[21], 1.25[21], 1.42[22]

Monolayer 1.39 1.36[19], 1.41[8], 1.34, | 1.5[21], 1.58[23], 1.56[24]
MoSe; 1.40[23]

From theTable III-4we can see that the band gap decreases with the increase of layers
number, Our results are very consistent with the results obtained by theoreticall8,
19,20,23]and experimental measurements[21-24], which were determined using modulated

photoreflectance spectroscopy and experimental other methods.
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Figure I11.6: band structure of the primitive structure of MoSe2 where : (a) for bulk
structure and (b) for a monolayer structure.

¢ Band Structure of MoSe; Monolayer with Defect

Figure IIL.7 presents the band structure of (a) the pristine MoSe, monolayer, (b) the
As(Mo)-doped system, (c¢) the Mo vacancy system, and (d) the As interstitial system,
respectively. It is evident that all structures exhibit semiconducting behavior with a direct
band gap, where the valence band maximum (VBM) and conduction band minimum (CBM)
are both located at the K point of the high-symmetry Brillouin zone. Impurity levels,
illustrated in red, appear due to the presence of defects. In the As(Mo)-doped system, four
impurity levels emerge within the band gap, including two nearly degenerate levels, where
three bands are located near the valence band maximum (VBM). For the system with a Mo
vacancy, an increase in the band gap is observed along with the appearance of two distinct
localized defect levels in the middle of the gap. Notably, one of these levels is positioned very
close to the Fermi level, while the other aligns precisely with it. In the case of the As
interstitial structure, two impurity levels emerge, accompanied by a shift of the Fermi level

toward the conduction band minimum.
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Figure I11.7 :Band structure of (a) pure MoSe2 monolayer, (b) As(Mo)-doped
structure, (¢c) Mo vacancy structure, and (d) As interstitial structure.

The values of the energy gap for all studied structures are presented in Table III-5. It is
observed that the energy gap increases for impurity systems compared to the pristine MoSe»
monolayer. This increase suggests a decrease in electrical conductivity[25]. Our results for the
pristine system and the Mo vacancy system are in good agreement with previous theoretical

and experimental studies.
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Table III-5 : band gap of different structures in (eV).

Energy gap (eV)

Expremental
Structure Our calculation Other calculation[26]
calculation[27]
Pure MoSe; 1.41 1.57,1.44 1.56
As(Mo) doped 1.73 - -
Mo Vacancy 1.66 1.8 -
As Interstitial 1.51 - -

II1-5-2- Density of State and Partial Density of States (DOS and PDOS)

The density of states (DOS) represents the number of electronic states available for
occupation at specific energy levels. Analyzing the total and partial density of states (PDOS)
allows us to determine the origin of the states forming the valence and conduction bands.
Additionally, it provides insights into the nature of bonding between atoms in the studied

materials and helps evaluate the effects of impurities, defects, or dopants on the electronic

structure[28].

In this study, we analyze the density of states (DOS) and partial density of states (PDOS)

for the various structures investigated, as presented inFigure IIL.8, Figure II1.9, Figure

I11.10, andFigure IIL.11.

20

Partial density of states (state/eV)
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Figure II1.8: Density of states (DOS) and partial density of states (PDOS) of the pristine

MoSe: monolayer structure.
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Figure I11.9: Density of states (DOS) and partial density of states (PDOS) of the
As(Mo) doped structure.
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Figure I11.10: Density of states (DOS) and partial density of states (PDOS) of the Mo
vacancy structure.
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Figure II1.11: Density of states (DOS) and partial density of states (PDOS) of the As
interstitial structure.
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Figure II1.12: Partial density of states (PDOS) in the As(Mo) doped system for: (a) Mo
atom near the As position, (b) Se atom near the As position, (c) substitutional As atom,
and (d) comparison of all previous cases.
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Figure I11.13:Partial density of states (PDOS) in the As interstitial system for: (a) Mo
atoms near the interstitial As, (b) Se atoms near the interstitial As, (c) interstitial As
atom, and (d) comparison of all previous cases.

From Figure II1.8, we observe that for the pure MoSe: structure, the position of the Fermi
level suggests that this material behaves as an n-type semiconductor. Since our focus is on the
DOS near the band gap, we have presented it within the range of -2 eV to +2 eV. The DOS at
the top of the valence band and the bottom of the conduction band are primarily composed of
Mo 4d and Se 4p orbitals. These results are in good agreement with previous
studies[18,26,29, 30].

The As(Mo) doped system exhibits three defect levels within the band gap. The first and
highest level is located at 0 eV (the Fermi level), while the second, slightly lower in energy,
appears at +0.35 eV. Additionally, a shoulder is observed at the tail of the valence band,
around -0.35 eV, as clearly shown in Figure II11.9.

However, this Figure does not provide sufficient insight into the origin of these defect
levels, as the PDOS includes contributions from all Mo and Se atoms (15 and 32 atoms,
respectively), while the contribution of the single As atom remains indistinguishable,For this
reason, we have plotted the PDOS per atom for Mo and Se atoms located near the As atom, as
well as the PDOS for the As atom itself, as shown in Figure I11.12.

