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ABSTRACT 

The adsorption of 3d transition metal (TM) atoms like Cu, Ni, and Fe on the WSe2 monolayer 

was investigated using first-principal calculations, specifically Density Functional Theory 

(DFT), which is a powerful computational approach to understand the adsorption phenomenon 

at the atomic level comprehensively. This study reveals that the adsorption of these TM atoms 

enhances the overall properties of the monolayer by affecting its geometry, adsorption energy, 

and electronic and magnetic properties. DFT provides insights into the changes induced by the 

adsorbates. Calculations were performed using the Generalized Gradient Approximation and 

ultrasoft pseudopotentials, evaluating three adsorption sites (H, TW, and TSe) on the monolayer. 

The optimal adsorption site was determined by calculating the adsorption energy for each 

optimized configuration. The results showed that Cu and Ni atoms prefer the TW site, with 

adsorption energies of -3.05 eV and -4.72 eV, respectively, while Fe prefers the H site with an 

adsorption energy of -4.37 eV. These high adsorption energies indicate strong chemical 

adsorption, suggesting covalent bonding between the atoms and the monolayer, which 

significantly influences the WSe2 monolayer's geometry and modifies its electronic and 

magnetic properties. A key objective was to investigate how TM atom adsorption alters the 

optical and electronic properties of the WSe2 monolayer, enhancing its suitability for 

optoelectronic and spintronic applications. Electronic parameters such as the density of states 

(DOS), projected density of states (PDOS), and charge transfer were analyzed. DOS analysis 

revealed that the pristine WSe2 monolayer, which has a band gap of 1.27 eV, undergoes 

significant band gap reduction upon TM atom adsorption. Specifically, Cu and Fe adsorption 

closed the band gap entirely, transforming the WSe2 monolayer into a metallic state. In contrast, 

Ni adsorption reduced the band gap to 0.88 eV, indicating a transition to a narrower band gap 

semiconductor. This band gap modulation is crucial for tuning the electronic properties of 

WSe2 for various device applications. The study also observed shifts in the Fermi energy level 

upon TM atom adsorption, indicating substantial changes in the monolayer's electronic 

structure. PDOS analysis provided more profound insights into the interactions between the 

TM atoms and the WSe2 monolayer, showing significant hybridization between the 3d orbitals 

of the TM atoms, the 5d orbitals of W, and the 4p orbitals of Se. This strong orbital 

hybridization indicates robust chemical bonding, which is responsible for the variations in 

electronic properties. Charge density difference calculations supported these findings, showing 

considerable charge transfer from the TM atoms to the WSe2 monolayer. This is a critical factor 

in band gap narrowing and the transition to metallic behavior. The adsorption of Cu, Ni, and 
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Fe on the WSe2 monolayer enhances its electronic properties and induces magnetic properties 

due to the presence of unpaired d-electrons in these transition metals. This is particularly 

advantageous for spintronic applications, where control of spin-dependent properties is 

essential. The detailed understanding of the adsorption mechanism provided by this study 

highlights the potential of TM-doped WSe2 monolayers as multifunctional materials 

engineered for specific optoelectronic and spintronic applications. The ability to modulate the 

band gap and introduce metallic behavior through TM atom adsorption opens new 

opportunities for designing devices with tailored electronic properties. Additionally, the 

observed changes in the Fermi level and strong covalent bonding emphasize the potential for 

stable and efficient material performance in practical applications. In conclusion, this study 

thoroughly analyses Cu, Ni, and Fe atom adsorption on the WSe2 monolayer using DFT. The 

results demonstrate significant enhancements in the monolayer's electronic and magnetic 

properties due to strong chemical bonding and charge transfer from the adsorbates. The 

modulation of the band gap and the transition to metallic behavior upon TM atom adsorption 

suggest that TM-doped WSe2 monolayers are promising candidates for advanced 

optoelectronic and spintronic devices. These insights can guide future experimental and 

theoretical research to optimize the properties of TMD-based materials for a wide range of 

technological applications. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

viii 

LIST Of PUBLICATIONS 

 

Title of Paper : ADSORPTION OF Cu, Ni AND Fe ATOMS ONTO WSe2 MONOLAYER: 

A DFT STUDY 

Author Names: Tripti Gupta, Anurag Bhandari,Nitin K. Puri 

Name of Conference: International Conference on Atomic, Molecular, Material, Nano and 

Optical Physics  2023 

Date of Conference: 20 December 2023 

Status of Paper (Accepted/Published/Communicated): Communicated 

Date of Communication : 5 June 2024 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

ix 

 

TABLE Of CONTENTS 
 

                           Title                                                      Page No. 

 

Acknowledgement                                                                                       iii 

Candidate’s Declaration                                                                             iv 

Certificate by the Supervisor                                                                     v 

Abstract                                                                                                       vi 

List of Publications                                                                                     viii 

Table of Contents                                                                                        ix 

List of Tables                                                                                               xi    

List of Figures                                                                                             xii 

List of Symbols, Abbreviations and                                                          xiv 

Nomenclature                            

1. Introduction                                                                                                01 

1.1 Two-Dimensional Materials                                                                02 

1.2 Transition Metal Dichalcogenides                                                      03  

1.3 WSe2 Monolayer                                                                                   05 

1.4 Doping as Strategy                                                                               06 

1.5 Conclusion                                                                                            06 

2. Computational Methodology                                                                    08 

2.1 Density Functional Theory                                                                  08 

2.2 Quantum Espresso                                                                               11 

2.3 Exchange-Correlational Energy                                                         12 

2.3.1 GGA                                                                                       13 

2.4 Convergence Tests                                                                               14 

2.5  Pseudopotentials                                                                                 15 

2.5.1 Ultrasoft Pseudopotentials                                                   16 

2.6 Boryden-Fletcher-Goldfarb-Shanno                                                  16 

(BFGS) Scheme                     

2.7 Computational Framework                                                                17 



 
 

x 

2.8 Outline Of Thesis                                                                                 18 

 
3. Results and Discussion                                                                              20 

3.1 Structure and Electronic properties                                                  20 

      analysis of WSe2 Monolayer 

3.2 Adsorption of TM atoms onto                                                            22 

       pristine WSe2 monolayer 

3.2.1 Structure and Adsorption Analysis                                    23 

         of Cu Atom onto Pristine WSe2 Monolayer 

3.2.2 Structure and Adsorption Analysis                                    24 

         of Ni Atom onto Pristine WSe2Monolayer 

3.2.3 Structure and Adsorption Analysis of                                25 

         Fe Atom onto Pristine WSe2Monolayer 

3.2.4 Effect of Cu, Ni, and Fe Adsorption on                              26 

         the Electronic Properties of WSe2 Monolayer 

3.2.5 Charge Density Difference Analysis                                   29 

 

4. Conclusion and Future Scope                                                                  31 

5. References                                                                                                  33 

6. List of Publication and proof                                                                   39 

7. Scopus Index                                                                                              40 

8. Plagiarism Report                                                                                     41 

  



 
 

xi 

List of Tables 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

S. No. Table No. Title of the Table Page 
No. 

1 Table 1 Adsorption sites, adsorption energy( eV), 
adsorption height (Å) for the optimized Cu, Ni and 
Fe decorated  WSe2 monolayer respectively. 