This analysis allows us to attribute the defect level at 0 eV to Mo 4d and Se 4p orbitals,

similar to the vacancy defect. Meanwhile, the defect level at +0.35 eV can be attributed to
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contributions from Se 4p, Mo 4d, and As 4s orbitals, whereas the shoulder at -0.35 eV
originates from As 4s and Se 4p orbitals. This indicates that introducing an As atom at a
substitutional Mo site results in an increase in the band gap.

The atomic volume of arsenic (As) is smaller than that of molybdenum (Mo) and selenium
(Se), which explains why the density of states (DOS) of the As(Mo)-doped system reflects a
combination of both the As dopant and the Mo vacancy effects. A similar observation has
been reported for the Sb(Mo)-doped system in MoS»[8, 31], The shift of the Fermi level
toward the valence band indicates that the doped material exhibits p-type semiconductor
behavior. Additionally, the widening of the band gap and the introduction of new defect levels
enhance optical absorption in the visible light spectral region. This modification in the
electronic structure broadens the potential applications of the As(Mo)-doped system,
particularly in photocatalysis and photovoltaic devices[17, 32].

From Figure II1.10, two distinct impurity levels are observed. The first impurity level,
located at 0.05 eV, can be attributed to the non-contributing Mo 4d orbital in bonding
(vacancy), while the second level, appearing at -0.3 eV, is associated with the non-
contributing Se 4p orbital in bonding. The positioning of the Fermi level in the system with a
Mo vacancy suggests that the material exhibits p-type semiconductor behavior. These
findings are in good agreement with previous studies[26, 33], further validating the electronic
structure modifications induced by the vacancy defect.

Figure III.11 presents the DOS and PDOS of a monolayer MoSe> containing an
interstitial As atom. The presence of this interstitial defect introduces two distinct impurity
levels within the band gap, located at -1.04 eV and -1.29 eV. To elucidate the origin of these
defect levels, it is essential to analyze the DOS and PDOS of the interstitial As atom, as well
as the DOS and PDOS of the surrounding Mo and Se atoms, as depicted in Figure II1.13. The
analysis reveals that these defect levels primarily originate from the contributions of Mo 4d,
Se 4p, and As 4p orbitals. Additionally, a notable distribution of the Mo 4d orbital is observed
for the defect level at -1.04 eV. The upward shift of the Fermi level into the conduction band
suggests that the MoSe> monolayer exhibits n-type doping due to the presence of the
interstitial As atom. This finding highlights the potential applicability of this material in
optoelectronic and electronic deviceslike certain cameras or sensors operating in the infrared
spectrum, due to its narrow band gap. As well as in photocatalysis within the visible light
range and solar energy applications that rely on visible light to trigger chemical

reactions[33,34].
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III-5-3- Difference Charge Density
The electron density representation aims to express two basic ideas:
The electron charge density at a given point, representing the number of electrons per unit

volume, is determined using the following equation:

pr,0.9)=—eX n ¥, 0.9) (I11-6)

where :n; represents the occupation number of the i-t4 electronic state.

W.(r,0,9) is the wavefunction of thei-th electronic state.

a- "Electronic Distribution Density" or "Probability Density" p(r) which is the base of the

functional density theory and is calculated by equation :
* 2
p(r.0,9) =¥ (r,0,9)x¥" (r,0,9) =¥ (r.0,9) (I11-7)

On the other hand, the charge density difference provides a quantitative representation of
charge transfer, which is a crucial factor in understanding adsorption phenomena. This
analysis allows us to examine how charge redistributes around defect sites and to assess
potential modifications in the bonding nature induced by doping. By evaluating the charge
density difference, we can gain insights into the electronic interactions between the dopant
and the host material, shedding light on changes in local charge distribution and their impact

on the overall electronic structure. The charge density difference is mathematically expressed

as follows [35]:
Ap=p;=p, =P, (I1I-8)

Where the p,, p, and p are the total charge on doped system , pure MoSe; and doping

atom, respectively[36, 37].

All charge densities are computed using the same computational setup, including grid
spacing, exchange-correlation functional, and unit cell size, to ensure numerical consistency.
The resulting Ap can be visualized using isosurface plots or 2D slices, where yellow regions
typically represent electron accumulation and blue regions denote electron depletion. These
visualizations provide direct evidence of how electronic charge is redistributed upon doping,
offering atomic-scale insight into the electronic and chemical behavior of the modified

material.
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Figure I11.14 : The distribution of electronic charge density isosurfaces of pure MoSe:,
where the blue regions represent electron depletion (loss of electrons), and the yellow
regions indicate electron accumulation.

From Figure III.14, we observe electron accumulation between adjacent Se and Mo
atoms, indicating the formation of a covalent bond. This behaviour arises due to the minimal
difference in electronegativity between the two elements.

The Figure II1.15 presents top and side views of the charge density difference maps for
three different structures: (a) the As(Mo)-doped system, (b) the Mo vacancy structure, and (c)
the Asinterstitial structure. For the As(Mo) doped system, the charge density difference map
reveals significant charge accumulation around the As atom, indicating the formation of mid-
gap states. Additionally, the observed electronic accumulation between the defect site and the
surrounding Se atoms suggests that the bonding remains predominantly covalent, despite the
substitution of Mo by As, This behavior was confirmed by Zhao et al., who investigated the
substitution of selenium atoms with arsenic in monolayer MoSe»[17].

The concentration of electron density around the two atoms forming the bond implies a
weakening of these bonds compared to the pristine MoSesstructure[38, 39]. This bond
weakening can be attributed to the relatively small electronegativity difference between As
and Se, which reduces bond strength[40].