23 



 
 

xii 

List of Figures 
S. No.  Fig. No.  Title of the Figure Page 

No. 

1 1 Different types of nanomaterials on the basis of 
quantum confinement of electrons 

2 

2 2 Different types of 2D nanomaterials and their 
applications in various fields. 

3 

3 3 Four different Transition Metal dichalcogenides 
Monolayer(TMD ML) 

4 

4 4 Applications of Transition Metal dichalcogenides 
Monolayer(TMD ML) in various fields. 

4 

5 5 Top view and side view of WSe2 Monolayer 5 

6 6 Represents (a) Substitutionally doped Monolayer and 
(b)Surface-Modification of Monolayer through 

Adsorption 

6 

7 7 Theme of Density Functional Theory 8 

8 8 LOGO of Quantum Espresso 12 

9 9 Curves representing the variation in the ground state 
energy with (A) K- points and (B) cut-off energy 

respectively. 

15 

10 10 (a)Top and (b) Side view of the optimized pristine 
WSe2 structure respectively. The blue and orange 

coloured atoms represent the W and Se atoms 
respectively. 

20 

11 11 Plotted a) DOS and b) PDOS for the pristine WSe2 
monolayer respectively. 

21 

12 12 illustrates H, Tw and TSe adsorption sites selected for 
the adsorption of TM atom onto WSe2 monolayer 

respectively. 

22 

13 13 a),b),c) illustrates Top view and d),e),f) Side view of 
the optimized Cu adsorbed geometries at the TSe, H 
and TW sites respectively. The atoms in orange, blue 
and red colour represents the Se, W and Cu atoms 

respectively. 

24 

14 14 a),b),c) illustrates Top view and d),e),f) Side view of 
the optimized Ni adsorbed geometries at the TSe, H and 

TW sites respectively. The atoms in orange, blue and 

25 



 
 

xiii 

green colour represents the Se, W and Ni atoms 
respectively. 

15 15 a),b),c) illustrates Top view and d),e),f) Side view of 
the optimized Fe adsorbed geometries at the TSe, H and 

TW sites respectively. The atoms in orange, blue and 
black colour represents the Se, W and Fe atoms 

respectively. 

26 

16 16 a),b),c) illustrates plotted DOS curve, d),e),f) plotted 
WSe2 PDOS and g),h), i) plotted Cu, Ni, Fe PDOS 

curve for the Cu, Ni and Fe decorated WSe2 
monolayer respectively. 

28 

17 17 Charge density diagram for (a)Cu, (b)Ni and (c) Fe 
decorated onto the WSe2 monolayer respectively. 

30 

 

  



 
 

xiv 

List of Symbols, Abbreviations and Nomenclature 

S. No. Acronym/Symbol Full Form 
1 TMDs Transition Metal Dichalcogenides 

2 TM Transition Metal 

3 WSe2 Tungsten Diselenide 

4 DFT Density Functional Theory 

5 GS Ground State 

6 LDA Local Density Approximations 

7 GGA Generalised Gradient Approximations 

8 PBE Perdew-Burke-Ernzerhof 

9 BFGS Boryden-Fletcher-Goldfarb-Shanno  

10 DOS Density of States 

11 PDOS Projected Density of States 

12 ML Monolayer 

13 Eg Band-Gap 

14 Å Angstrom 

15 eV electron-volt 

16 Ry Rydberg 

17 Se Selenium 

18 W Tungsten 

19 Cu Copper 

20 Fe Iron 

21 Ni Nickel 

22 Ead Adsorption Energy 

23 Etotal Total energy of the TM absorbed onto 
monolayer structure  

24 ETM Total energy of the isolated Transition Metal 
Atom 

25 EWSe2 Total energy of the pristine WSe2 monolayer 

26 n(r) Particle Density 



 
 

xv 

27 V(r) Columbic Potential 

28 U[n] Interaction Energy 

29 T[n] Kinetic Energy 

30 XC Exchange-Correlational energy 

31 △p Charge density difference 

32 𝒑 total Charge density of the TM Decorated WSe2 
monolayer 

33 𝒑 TM Charge density of the isolated Transition Metal 
Atom 

34 𝒑 WSe2 Charge density of the pristine WSe2 monolayer 

35 H-site	 Hollow Site 

36 TSe-site	 Top of Selenium Site 

37 TW-site	 Top of Tungsten Site 



 
 

1 

 
CHAPTER 1 

INTRODUCTION 

 

Over the past few years, nanomaterial have revolutionised various scientific fields and 

industries due to their unique and enhanced properties. Their popularity can be attributed to 

several compelling reasons, highlighting their unique capabilities and transformative potential 

in various fields[1-3]. Unlike their bulk counterparts, nanomaterials exhibit exceptional 

characteristics, making them indispensable in modern technology and innovation. The 

properties of nanomaterials that enable their widespread use include a high surface area-to-

volume ratio, high mechanical strength, exceptional thermal and electrical conductivity, 

increased chemical reactivity, and unique optical properties[4-6]. These unique characteristics 

make nanomaterials highly suitable for many practical applications. For example, they can be 

engineered to deliver drugs to target cells, develop smaller, faster, and more efficient 

transistors, and enable the creation of flexible and wearable[7-9] electronic devices, which are 

increasingly in demand for consumer electronics and medical devices, among many other 

applications[10-12]. Nanomaterials are categorised as 0-D, 1-D, 2-D, and 3-D based on the 

quantum confinement of electrons, which restricts electron movement within specific 

dimensions, leading to distinct electronic and optical properties[4, 13-15]. 

0-D nanomaterials (nanoparticles)-Their properties change as their size approaches the 

nanoscale, and they show very different optical properties due to quantum effects as they 

confine electrons at petite sizes[16, 17]. 

1-D nanomaterials (nanowires/nanotubes)—With a diameter on the nanometre scale, they 

have two quantum-confined directions for electrical conduction and one unconfined direction, 

resulting in unique optical, electrical, and mechanical properties[18-21]. 

2-D nanomaterials (Graphene, MoS2)- These include thin films, planar quantum wells and 

super lattices with thickness in the nanoscale range. They have one They have one quantum-

confined direction and two unconfined directions for electrical conduction, possessing high 

electron mobility and flexibility and unique electronic and thermal conductivities due to their 

planar structure. The transport phenomena in these structures are significantly affected by 

defects, interfaces, and boundaries on their surface. I chose 2D materials because they offer 
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unparalleled electronic and thermal conductivity advantages, making them ideal for high-

performance applications[21-23].  

3-D Nanomaterials- These include bulk nanocrystalline films[24] and nanocomposites[25]. A 

nanocomposite is a solid material comprising multiple phases, with at least one phase having 

less than 100 nm dimensions. It typically involves a combination of a bulk matrix and nano-

dimensional phases that differ in structure and chemistry from the matrix. Nanocomposites 

exhibit distinct mechanical, electrical, thermal, optical, electrochemical, or catalytic properties 

compared to their components. Size thresholds for various effects include <5 nm for catalytic 

activity and <20 nm for transforming a hard magnetic material into a soft one. Nanocomposites 

can combine different materials, such as bulk organic materials with organic 

nanostructures[26], bulk inorganic materials with inorganic ones or a mixture of both[27-29]. 

In summary, the exceptional properties of nanomaterials, from high surface area to unique 

optical behaviours, enable a wide range of innovative applications across multiple fields. These 

materials, whether 0-D, 1-D, 2-D, or 3-D, present unprecedented opportunities for 

technological applications 

 
Fig.(1) represents the different types of nanomaterials basis of quantum confinement of 
electrons 

1.1 Two-Dimensional Nanomaterials 
Two-dimensional (2D) nanomaterials exhibit extraordinary properties that distinguish them 

from their bulk counterparts and other nanomaterials[30]. One of their most remarkable 

features is their high surface-to-volume ratio, which results from their atomic-scale 

thickness[31]. This unique characteristic offers opportunities for surface interactions, making 

them highly reactive and facilitating enhanced catalytic activity, gas sensing, and surface 

Types of 
Nanomaterials

• 0-D Nanomaterial: Electrons in 
0D nanostructures are confined 
in all three dimensions.

• 1-D Nanomaterial: Electrons in 
1D nanostructures are confined 
in one direction.

• 2-D Nanomaterial: Electrons in 
2D nanostructures are confined 
in two directions.

• 3-D Nanomaterial: Electrons in 
3D (bulk materials) are not 
confined

4



 
 

3 

adsorption phenomena[32]. Additionally, the atomically thin nature of 2D materials contributes 

to exceptional mechanical flexibility and strength, rendering them suitable for applications 

requiring bendability and resilience, such as flexible electronics, wearable devices, and 

advanced composite materials[33, 34]. Furthermore, 2D nanomaterials demonstrate intriguing 

electronic properties, including high carrier mobility, tunable bandgaps, and quantum 

confinement effects[35]. Graphene, for instance, possesses exceptional electrical conductivity 

due to its ballistic transport of charge carriers[36]. Transition metal dichalcogenides 

(TMDs)[37], another class of 2D materials, exhibit distinct bandgap properties that can be 

tuned by adjusting their thickness, offering opportunities for designing novel electronic and 

optoelectronic devices. The optical properties of 2D materials are highly tunable, spanning a 

broad spectrum from the visible to the infrared region, with applications in photodetection, 

light emission, and optical modulation. Overall, the unique properties of 2D nanomaterials 

make them up-and-coming candidates for a wide range of technological applications, from 

electronics and photonics to energy conversion and environmental sensing[38-40]. For my 

project, I chose transition metal dichalcogenides (TMDs) due to their fascinating electronic and 

optical properties, which stem from their unique structure, making them particularly suitable 

for innovative applications in advanced technology. 

  
Fig.(2) represents different types of 2D nanomaterials and their applications in various 
fields. 

1.2 Transition Metal Dichalcogenides 

Transition metal dichalcogenides (TMDs) are a fascinating class of two-dimensional (2D) 

materials known for their unique structural and electronic properties, attracting significant 
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attention in recent years[41, 42]. TMDs consist of layers of transition metal atoms sandwiched 

between two layers of chalcogen atoms, such as sulphur (S), selenium (Se), or tellurium (Te), 

forming a hexagonal lattice structure. This layered structure has intriguing electronic 

properties, making TMDs highly versatile for various applications.  

 
Fig.(3) represents four different Transition Metal dichalcogenides Monolayer(TMD ML) 

One of the most widely studied TMDs is molybdenum disulfide (MoS2)[43], which features a 

single layer of molybdenum atoms between two sulphur atoms. MoS2's structure allows for 

easy exfoliation into atomically thin layers, imparting remarkable mechanical flexibility and 

strength, making it suitable for flexible electronics, wearable devices, and strain-sensitive 

sensors. Other TMDs, such as tungsten disulfide (WS2)[44] and tungsten diselenide 

(WSe2)[45], also garner significant interest due to their distinct properties. WS2, with its direct 

bandgap in the visible range, is ideal for optoelectronic applications like photodetectors, light-

emitting diodes (LEDs), and solar cells. WSe2, which has an indirect bandgap, offers superior 

charge carrier mobility, making it ideal for high-speed electronic devices and field-effect 

transistors[46, 47].  

 

Transition Metal Dichalcogenides (TMDs)
Ø Transition Metal Dichalcogenides (TMDs) 

are 2D materials composed of a transition 

metal (e.g., molybdenum or tungsten) 

sandwiched between chalcogen atoms (e.g., 

sulphur or selenium). 

Ø TMDs have a unique layered structure, with 

each layer consisting of a transition metal 

atom sandwiched between two layers of 

chalcogen atoms, forming a hexagonal lattice. 
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Electronic properties

The density of states and band structures were cal-
culated for ZrTe2, NiTe2, WTe2, and WSe2 com-
pounds to find the band gap and study the electronic
properties of these compounds. According to the
calculated band structure (Fig. 2) and density of
states (Fig. 3), ZrTe2 and NiTe2 bulks have metallic
behavior, while WTe2 and WSe2 are semimetals. The
energy band gaps of these compounds are listed in
Table 3 and compared with available data. The band
gap of NiTe2 and ZrTe2 bulks is zero, which confirms

the metallic behavior of these compounds. WSe2 and
WTe2 bulks are semiconductors with estimated band
gaps of 0.875 and 0.654 eV. It was found that the band
gaps of monolayers are larger than their bulks, and
remarkably, the NiTe2 monolayer shows nonmetallic
behavior. Since the GGA functionals are known to
underestimate the band gaps, the NiTe2 Monolayer is
expected to be nonmetallic in real [122].

As can be seen in Fig. 3a the density of states of the
NiTe2 bulk around the Fermi energy is larger than the
corresponding values of ZrTe2 and has shifted

Figure 1 The bulk and monolayer crystal structures of a ZrTe2, b NiTe2, c WTe2, and d WSe2.
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WTe2 bulks are semiconductors with estimated band
gaps of 0.875 and 0.654 eV. It was found that the band
gaps of monolayers are larger than their bulks, and
remarkably, the NiTe2 monolayer shows nonmetallic
behavior. Since the GGA functionals are known to
underestimate the band gaps, the NiTe2 Monolayer is
expected to be nonmetallic in real [122].