Furthermore, the presence of blue regions near the As atom site signifies charge depletion
from the neighboring Mo and Se atoms, confirming a charge transfer process from the host

lattice to the dopant (As)[41].
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(b)

Figure III-15:Electronic charge density difference of (a) the As(Mo)-doped system, (b)
the Mo vacancy system, and (c) the interstitial As system. The blue regions represent
electron depletion, while the yellow regions indicate electron accumulation.

In the Mo vacancy system, the charge redistribution pattern indicates a significant
perturbation in the electronic environment caused by the absence of a Mo atom. Notably, a

resemblance in charge density distribution is observed between As(Mo) doped and Mo
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vacancy states. This similarity arises from the fact that, in the Mo vacancy structure, a free

electron that does not participate in bonding accumulates in the region where the Mo atom is
missing. Such charge accumulation leads to comparable electronic characteristics between the
doped and vacancy systems, highlighting the role of localized electronic states in shaping
their properties. Moreover, the presence of these localized states can induce mid-gap states,
which may significantly affect the material’s electronic and optical behavior.

For the As interstitial structure, a notable accumulation of electrons is observed around the
As atom, extending toward the neighboring Se atoms. This charge distribution indicates the
formation of strong valence bonds between As and Se[42], which can be attributed to their
close atomic proximity and significant charge transfer from the pristine MoSe: lattice to the
interstitial As atom. The charge redistribution suggests that the presence of the interstitial As
atom induces a substantial perturbation in the local electronic structure,altering the bonding
characteristics within the MoSe> framework and introduces strong charge localization in the
vicinity of As atom.

This structural and electronic modification contributes to the high formation energy of this
configuration, as the system requires considerable energy to accommodate the interstitial As
atom within the host lattice.

Generally, the modification of the electronic properties of the MoSe; structure in the
presence of defects can be attributed to the localized redistribution of electronic charge. This
charge rearrangement alters the bonding characteristics, induces changes in the electronic
density of states, and may introduce mid-gap states, ultimately influencing the overall

electronic behavior of the material.

III-6- Optical Properties

The optical properties of a material are determined by its interaction with electromagnetic
waves, with the dielectric function describing the amount of light absorbed by the material.

The complex dielectric function is given by[43]:
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(II1-9)  g(w)=¢,(w)+ic,(w)

where £, (@) and &,(w), @ are respectively, the real and imaginary parts of the complex dielectric

function and the frequency, the two coefficients are related to the refractive index n, and extinction
coefficient k which is given by the following relationships[44]:
(II-10) ¢ =n’ -k’
(II-11) & =2nk

Thus, these two relationships can be deduced[45] :

(II-12)  n(w) = \/% (£,(0)+&, (o) + &(0))

(I-13) k()= \/% (e, (@)+& (@) -&,(0))

The real part of the dielectric function describes the polarization response of a material to
an external electric field, while the imaginary part represents the absorption of
electromagnetic waves due to electronic transitions. Using the Kramers-Kronig
transformation[46] the dielectric function allows for the calculation of various optical

properties, including the refractive index n(w), extinction coefficient k(w), reflectivity
k(w) , absorption coefficient ¢(®), and optical conductivity o(®) .

In addition, a complex quantity related to the dielectric function allows us to describe the
system's response to a planar electromagnetic wave. This quantity is the complex refractive

index, which is given by the following relation[47-49]:
(II-14) N(@) = &(@) = n(®)+ik(w)

In the case of our hexagonal anisotropic structure, the optical properties were calculated
along the three crystallographic directions: (xx), (yy), and (zz)[50].All the studied optical
quantities were analyzed within the energy range of 0 eV to 17 eV for the MoSe> monolayer,
the As(Mo)-doped structure, the Mo vacancy structure, and the As interstitial structure.

Figures II1.14 (a, b, ¢, and d) present the real part ¢ (@) of the dielectric function as a

function of energy for the pure MoSe> monolayer, the As(Mo) doped structure, the Mo
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vacancy structure, and the As interstitial structure, respectively. Notably, in both the As(Mo)
doped and Mo vacancy structures, the dielectric function exhibits a shift toward higher
energies compared to the pristine MoSe: monolayer, wich suggest the increase in
bandgap.This result is consistent with the behavior observed in MoS: doped with Sb at the
Mo site, where the static dielectric constant increases from 1.42 to 2[51].

The Table III-5 presents the values of the real part of the static dielectric function,
which plays a crucial role in determining the optical properties of a solid material. This
parameter, also known as theelectrical permittivity, describes how the studied medium
interacts with an external electric field. The static dielectric function provides insight into the
material's ability to screen electrostatic fields and influences fundamental optical
characteristics such as the refractive index. According to the Penn model, the static dielectric

function can be expressed as follows[50]:
(II-15)  £,(0)=1+(hw, /E,)*

Where @, represent the the plasma frequency and the Egrepresent the energy gap
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Figure I11.16 : Real part of the dielectric function for (a) the pristine MoSe2
monolayer structure, (b) the As(Mo) doped structure, (¢) the Mo vacancy structure, and
(d) the As interstitial structure.