As can be seen in Fig. 3a the density of states of the
NiTe2 bulk around the Fermi energy is larger than the
corresponding values of ZrTe2 and has shifted
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Fig. (4) represents applications of Transition Metal dichalcogenides Monolayer (TMD 
ML) in various fields. 

The unique electronic properties of TMDs arise from their band structure, governed by 

quantum confinement effects and strong electron-electron interactions in the 2D plane. Unlike 

bulk materials with continuous electronic states, TMDs exhibit discrete electronic energy levels 

due to quantum confinement in the out-of-plane direction. Consequently, TMDs are promising 

candidates for applications in optoelectronics and photonics, making them highly valuable for 

future technological advancements[48, 49]. 

1.3 WSe2 Monolayer 

WSe₂, a member of the transition metal dichalcogenides (TMDs) family, features hexagonally 

arranged tungsten (W) and selenium (Se) atoms within stacked Se-W-Se slabs. The 

hexagonally arranged W-Se atoms are held together by strong covalent interactions, while the 

neighbouring Se-W-Se slabs are connected by weak van der Waals forces [49]. As a 

monolayer, WSe₂ exhibits remarkable properties compared to its bulk form. It is a 

semiconductor with a direct bandgap of approximately 1.27 eV, enabling efficient light 

absorption and emission. This makes WSe₂ highly suitable for optoelectronic applications such 

as photodetectors, light-emitting devices, and solar cells. Additionally, WSe₂ possesses strong 

spin-orbit coupling and high carrier mobility, facilitating spin manipulation and fast charge 

transport. Its superior chemical stability and mechanical flexibility further enhance its 

suitability for reliable, long-term devices operating in harsh environments. These inherent 

properties position WSe₂ as a promising candidate for a wide range of applications, including 

optoelectronics, Nano electronics, spintronic, sensors, and photonics, underscoring its potential 

to revolutionize these fields. 

 
Fig. (5) represents the top view and side view of the WSe2 Monolayer 

Despite its potential, there remains an inevitable need to enhance the electronic, mechanical, 

optical, and thermal properties of WSe2 to unlock its applications fully. Enhancing these 

properties is important to realise the complete potential of WSe2 monolayers in diverse 

Why WSe2?
WSe2 chosen for study due to its unique electronic properties:

1. Direct Bandgap
2. Layered Structure
3. Tunability of Bandgap
4. Spin-Orbit Coupling
5. Ambipolar Transport
6. Strong Light-Matter Interaction
7. High Carrier Mobility
8. Chemical Stability
9. Potential for Catalysis
10.Flexible Nature
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technological applications. By improving its performance and functionality, advanced 

technologies can be developed[50]. 

1.4 Doping as Strategy 

Researchers have increasingly employed doping methods involving 3d transition metal (TM) 

atoms to enhance the properties of 2D materials. Numerous theoretical studies have 

demonstrated significant improvements following surface modification with 3d TM atoms. 

Building on these insights, our study investigates the adsorption of TM atoms such as Cu, Ni, 

and Fe onto WSe₂ monolayers, focusing on the effects of surface modification on pristine 

WSe₂[51]. Surface modification presents several advantages, including precise control over 

doping concentration and distribution without introducing structural defects. Additionally, this 

method allows for selective functionalization of specific regions within the monolayer, 

enabling tailored enhancements to its properties[52,53]. The impact of surface modification on 

WSe₂ monolayers is multifaceted, affecting various aspects of its properties. Firstly, surface 

doping can substantially alter the material's electrical conductivity, leading to improved carrier 

mobility and charge transport characteristics. These enhancements are crucial for applications 

in electronic devices such as transistors and sensors. Moreover, surface modification can 

influence the mechanical properties of the monolayer, including its flexibility, stiffness, and 

resistance to deformation[54]. By introducing dopant atoms onto the surface, researchers can 

modulate interlayer interactions and mechanical stability, enhancing the material's mechanical 

robustness and durability. Overall, the surface modification of WSe₂ monolayers through 3d 

TM atom doping offers a versatile approach to fine-tuning the material's properties, positioning 

it as a promising candidate for advanced applications in electronics, optoelectronics, and 

beyond. 

 
Fig.(6) represents (a) Substitutionally doped Monolayer and (b)Surface-Modification of 
Monolayer through Adsorption   

1.5 Conclusion 
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In conclusion, nanomaterials have experienced significant advancements in recent years, 

largely due to their unique properties and transformative potential across a wide range of 

scientific disciplines and industrial applications. Nanomaterials, which are classified into zero-

dimensional (0-D), one-dimensional (1-D), and two-dimensional (2-D) categories based on 

quantum confinement effects, exhibit exceptional properties that have driven innovation and 

technological progress. Among these, two-dimensional (2D) materials such as graphene and 

transition metal dichalcogenides (TMDs) stand out for their high surface area, mechanical 

flexibility, and remarkable electronic properties[55]. In particular, TMDs like molybdenum 

disulfide (MoS₂), tungsten disulfide (WS₂), and tungsten diselenide (WSe₂) have garnered 

significant attention for their diverse applications in fields such as flexible electronics and 

optoelectronic devices. Our focus on WSe₂ monolayers highlights their exceptional potential 

in optoelectronics and sensor technology. WSe₂, with its direct bandgap of approximately 1.27 

eV, strong spin-orbit coupling, high carrier mobility, and superior chemical stability, is poised 

to play a crucial role in developing next-generation devices. These properties enable efficient 

light absorption and emission, spin manipulation, and fast charge transport, making WSe₂ an 

ideal candidate for photodetectors, light-emitting devices, solar cells, and spintronic and 

nanoelectronics applications. To further enhance the properties of TMDs, our exploration of 

the effects of transition metal atom adsorption using Density Functional Theory (DFT) 

provides valuable insights. Understanding and manipulating the atomic-scale interactions 

within these materials can unlock new functionalities and improve performance, paving the 

way for advanced technologies. This research contributes to the fundamental understanding of 

TMDs and opens up new avenues for their application in cutting-edge technologies. Overall, 

nanomaterials, particularly 2D materials, hold immense promise for revolutionizing 

technology across various sectors. This field's ongoing research and development efforts are 

crucial for harnessing their full potential. As we continue to explore and innovate, the unique 

attributes of nanomaterials will undoubtedly lead to ground-breaking advancements, offering 

solutions to some of the most pressing challenges in modern technology. The future of 

nanomaterials is bright, and their impact on scientific and industrial progress is poised to be 

profound and far-reaching. 
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CHAPTER 2 

COMPUTATIONAL METHODOLOGY 

 

2.1 Density Functional Theory 

 
Fig.(7) represents theme of Density Functional Theory 

Density Functional Theory (DFT) is a cornerstone in quantum mechanics, offering a robust 

framework for probing the electronic makeup of atoms, molecules, and solids. Widely 

embraced for its versatility, DFT is adept at determining molecule binding energies and solids' 

band structure. Its reach extends beyond traditional quantum realms, finding utility in biology 

and mineralogy[56]. Moreover, DFT has delved into diverse domains, including 

superconductivity, laser-induced atomic dynamics, relativistic effects in heavy elements, and 

the magnetism of alloys. At its core, DFT relies on elementary quantum principles. This 

framework encapsulates the system's behaviour in its wave function, denoted as Ψ. Focusing 

on electronic structures, where nuclear influences are captured as a potential V(r) acting on 

electrons, the Schrödinger equation governs the system. For a lone electron in a given potential, 

the equation simplifies to Eq. (1).  