We observe that the & (0)and &”(0) components are similar across all studied
structures. Among them, the Mo vacancy system exhibits the highest dielectric constants
&7 (0)and & (0)whereas the pure MoSe, monolayer has the lowest values €, (0), &7(0)
and &°(0), This indicates that the pure MoSe> structure possesses the highest anisotropy,
which contributes to its strong absorption properties and lowest direct band gap.

We also identified the maximum values of &,(®),,, and their corresponding energies in
the (xx), (yy), and (zz) directions for all studied structures, as presented in Table III-6. The
ENN(®) 1y € (), exhibits a noticeable shift toward lower energies in the doped and
vacancy systems, which suggests a reduction in the optical bandgap and an increase in

dielectric screening due to defect-induced states. In contrast, & (@), shifts toward higher
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energies in most cases, except for the interstitial As system, where localized states may play a

role in modifying the electronic structure. These variations directly influence the refractive
index and optical absorption properties, impacting potential applications in optoelectronic
devices.

Table III-5: Static Dielectric Constant in the (xx), (yy) and (zz) directions.

Structure E:x (0) c ryy (O) 852 (O)
Pure MoSe: 3.8 4.06 2.42
doped As(Mo) 4.4 4.94 2.53
Mo vacancy 4.67 4.75 3.25
As interstitial 3.89 4.11 2.44

Table III-6 : Maximum values of and their corresponding energies in the (xx), (yy)
and (zz) directions.

XX 8: ' (0)) max ) g;"}’ (w) max = grz i (a)) max
Structure &(o), . at | gn (©), at | & (@), at
energy (eV) energy (eV) energy (eV)
Pure MoSe; 6.50 3.48 6.86 3.48 4.61 5.40
doped As(Mo) 4.86 3.21 5.25 3.79 4.22 5.46
Mo vacancy 5.89 2.40 5.85 2.4 4.12 5.91
As interstitial 5.60 2.87 2.86 2.87 4.19 4.79

The onset of optical absorption, which corresponds to the fundamental absorption
threshold, occurs at 1.4 eV for the pristine MoSe, monolayer, which is in good agreement
with the experimental value of 1.54 eV reported by Jorge Quereda et al[52], 1.4 by Y.Li[53]
and 1.5 by kim Tae Jung et al[54]as well as withprevioustheoreticalcalculations[38, 55].

For the doped As(Mo) system, the threshold shifts to 1.74 eV, while it is found at 1.66 eV
for the Mo vacancy system and 0.7 eV for the As interstitial system, where bui et al[55] found
that this threshold shifts toward lower energies, reaching 1.1 eV, when an interstitial Cr atom
is introduced. This threshold represents the optical transition from the highest occupied state
in the valence band to the lowest unoccupied state in the conduction band.

Additionally, a strong correspondence is observed between the xx and yy components,
indicating an optical isotropy in the in-plane directions, whereas the zz component exhibits
distinct behavior due to the layered nature of the material, this observation was confirmed by

the result of Mehdipour Hamid and Kratzer Peter[16]. The observed variations in absorption
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onset can be attributed to defect-induced modifications in the electronic band structure, which

have a major impact on the material's optical response.

On the other hand, we have determined the maximum values of ¢, (w),, and the

corresponding energy values, which represent the maximum absorption of the studied

materials, as shown in Table I11-7.
The energy values corresponding to & (@), and &”(w), . are almost identical in all
studied cases and remain within the range of 3.1 eV to 4.16 eV. Meanwhile, the

corresponding energy values for &~ (), are limited to the range of 5.64 eV to 6.66 eV.

For the pristine MoSe, system, the results are very close to those reported by V. P.
Vinturajet al[55] andY. Li[53].

Furthermore, the peak positions of & (w) &M (w),,, and &7 (w),,, shift slightly

towards higher energies for the As(Mo) doped and Mo vacancy systems compared to the pure
MoSe: system.

This shift is also observed in the case of a Mo vacancy in MoS>[16]. However, in the case
of an interstitial As atom, the peak shifts slightly toward lower energies. Additionally, new
absorption peaks appear in the visible region near the absorption threshold in all directions,
though they are less pronounced than the main absorption peak. These secondary peaks occur
at approximately 2.2 eV, 2.0 eV, and 2.74 eV for the As(Mo)-doped, Mo vacancy, and
interstitial systems, respectively. The additional peaks induced by As substitution at the Mo
site in MoSe> closely resembles that observed in Sb(Mo)-doped MoS»[51], The results for the
Mo vacancy are also in very good agreement with those reported by Hamid Mehdipour and
Peter Kratzer[16].These results indicating the presence of additional absorption features.

These findings are based on the analysis of both the real and imaginary parts of the

dielectric function.
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Table III-7: Maximum values of and their corresponding energies in the (xx), (yy)
and (zz) directions.

Structure ‘9;“ (a))m gix x(a))max at EI.W (w)max giy ' ((o)max at gl-ZZ (a))max giZ Z (w) max gt
energy (eV) energy (eV) energy (eV)
Pure MoSe; 5,81 3,81 6, 34 3,73 5,43 6,31
doped As(Mo) 4,64 4,13 4,68 4,13 4,56 6,55
Mo vacancy 4,96 4,16 5,37 4,16 4,09 6,66
As interstitial 4,78 3,11 5,25 3,11 3,94 5,62
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Figure II1.17: Imaginary part of the dielectric function for (a) the pristine MoSe:
monolayer structure, (b) the As(Mo)-doped structure, (¢) the Mo vacancy structure, and
(d) the interstitial As structure.
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We studied the refractive index, which indicates the phase velocity of the electromagnetic

wave[56],Figure I11.18 presents the variation of the refractive index components n™ (@) ,

n”(w) and n™ (w) as a function of photon energy.
First, we determined the static refractive index n(0), where we found that it takes values
of n™(0)=1.95, n”"(0)=2.01and n*(0) =1.55for the pure MoSe, monolayer, this result is

in agreement with the experimental study by Hsiang-Lin Liu, where they reported a refractive

index n(0) =1.9at a wavelength of 300 nm[57]as well as with the results of Hsu Chunwei et
al[58]and with a previous theoretical study [26], n™(0)=2,1 , n”"(0)=2,22 and n*(0) =16
for the As(Mo) doped structure, where we can see that in the case of Sb(Mo)-doped MoS», the
refractive index also increases slightly[51], »n™(0)=2,16, »n*”(0)=2,18 and n*(0)=1,8for
the Mo vacancy structure which is agreement with the result of Vinturaj, V P n(0) =2,4[26],
and n*(0)=197 , n*”(0)=2,02 and n*(0)=156for the interstitial system. It is observed

that the xx and yy components often have similar values, while the zzcomponent generally
exhibits lower values. These values fall within the typical range of refractive indices for
glasses, particularly optical glasses used in lenses, which range between 1.5 and 1.9.

Additionally, it is noted that these results satisfy the following relationship:

n(0) =20 (q11_16)
which corresponds to the previous relationship (III-12)at low frequencies (@ =0)

thisresult validates that structure studied acts as a typical dielectric medium in static

conditions, making it suitable for optoelectronic applications[59].
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Figure I11.18: Refractive index as a function of photon energy for (a) pure MoSe:
monolayer structure, (b) As(Mo)-doped structure, (c) Mo vacancy structure, and (d) As
interstitial structure.

The values of n™(w) n”(w),,, and n”(w),,, and their corresponding energies for all

max ?

studied systems are presented in Table III-8. We observe that both the refractive indices

n(w),,. and their corresponding energies generally decrease compared to the pristine MoSe:
system, except for the doped As(Mo) structure, where the refractive n”’(w),, and its

corresponding energy increase, as well as the corresponding energy of »n™(w) ., in the

vacancy system.

The results for the pure MoSe; and Mo vacancy systems are in close agreement with those
reported by Vinturaj V. P. et al[26] It is also noteworthy that all refractive index values are
relatively close, ranging between 2.08 and 3.38. The higher refractive index values indicate

enhanced light-matter interaction, making these materials highly promising for
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optoelectronicapplications. Additionally, the increase in the refractive index suggests

improved optical performance[26], particularly in light absorption and transmission

properties.

Table I1I-8 : Maximum values for refractive index and their corresponding energies in

the (xx), (yy) and (zz) directions.

n* (o)

n" (@), mat | n” (@), | 77 (O) N (@)

Structure energy atenergy | n7 (@), | atenergy
(eV) (eV) (eV)
Pure MoSe; 2,61 3,48 2,69 3,56 2,19 5,48
doped As(Mo) 2,32 3,96 3,38 3,96 2,08 5,46
Mo vacancy 2,44 2,49 2,42 2,40 2,09 5,91
Mo interstitial 2,45 2,87 2,52 2,87 2,10 4,87
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Figure I11.19 : Extinction index as a function of photon energy of (a) pure MoSe;

monolayer structure, (b) As(Mo)-doped structure, (c) Mo vacancy structure, and (d) As

The extinction coefficient k() called also the mass attenuation coefficient, the amount of

absorption or attenuation of the photon is given by this coefficient, when light is propagated

through the material [26, 56],The following equation establishes a direct relationship between

the imaginary component of the dielectric function €; and the extinction coefficient k(@) [60]:

The Figure I11.19 illustrates the variation of the extinction coefficientk(®) in as a

interstitial structure.

k()= ﬁe,.(co)

function of photon energy (in eV) for all the studied cases.
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We observe that these curves exhibit a similar shape to those of the imaginary part &, (@)

of the dielectric function, with more pronounced peaks, wich achieved the last relationship

(III-17). The values of k™(w),.., k"(®),... k7 (®),, along with their corresponding
energies, are listed in Table III-9. Notably, the values of £*(w),, and their corresponding

energies are consistently higher than those of ™ (w), . and k" (w) except in the case of

the interstitial system, where k" (w),,, is the highest. This indicates that photon absorption is

most significant in the (zz) direction at higher energies[26].
For the interstitial system, the highest extinction coefficient is observed in the (yy)
direction. Additionally, we note that the introduced defects lead to a decrease in the extinction

coefficient values k(w) compared to the pristine MoSe> monolayer, accompanied by a shift

toward higher energies, except in the case of the interstitial As system, where shifts toward
lower energies are observed in the (xx) and (yy) directions. These observations are in
agreement with the study by Vinturaj V P et al [26]on the Mo vacancy system and the Nb-
doped system, where it was found that the impurity peak in the Mo vacancy system has the
highest extinction coefficient. However, the difference between our results and those of V. P.
for the Mo vacancy system lies in the intensity of the first impurity peak, while they reported
the first impurity peak as the most intense, in our calculations, a similar peak appears but it is

not the highest one. The results for pure MoSe; are close to the experimental values reported

by Liu Hsiang-Lin et al., who found ak(®), around 2 [57], and also in agreement with the

max

theoretical results reported by Vinturaj V P et al where they found k(@) =1.79 [26].