																																																		+− !!

"#
∇" + 𝑉(𝑟)3𝜓(𝑟) = 	𝐸𝜓(𝑟) 																																											− (1)

  

However, for systems with multiple electrons, such as atoms or molecules, the equation 

becomes more intricate due to electron-electron interactions, as depicted in Eq. (2), where 

U(ri,rj) represents these interactions[57]. While the kinetic energy operator remains constant 

across systems, the potential V(ri) distinguishes between them.  

Density Functional Theory
ØDensity-functional theory is one of the most popular and 

successful quantum mechanical approaches to matter. 
ØSchrodinger equation 

ØThe usual quantum-mechanical approach to Schrodinger’s  
equation (SE) can be summarized.

ØThe density-functional approach can be summarized by the 
sequence

Fig: Theme of DFT 
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Traditionally, solving the Schrödinger equation involves specifying the potential V(r), solving 

for the wave function Ψ, and deriving observables from it. One crucial observable is the particle 

density, n(r), expressed in Eq. (3).. 

																			𝑛(𝑟) = 𝑁G𝑑)𝑟"G𝑑)𝑟). . . G𝑑)𝑟%𝜓 ∗ (𝑟, 𝑟"… , 𝑟%)𝜓 (𝑟, 𝑟". . . , 𝑟%) 																			− (3) 

Various methods, like diagrammatic perturbation theory and configuration interaction (CI) 

methods, have been devised to tackle the many-body problem posed by the Schrödinger 

equation. However, these methods prove computationally burdensome for complex systems. 

For instance, simulating the properties of a 100-atom molecule using full CI or analysing the 

electronic structure of a semiconductor with Green's functions alone exceeds current 

computational capacities[58]. For many-electron systems, the equation becomes more complex 

due to electron-electron interactions. Density functional theory (DFT) offers a versatile 

approach to electronic structure calculations, recognizing that the potential V(r) is the 

distinguishing factor in nonrelativistic Coulomb systems. By focusing on universal operators 

T and U, DFT transforms the many-body problem into a single-body problem, elevating 

particle density n(r) to a central variable from which all other properties can be derived. This 

foundational framework underlies the majority of electronic structure computations in physics 

and chemistry, greatly enhancing our comprehension of materials' electrical, magnetic, and 

structural characteristics. Despite the conceptual simplicity suggesting that knowledge of n(r) 

entails understanding the wave function, potential, and other observables, practical 

implementation of DFT often bypasses explicit consideration of many-body wave functions. 

While DFT is formally exact, its accuracy in practice hinges on the quality of approximate 

density functionals. Modern density functionals yield highly precise predictions for various 

properties of realistic systems, such as molecular bond lengths, solid lattice constants, and 

molecular energies. However, certain properties, like energy gaps in solids, may exhibit 

significant deviations. DFT is a potent many-body theory utilizing functionals and their 

derivatives to tackle the electronic structure conundrum[59]. A functional F[n] is a rule 

associating a function n(r) with a numerical value. 

																																																										G𝑑)𝑟𝑛(𝑟) = 	𝑁[𝑛] 																																																											− (4)	 
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In practical Density Functional Theory (DFT), particle number functional and other 

functionals, such as the Hartree potential VHn, can be parameter-dependent. The ground-state 

energy EV for a given density n0(r) is determined by minimizing the energy functional EV[n], 

which comprises the internal-energy functional F[n] and the potential energy term. F[n] is 

universal, relying solely on the operators T and U. The cornerstone of DFT is the Hohenberg-

Kohn (H-K) theorem, which states that the ground-state wave function Ψ0 and all observables 

are unique functionals of the ground-state density n0(r). This implies that knowing n0(r) is 

equivalent to knowing Ψ0 despite their dimensional differences. The theorem's validity has 

been confirmed through constrained search and contradiction. Although refined over time with 

various proofs, representability issues persist particularly the v-representability problem, which 

concerns determining if a density corresponds to a ground state of a local potential. In practical 

DFT, one begins with a specified system characterized by a known potential V(r) and reliable 

approximations for the interaction energy U[n] and kinetic energy T[n][58]. The objective is 

to minimize the total energy function. While the N-representability problem has been solved, 

ensuring any non-negative function can represent a density from an antisymmetric wave 

function, the v-representability problem remains partially unresolved, especially in continuum 

systems. Despite these challenges, DFT remains a valuable tool for understanding and 

predicting the properties of diverse materials and systems. 

																																								𝐸*[𝑛]𝑇[𝑛] + 	𝑈[𝑛] + 𝑉[𝑛] 	= 	𝐹[𝑛] 	+ 	𝑉[𝑛] 																																					− (5)                                                 

The electron density, denoted as n(r), is determined through minimization in Density 

Functional Theory (DFT), yielding the ground-state charge density n0(r) and ground-state 

energy EV[n0]. This density defines the ground-state wave function and informs the entire 

Hamiltonian and all excited states. DFT enables practical calculations of various physical 

properties, such as molecular geometries, lattice constants, charge distributions, and energy-

related properties like total, dissociation, electron affinities, and ionization energies. These 

calculations utilize the Hellmann-Feynman theorem to derive forces on atoms from total energy 

derivatives with respect to nuclear coordinates. However, challenges arise from issues like N- 

and v-representability and the non-uniqueness of potentials[60]. In spin-DFT or current-DFT, 

densities do not uniquely specify corresponding potentials, leading to non-uniqueness matters 

requiring careful consideration. An earlier approximation method, the Thomas-Fermi (TF) 

approximation, is a foundational approach. It approximates kinetic and interaction energies 

using local-density approximations (LDA) and assumes the system can be segmented into 

small cells with constant density and potential. Despite its limitations, such as predicting 
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molecular instability and inaccuracies due to neglecting correlations and using local 

approximations, the TF approximation lays the groundwork for more sophisticated methods 

like orbital-free DFT and modern density functionals. These advancements enhance accuracy 

in kinetic and exchange-correlation energy calculations, which are crucial for realistic 

simulations in chemistry and physics. DFT simplifies the treatment of many electron systems 

by using the total energy as a function of the electron density instead of the wave function. This 

theoretical framework centres on the electron density, determined by solving Kohn-Sham 

equations derived from the Hohenberg-Kohn theorems[59,60]. These equations describe non-

interacting electrons moving in an effective potential, incorporating contributions from 

external potentials (e.g., nuclei) and the exchange-correlation functional, representing electron-

electron interaction effects. DFT calculations offer insights into material properties such as 

electronic structure, bonding, energetics, and response properties. Despite its approximations, 

DFT has become indispensable in theoretical and computational chemistry, physics, and 

materials science due to its balance of accuracy and computational efficiency[58]. Various 

software options are available for DFT calculations, including VASP, GPAW, ABINIT, 

CASTEP, WIEN2k, CP2K, Octopus, SIESTA, Quantum Espresso, and FHI-aims. Quantum 

Espresso stands out for its versatility and efficiency in ab initio simulations. 

2.2 Quantum Espresso 

Quantum ESPRESSO is an integrated suite of open-source computer codes designed for 

electronic structure calculations and material modelling at the nanoscale. To achieve these 

goals, it utilises density functional theory (DFT), plane waves, and pseudopotentials. The 

software primarily solves the Kohn-Sham equations, which are derived from DFT. These 

equations describe non-interacting electrons within an effective potential that accounts for 

exchange-correlation effects. In Quantum ESPRESSO, electronic wavefunctions are expanded 

using a plane wave basis set. This approach provides a flexible representation capable of 

capturing both localised and delocalised electronic states[61]. To simplify electron-nucleus 

interactions and reduce computational costs, pseudopotentials are employed. These 

pseudopotentials replace the complex effects of core electrons with smooth potentials that 

approximate the actual interaction. Brillouin zone integrations are a critical aspect of Quantum 

ESPRESSO, and efficient algorithms like the Monk horst-Pack scheme are used to ensure 

precise electronic property calculations. The self-consistent field (SCF) procedure is employed 

to iteratively update the electron density until convergence is achieved, ensuring both accuracy 

and stability in the results. Quantum ESPRESSO enables detailed and reliable modelling of 
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material properties at the atomic and electronic levels through these sophisticated techniques. 

Quantum ESPRESSO is a versatile and powerful tool for computational materials science. It 

offers a broad array of functionalities for simulating and understanding the properties of 

materials at the atomic scale. Its open-source nature encourages collaboration and continuous 

development, making it a valuable resource for researchers worldwide[62]. 

 
Fig.(8) represents LOGO of Quantum Espresso 

2.3 Exchange-Correlation Energy 

The exchange-correlation (Xc) energy is a crucial aspect of Density Functional Theory (DFT), 

essential for accurately handling the kinetic and interaction energies among interacting 

electrons[63]. The kinetic-energy functional, denoted as T[n], can be split into two 

components: the kinetic energy of noninteracting electrons, Ts[n], and the remaining part, 

which signifies the correlation, Tc[n]: 

                                                        T[n]=Ts[n]+Tc[n]                                                       - (6)  

The kinetic energy of noninteracting particles, Ts[n], is not precisely known as a density 

functional, but it can be represented in terms of single-particle orbitals, ϕi(r), of a 

noninteracting system: 

																																														𝑇+[𝑛] = − !!

"#
∑ 	∫𝑑)𝑟 𝜙$∗(𝑟)∇"𝜙$(𝑟) 																																								− 	(7)	%
$                               

These orbitals, ϕi(r), are functionals of the density n, rendering Ts an implicit density functional. 

The exact energy functional can be expressed as:  

															 𝐸[𝑛] = 𝑇[𝑛] + 	𝑈[𝑛] + 𝑉[𝑛] 	= 𝑇+[{𝜙$[𝑛]}] 	+ 𝑈-[𝑛] 	+	𝐸./[𝑛] + 	𝑉[𝑛] 								− (8)                

Here, UH[n] represents the Hartree energy, and Exc[n] denotes the exchange-correlation energy. 

The Exc term accounts for the differences T−Ts (i.e., Tc) and U−UH, thus ensuring formal 

exactness. While Exc is assured by the Hohenberg-Kohn (HK) theorem to be a density 

functional, its exact form remains unknown. The exchange-correlation energy Exc is often 

decomposed into: 

                                                                     Exc=Ex+Ec                                                           -(9) 

Operating Software Based on DFT
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Where Ex represents the exchange energy originating from the Pauli exclusion principle, and 

Ec stands for the correlation energy[64]. The exchange energy, Ex, can be explicitly formulated 

in terms of the single-particle orbitals as: 

																								 𝐸.[{𝜙$[𝑛]}] 	= − 0!

"
∑ ∫𝑑)𝑟 ∫𝑑)𝑟1&2

3"
∗(5)3$

∗ 75%83"75%83$(5)

|5:5%|
                           -(10) 

known as the Fock term. However, no general exact expression for Ex or Ec in terms of the 

density is known. 

2.3.1 Generalized Gradient Approximation 

Generalized Gradient Approximation (GGA) is a widely used approach within Density 

Functional Theory (DFT) to improve the accuracy of the exchange-correlation energy function. 

In DFT, the exchange-correlation function is crucial because it accounts for the complex many-

body interactions among electrons, encompassing exchange interactions (arising from the Pauli 

exclusion principle) and correlation interactions (arising from electron-electron repulsion). The 

fundamental idea behind DFT is to reduce the problem of solving the many-electron 

Schrödinger equation to a more manageable problem involving electron density, 𝜌(𝑟), instead 

of the many-electron wave function, Ψ[65]. The fundamental quantity in DFT is the total 

energy as a function of the electron density, including kinetic energy, external potential energy, 

and the exchange-correlation energy. 

Before GGA, local density approximation (LDA) was the primary method for approximating 

the exchange-correlation function. Some of the most widely used GGA functional include: 

1.Perdew Burke Ernzerhof (PBE)- One of the most popular GGA functionals, known for its 

robustness and broad applicability across various systems. The PBE functional incorporates 

physically motivated constraints to improve the accuracy of both exchange and correlation 

terms. 

2. Beckee(B88) and Lee Yang Parr(LYP) - These functionals are often used in combination, 

B88 for exchange and LYP for correlation, forming the BLYP functional. They are particularly 

popular in quantum chemistry for molecular systems 

3.PW91- It was developed by Perdew and Wang, another well-regarded GGA functional, 

especially in the field of solid-state physics. 

ADVANTAGE OF GGA-By incorporating the electron density gradient, GGA provides a 

more accurate description of exchange-correlation effects compared to LDA, particularly for 
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systems with rapidly varying densities. GGA functionals apply to various materials, from 

simple metals to complex molecules and surfaces. 

DISADVANTAGE OF GGA- GGA can sometimes under bind (underestimate bond 

strengths) in specific systems, leading to slightly too long bond lengths or over bind in others. 

GA, like LDA, generally fails to accurately describe long-range van der Waals interactions 

because these are inherently non-local effects. 

The Generalized Gradient Approximation (GGA) represents a significant step forward in the 

accuracy of DFT calculations by incorporating information about the electron density gradient. 

While it addresses some of the limitations of LDA and provides better results for many systems, 

it still has limitations, particularly with non-local interactions. Nevertheless, GGA remains a 

cornerstone of modern computational materials science and quantum chemistry, striking a 

balance between computational efficiency and accuracy. 