Table I11-9: Maximum values of and their corresponding energies in the (xx), (yy)
and (zz)directions.

K@) k7 (@) = k= (o
Structure ) (a))max at kY (a))max at | k (a))ma)< ( )max at
energy (eV) energy (eV) energy (eV)
Pure MoSe; 1,37 3,89 1,49 4,65 1,54 6,32
doped
1,14 4,21 1,25 5,04 1,36 6,63
As(Mo)
Mo vacancy 1,21 4,24 1,27 5,07 1,34 6,83
As interstitial 1,12 4,70 1,27 3,78 1,21 5,70
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Reflectivity R(w)is one of the most significant optical properties that characterize

materials, as it quantifies their optical response to incident light.It represents the ratio of the

reflected light intensity to the incident light intensity (%) [61, 62], Mathematically,

reflectivity is expressed by the following equation:

_ (n(@) 1)’ + k(w)*
(@) +1)’ — k(o)

(11-18)

R(w)
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Figure I11.20: Reflectivity of : (a) pure MoSe; monolayer structure, (b) doped As(Mo)
structure, (¢) Mo vacancy structure and (d) As interstitial structure.

The variation of reflectivity as a function of energy for our materials is shown in Figure
I11.20. First, we observe that the spectrum begins at the same threshold as the imaginary part
of the dielectric function and the extinction coefficient, confirming the presence of optical

transitions. The reflectivity spectrum exhibits strong peaks in the energy range of 2 eV to 9
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eV for all structures, This range is consistent with other experimental [53,63,64]and
theoretical[26]calculations reported in the literature, further validating the reliability of our
results, indicating the presence of interband transitions in these regions.

Additionally, another set of peaks appears in the energy range of5 eV to 16 eV, but in the
form of non-contiguous peaks, suggesting complex electronic transitions and possible
contributions from higher-energy excitations.

The values of thestatic reflectivity R(0), the most intense reflectivity peaks R(®),,, , and
their corresponding energies are listed in Table III-10. We observe that R(0)increases for
systems containing defects. Additionally, the reflectivity in the zz-direction R*(0) is
consistently lower than R™(0) and R (0) across all studied cases.Regarding impurity-
containing structures, the reflectivity R(w),,, decreases, while R* (@), remains the highest,

except in the case of the Asinterstitial system, where R (@) . exhibits the largest value.

Moreover, we find that R(0)is inversely proportional to R(w)__ ., highlighting the relationship

max 2

between static reflectivity and peak reflectivity intensity.

Table I11-10: Static reflectivity , maximum values of and their corresponding
energies in the (xx), (yy) and (zz) directions.

/4
R (@) ot R (®), .. R*(0) .,
xx R »y . at R= (0 R at
structure | KO [ FO=| RO b, O R (@),
energy energy
(V) V) (V)
Pure 10, 36 11,35 4,73
83% 7,23 76,6% 7,15 87,13% 6,48
MoSe; % % %
doped 12,55 | 48,36 14,26 5,19
7,47 41,84% 6,63 50,63% 6,80
As(Mo) % % % %
Mo 13,51 13,78
46,8% 7,66 41,41% 7,58 8,2% | 54,28% 6,83
vacancy % %
As 10,70
41,9% 6,62 11,5% | 38% 3,8 4,8% | 34,96% 5,7
interstitial %
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From Table III-10, we observe that the energies corresponding to the most intense
reflectivity peaks fall within the range of 5.7 eV to 7.66 eV. However, for the interstitial
structure, the highest peak occurs at 3.8 eV in the yy-direction, which lies outside this
range.Notably, these peak energies fall within the ultraviolet (UV) region of the
electromagnetic spectrum. In general, the average reflectivity values within the UV-visible
spectrum indicate that the studied materials exhibit semi-transparency in this energy
range[65].

Another important optical parameter is the absorption coefficient a(w), which quantifies
the attenuation of light as it propagates through a material due to absorption. It determines the
penetration depth of light at a specific wavelength before it is significantly absorbed. The
absorption coefficient depends on both the material’s electronic structure and the wavelength
A of the incident light. It can be derived from the extinction coefficient k(w) using the

following relation[66] :
_ Ark(w)
A

Figurelll.21 illustrates the variation of the absorption coefficient as a function of energy

(11-19)  a(w)

for pure MoSe2 and its defective structures studied. The absorption coefficient curve
increases from an energy threshold to a maximum value, after which the peaks slightly

diverge for pure MoSe2. However, in the presence of defects, new peaks appear near the

threshold energy. These peaks exhibit high intensity for® (@) and @ (@) at approximately
2 eV for the As(Mo)-doped structure, 2.6 eV for the vacancy system, and 2.3 eV for the

interstitial system, indicating additional electronic transitions between energy bands. Less

intense peaks for a™(®) are also observed at 2.3 eV for the As(Mo)-doped system, 2 eV for
the vacancy system, and 2.7 eV for the interstitial system. These energy values fall within the

visible spectrum.

97



ChapterlIll Results and Discussion

(@) (b)

Absorption coefficient (10%cm)

Energy(eV) Energy(eV)
(c) d
3 4 )

= T

= j XX o a®
o N (v} <

5 v \ o 3 o
32 C(yy :/ 0[zz
4‘.:- \ (IZZ 5

.0 0

o =

| = A o o |

9 8

o c

c 9

2 14 B

o 3]

Q w14

(7] Ke)

2 } “ S <

0 T T T T T T T O T T T T T T T T
2 4 6 8 10 12 14 0 2 4 6 8 10 12 14 16

Energy (sV) Energy (eV)

Figure I11.21: Absorption coefficient of : (a) pure MoSe2 monolayer structure, (b)
doped As(Mo) structure, (¢) Mo vacancy structure (d) As Interstitial structure.

Table III-11 presents the absorption threshold values in the (xx), (yy), and (zz) directions,

along with the electronic energy gap for pure MoSe2 and the studied defect structures. In

general, we observe that the a”(®) ppq @(@) absorption thresholds and the electronic
bandgap are equivalent. Additionally, the absorption threshold increases in the presence of
defects, except for the interstitial system, where a decrease is observed in the (xx) and (yy)

directions. Notably, the absorption edges a” (o)

are closely aligned with the calculated
electronic bandgap. The absorption threshold obtained for pure MoSe> monolayer in our study
is in close agreement with previous theoretical and experimental works, which reported values
of 1.4eV, 1.3 eV, 1.6 eV, and 1.1 eV by Yilei Li[53], Yuefeng Guo[39], Y. V. Morozov and

M. Kuno[63], and Liu et al[57], respectively.
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the maximum values of the absorption coefficient and their corresponding energies in the

(xx), (vy), and (zz) directions for all studied systems are also listed, It is observed that the

absorptiona™ (w),,,, and a”(w),,, thresholds are equivalent, with values ranging between

3,03 eV and 4,24 ¢V, where these values are notably close for the doped As(Mo) and vacancy

structures, whereas the maximum absorption coefficient «a”(®)_ values range between

max

5.37 eV and 6.83 eV, Additionally, we observe that the absorption threshold, electronic
bandgap, and maximum absorption coefficient shift towards higher energies for the doped
As(Mo) and vacancy systems, a similar observation appears when MoS; is doped with Sb

atom in Mo site[51], while they shift towards lower energies in the case of the interstitial

system.
Table I1I-11: The absorption edge (threshold) in the (xx), (yy) and (zz) directions
and the Energy gap (eV).
The absorption edge The absorption edge

Structure (threshold) () inthe | (threshold) &(®) inthe | Eg(eV)

directions (xx) and (yy) (eV) directions (zz) (eV)

Pure MoSe; 1,31 1,39 1,41

doped
1,62 1,7 1,73

As(Mo)
Mo vacancy 1,74 1,74 1,66

As
0,69 1,46 1,51
interstitial
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Table I1I-12 : Maximum values of and their corresponding energies in the (xx), (yy)
and (zz) directions.

a™ (o), (@) at | a” (o), a” (o). B a® (o),
a”(w)
Structure energy at energy max at energy
(eV) (eV) (eV)
Pure
36138,19 3,81 38024,70 3,81 24826,28 6,32
MoSe:
doped
27462,68 4,21 26928,76 4,21 20893,57 6,63
As(Mo)
Mo
29058,69 4,24 29788.,95 4,24 19948,65 6,83
vacancy
As
18660,70 3,03 211603,17 3,03 8,53 5,37
interstitial

A similar trend can be observed in the optical conductivity o(®) curves shown in Figure

I11.22. Optical conductivity quantifies how a material responds to an external electromagnetic
field in terms of electron mobility. This parameter describes interband transitions, where
electrons in occupied states are excited to unoccupied states above the Fermi level upon
photon absorption. This process leads to the generation of electrical conductivity in the
presence of the electric field associated with the incident light. Optical conductivity is
mathematically expressed by the following relation [67]:

(II1-20) anc
o=—
4

For the pristine MoSe:> monolayer, our results are in good agreement with previous
calculations that reported the optical conductivity in the energy range of 0 to 3 eV[53, 63].

In general, the presence of defects induces the emergence of new peaks in the UV-visible
spectrum, particularly around2 eV, influencing key optical properties such as absorption, the
extinction coefficient, and the imaginary part of the dielectric function. Furthermore, a
pronounced optical response is observed in the UV-visible range (3—7 eV) along the xx andyy
directions, as well as in the ultraviolet range (6—7 e¢V) along the zz direction.

These characteristics suggest that the studied materials hold significant potential for

applications in photovoltaics, photocatalysis, and various optoelectronic technologies.
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Figure I11.22 : Optical conductivity of : (a) pure MoSe, monolayer structure, (b)
doped As(Mo) structure, (¢) Mo vacancy structure (d) As interstitial structure

Table I11-13 : Maximum values of and their corresponding energies in the directions

(xx), (yy) and (zz).
Lxx (a))max Lyy (a)) max i LZZ (a))max
Structure LY (o), at | pw (W), at | L7 (@) at
energy (eV) energy (eV) energy (eV)
Pure MoSe; 2,13 12,74 2.05 12,66 3,75 13,24
doped
1,88 13,05 1,71 12,98 2,80 13,47
As(Mo)
Vacuancy in
1,68 13,09 1,60 13,09 2,80 13,67
Mo
InterstitialAs 2,03 12,30 1,81 12,05 3,17 12,55
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Finally, in Figure I11.23, we present the energy loss function L(®) of both pristine and

defected MoSe> monolayers, analyzed along the (xx), (yy), and (zz) crystallographic
directions.This parameter reflects the energy loss experienced by fast electrons traversing the
material[56, 68].