2.4 Convergence Tests 

Convergence lies at the heart of Density Functional Theory (DFT) calculations, where 

obtaining an accurate ground-state electron density involves solving complex mathematical 

equations through iterative numerical approximations. These approximations, crucial for 

computational feasibility, aim to approach the exact solution by allocating more computational 

resources. This iterative process, termed convergence, ensures that a "well-converged" 

calculation closely approximates the true solution of the DFT problem for a specific exchange-

correlation function. Transitioning from the familiar three-dimensional physical space to 

reciprocal space, a fundamental concept in solid-state physics, is pivotal in understanding DFT 

calculations. Reciprocal space, represented by k vectors, introduces the Brillouin zone (BZ), 

which is essential in materials' band theory. Within the BZ, points like the Gamma point, where 

k equals 0, hold particular significance. This continuous shift between physical and reciprocal 

space highlights the interconnectedness of concepts in practical DFT applications. Efficiently 

evaluating integrals, a demanding aspect of DFT calculations, led to the development of 

methods like the Monk horst-Pack scheme in 1976[66]. This approach, widely adopted in DFT 

packages, allows selecting k points based on predetermined criteria, typically the desired 

number of k points in each reciprocal space direction. However, determining the optimal 

number of k points involves careful consideration, particularly for calculations involving 

supercells with uniform lattice vectors. Convergence tests play a critical role in ensuring the 

accuracy and reliability of DFT simulations. Specifically, cut-off energy and K-point 

convergence tests are essential. Cut-off energy determines the maximum energy of plane waves 
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included in the basis set, affecting the accuracy of electronic wave function representations. 

Similarly, K-point convergence involves discretely sampling the Brillouin zone to assess how 

the density of K-points affects calculation accuracy. These convergence tests, by examining 

key properties or observables, ascertain the appropriate parameters for accurate and reliable 

DFT simulations. Ultimately, conducting these tests instils confidence in the computational 

model's predictive capabilities, reinforcing the credibility of the obtained results. 

 
Fig. (9) Curves representing the variation in the ground state energy with (A) K- points 
and (B) cut-off energy respectively. 
 
2.5 Pseudopotentials: 

The above discussion highlights the need for significant energy cut-offs in DFT calculations to 

capture plane waves with short wavelength oscillations in real space. This requirement poses 

computational challenges, particularly for core electrons in atoms, which exhibit wave 

functions with such oscillations. However, core electrons are less significant in defining 

chemical bonding and material properties than valence electrons. To address this, methods have 

been developed to approximate core electron properties, thereby reducing computational 

demands. A primary method to simplify calculations involving core electrons is using 

pseudopotentials. Pseudopotentials replace the electron density from selected core electrons 

with a smoothed density that retains the actual ion core's critical physical and mathematical 

characteristics. This approach, known as the frozen core approximation, fixes the properties of 

core electrons in subsequent calculations[67]. These calculations, termed frozen core methods, 

are more common than all-electron calculations, which do not use a frozen core. Typically, a 

pseudopotential is created for an isolated atom of a specific element and can be used in various 

chemical environments without further adjustments. Most modern DFT codes provide a library 

of pseudopotentials for elements across the periodic table. The characteristics of a 
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pseudopotential determine the minimum energy cut-off required for calculations involving 

atoms associated with it. Pseudopotentials that require high cut-off energies are called hard 

pseudopotentials, while those needing lower cut-off energies are termed soft pseudopotentials, 

which offer greater computational efficiency[68]. A well-known method for defining 

pseudopotentials is based on Vanderbilt's work, leading to the development of ultrasoft 

pseudopotentials (USPPs). Although USPPs have lower cut-off energy requirements, they 

require the specification of several empirical parameters for each atom. Another approach 

addressing some limitations of USPPs is the projector augmented-wave (PAW) method. 

Comparisons between USPP, PAW, and all-electron calculations for various systems indicate 

that well-constructed USPPs and the PAW method yield results nearly identical to those of all-

electron calculations in many cases 

2.5.1 Ultrasoft Pseudopotentials (USPP): 

Ultrasoft pseudopotentials (USPPs) are utilized in Density Functional Theory (DFT) 

calculations to model the interactions between valence electrons and atomic nuclei. Unlike 

norm-conserving pseudopotentials, USPPs are designed to be more adaptable and smoother, 

facilitating a more efficient representation of electron wavefunctions. This is achieved by 

relaxing the stringent requirement for pseudopotentials to be strictly local, allowing USPPs to 

provide a smoother potential that more accurately represents the actual electron-nucleus 

interaction[68]. USPPs are especially beneficial for modelling transition metals and other 

heavy elements with significant electron-electron correlations. 

2.6 Boryden-Fletcher-Goldfarb-Shanno (BFGS) Scheme 

The Broyden–Fletcher–Goldfarb–Shanno (BFGS) algorithm is a commonly employed method 

in Density Functional Theory (DFT) for optimizing the geometry of molecular and solid-state 

systems. It is part of the quasi-Newton family of methods and is an iterative optimization 

technique designed to find the minimum of a function, specifically the total energy of the 

system, in DFT calculations. In the context of DFT, the total energy depends on the atomic 

positions. The objective of geometry optimization is to identify the atomic arrangement that 

minimizes this total energy, corresponding to the system's most stable configuration. The 

BFGS algorithm accomplishes this by iteratively adjusting the atomic positions until the 

minimum energy configuration is achieved[69]. The BFGS algorithm approximates the 

Hessian matrix, which represents the second derivatives of the energy with respect to atomic 

positions. Utilizing this approximation, the algorithm determines the step size and direction to 

move the system towards the minimum energy configuration. During each iteration, the BFGS 
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algorithm updates the Hessian matrix approximation based on the changes in the energy 

gradients with respect to the atomic positions. One significant advantage of the BFGS 

algorithm is its efficiency in reducing the number of energy evaluations needed to reach the 

minimum energy configuration. This efficiency is crucial in DFT calculations, where energy 

evaluations can be computationally intensive. By iteratively updating the atomic positions 

using effective approximations of the Hessian matrix, the BFGS algorithm facilitates rapid 

convergence to the minimum energy configuration, making it a favoured choice for geometry 

optimization in DFT calculations[70]. 

2.7 Computational Framework 

First-principles calculations within Density Functional Theory (DFT) were performed using 

the QUANTUM ESPRESSO package to study the adsorption of transition metal (TM) atoms 

on a monolayer surface. The Perdew-Burke-Ernzerhof (PBE) formulation of the Generalized 

Gradient Approximation (GGA) was employed to model the exchange-correlation function, 

ensuring an accurate depiction of electronic interactions. These calculations used a plane wave 

basis set combined with ultrasoft pseudopotentials to represent the electronic wave functions 

and electron-ion interactions, respectively. Comprehensive convergence tests for cut-off 

energy and K-points were conducted to ensure reliable results. The Monk horst-Pack scheme 

with a 7x7x1 K-point mesh and a cut-off energy of 35 Ry was selected for the self-consistent 

calculations. Structural optimizations were carried out using the Broyden-Fletcher-Goldfarb-

Shanno (BFGS) method until the forces on each atom were reduced to less than 10-3 Ry/Bohr. 