Notably, electrons lose energy when their energy slightly exceeds the optical band gap,
which is approximately 1.8 eV for pure MoSe, monolayer. In defected structures, additional
low-intensity peaks emerge near this threshold energy, attributable to defect-induced states.

Across all studied structures, a prominent resonance peaks are observed in the 12-14 eV
range, similar energy ranges have been reported in the studies of Yuefeng Guo et al[39] and
Vinturaj, V. P et al [26].

However, the intensity and sharpness of peak in the mentioned range vary slightly,
indicating strong UV-range plasmonic behavior. The highest peaks and their corresponding

energies for the different structures are detailed in Table II1-13.
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Figure I11.23: Energy loss function of : (a) pure MoSe2 monolayer structure, (b) doped

As(Mo) structure, (c) Mo vacancy structure (d) As interstitial.
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Table III-13 indicates that introducing arsenic (As) atoms as defects in MoSe:

monolayers affects the material's plasmonic resonance peaks.

Specifically, when an As atom substitutes a molybdenum (Mo) atom or when a Mo
vacancy is present, the highest resonance peaks decrease in intensity and shift towards higher
energies. The calculated energy loss features are also in close agreement with those reported
by Vinturaj, V. P et al[26] and Yuefeng Guo[39]. Furthermore for Mo vacancy systeme, for
the As-doped structure, we observe the same behavior found in Sb(Mo)-doped MoS;
system[51].

Conversely, introducing an As atom into an interstitial site causes the highest resonance
peak to shift towards lower energies. Additionally, the longitudinal component along the z-
axis exhibits the most pronounced resonance peaks across all configurations, suggests that the
plasmonic oscillations are more strongly coupled in this direction.Generally,the resonance
peaks occur in ultraviolet for pure MoSe> monolayer and in ultraviolet and visible in impurity

systems.
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Conclusion

In this research, we investigated the structural, electrical, and optical characteristics of
monolayer molybdenum diselenide (MoSe;) as a member of the transition metal
dichalcogenides (TMDCs) of group VI, using first-principles calculations based on density
functional theory (DFT). Our goal was to analyze the impact of intrinsic defects and atomic
substitutions on the material's behavior for potential applications in nanoelectronics,
optoelectronics, and other fields.

Our findings indicate that the structural parameters of pristine MoSe> are well-represented
by DFT calculations, showing consistency with both experimental and theoretical references.
The Murnaghan equation was used to optimize structural parameters such as the lattice
parameter, bulk modulus, and its derivative.

The total energy was evaluated as a function of volume, and the optimal lattice constant
was determined accordingly. Importantly, our calculations suggest that the overall lattice
structure remains mostly unchanged upon doping or defect introduction. However, defects
such as Mo vacancy, As(Mo) doping, and As interstitial atoms were analyzed. We calculated
formation energies in Se-rich conditions and found that the As(Mo)-doped system is likely to
form, whereas the As interstitial system is unlikely to form and is metastable.

After analyzing the band structure, density of states (DOS), and projected density of states
(PDOS) of several systems, we found impurity levels near the band edges.

We interpreted these states based on the contribution of orbitals responsible for their
formation.

To better understand the bonding behavior in pure and defective MoSe>, we studied
charge density differences. Our charge density maps indicated significant charge
redistribution near defect sites, highlighting localized bonding effects. Arsenic substitution
resulted in charge concentration near the dopant atom, suggesting stronger covalent bonding,
whereas interstitial arsenic caused charge delocalization, influencing the surrounding
electronic environment. These findings align with the modifications observed in the band
structure and density of states.

To study the optical properties, we analyzed the dielectric function, refractive index,
extinction coefficient, reflectivity, absorption coefficient, optical conductivity, and energy
loss function. These characteristics were examined along the (xx), (yy), and (zz) directions for
both pristine and defective structures. Our optical analysis demonstrated that pristine MoSe2
exhibits strong absorption in the visible and ultraviolet ranges. The presence of defects led to
distinct modifications in the dielectric function and other optical characteristics. Notably, new

peaks appeared, especially in the visible range, suggesting that MoSez's optical response can
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Conclusion

be tuned for specific applications such as solar cells and catalysts. In general, defect

introduction caused a redshift in absorption peaks, highlighting the potential of defect
engineering in tailoring the optical properties of MoSe:. In particular, interstitial arsenic
defects introduced additional localized states, further enhancing the material’s optical
tunability.

This study contributes to the broader understanding of TMDCs, particularly in the context
of defect engineering.

By systematically analyzing the effects of vacancies, substitutions, and interstitial defects,
our research provides valuable insights into the design of two-dimensional materials with
tailored structural, electronic, and optical properties.

Our findings encourage further studies on similar defect-induced modifications in other
TMDCs to expand our understanding of these materials. Investigating more complex defect
configurations and employing machine learning techniques for property prediction may open
new possibilities for optimizing material performance, especially in the field of nanomaterials,

which is currently one of the most interesting topics in materials physics.
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