A 3x3 supercell consisting of 18 selenium atoms and nine tungsten atoms was constructed to 

investigate the adsorption of TM atoms on the monolayer surface. A 10 Å vacuum layer was 

included along the z-direction to prevent interactions between adjacent periodic images, with 

the TM atom positioned at a distance from the surface. The main objective of these calculations 

was to explore the stability of the monolayer upon TM atom adsorption and to identify the most 

favourable adsorption sites on the interface. By systematically analysing various configurations 

and evaluating their relative energies, insights into the adsorption behaviour and stability of the 

monolayer-TM atom system were obtained. The relative stabilities of these configurations were 

measured by their adsorption energy Ead, defined as: 

																																																𝑬𝒂𝒅 = 𝑬𝒕𝒐𝒕𝒂𝒍 − @𝑬𝑻𝑴 + 𝑬𝑾𝑺𝒆𝟐	B 																																													− (	𝟏𝟏)		                                                                                          

Where 𝑬𝑾𝑺𝒆𝟐, ETM, and Etotal represent the total energies of the pristine WSe2 monolayer, 

isolated TM atoms, and TM metal adsorbed onto the WSe2 monolayer structure, respectively.  
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Equation (2) was used to calculate the charge density difference(△p), to determine the charge 

gain and loss upon adsorption of TM atoms onto WSe2 monolayer. 

																																											△ 𝒑	 = 𝒑	𝒕𝒐𝒕𝒂𝒍 − @𝒑	𝑻𝑴 + 𝒑	𝑾𝑺𝒆𝟐	B 																																															− (	𝟏𝟐)		 

 where pWSe2, pTM, and ptotal represent the charge density of the pristine WSe2 monolayer, 
isolated TM atom, and TM atom decorated WSe2 monolayer structure, respectively.  

 

2.8 Outline of the Thesis 

To elucidate the entire process, we constructed a model of the tungsten diselenide monolayer 

using a 3 x 3 supercell. Next, we conducted self-consistent field (SCF) calculations with 

varying cut-off energies and sets of K points to identify the energy configuration where the 

system was most stable. This convergence test enabled us to determine the optimal cut-off 

energy and set of K points required for stability. Following the convergence test, the geometry 

was optimized using VC-relax calculations, where forces were applied to the monolayer's 

atoms until the system reached its minimum energy state. The optimized monolayer structure 

introduced transition metal (TM) atoms at various heights and sites. The geometry of the TM-

decorated WSe2 monolayer was then optimized to achieve the most stable configurations. 

Subsequently, calculations were performed for isolated TM atoms to determine their energy, 

along with calculations for the pristine monolayer and the TM-adsorbed monolayer system. 

These energy values allowed us to calculate the energy required for the monolayer to absorb 

the TM atoms, revealing whether the absorption process was endothermic or exothermic, 

spontaneous or non-spontaneous. To investigate the electronic properties of the system, we 

conducted density of states (DOS) calculations for the WSe2 monolayer structure, isolated TM 

atoms, and TM-decorated monolayers. By analysing the change in Fermi levels upon 

absorption and examining the density of electronic states in the conduction and valence bands, 

insights were gained into the system's electronic behaviour. Additionally, the system's 

magnetic properties were analysed by evaluating the symmetry of the up and down spin states 

through DOS plots, determining whether the system exhibited paramagnetic, diamagnetic, or 

ferromagnetic behaviour to understand better the system's orbital contributions and 

hybridization, projected density of states (PDOS) calculations were performed for isolated TM 

atoms, the WSe2 monolayer, and the TM-decorated WSe2 monolayer. Furthermore, charge 

transfer analysis was conducted using data files, enabling the visualization of the charge density 

distribution in the TM-decorated WSe2 monolayer. In summary, this comprehensive approach 

allowed us to systematically investigate the structural, energetic, and electronic properties of 
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TM-decorated WSe2 monolayers, providing valuable insights into their behaviour and potential 

applications. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

20 

CHAPTER 3 

RESULTS AND DISCUSSION 

 

3.1 Structure and Electronic properties analysis of WSe2 Monolayer 

 
Fig.(10) (a)Top and (b) Side view of the optimized pristine WSe2 structure respectively. 
The blue and orange coloured atoms represent the W and Se atoms respectively. 
 
The WSe2 monolayer, a two-dimensional material, features a hexagonal lattice structure with 

lattice parameters a = 9.8646 Å and c = 23.3411 Å. Each tungsten (W) atom is connected to 

six selenium (Se) atoms, while each Se atom is bonded to three W atoms. Upon optimization, 

the stable bond lengths between W-Se, nearest W-W, and Se-Se atoms were determined to be 

2.54 Å and 3.32 Å, respectively. The optimization process in Density Functional Theory (DFT) 

minimizes the total system energy, ensuring the structure achieves its most stable state 

according to quantum mechanical principles. This process establishes equilibrium positions 

where atomic forces balance, providing an accurate representation of the ground-state structure, 

which is crucial for making reliable predictions of material properties. This optimized structure, 

depicted in Fig.(10), shows the arrangement of atoms in the pristine WSe2 monolayer, with Se 

atoms represented in blue and W atoms in orange. The electronic properties of the WSe2 

monolayer were analysed through Density of States (DOS) and Projected Density of States 

(PDOS) calculations. DOS measures the number of electronic states at a specific energy level, 

adjusted by the fraction of the total electron density within a specified volume surrounding a 

nucleus. The DOS curve, shown in Fig.(11)a), indicates the absence of electronic states near 

the Fermi level, with a calculated band gap of approximately 1.27 eV. This suggests that the 
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WSe2 monolayer acts as a semiconductor with a band gap that reflects its electronic properties. 

Additionally, the symmetric nature of the up and down spin curves in the DOS plot confirms a 

zero magnetic moment per atom, establishing the paramagnetic behaviour of the WSe2 

monolayer. Further insights into the electronic structure were obtained from the PDOS curve, 

illustrated in Fig.(11)b). The PDOS analysis reveals strong hybridization between the d orbitals 

of W atoms and the p orbitals of Se atoms. This hybridization is responsible for the covalent 

interactions between neighbouring atoms within the material, contributing to its stability and 

electronic properties. The observed hybridization corroborates previous theoretical works, 

supporting the findings reported in existing literature. The analysis of the structural and 

electronic properties of the pristine WSe2 monolayer reveals its hexagonal lattice structure and 

stable bond lengths. It behaves as a semiconductor with a calculated band gap and exhibits 

paramagnetic characteristics. The strong hybridization between atomic orbitals leads to 

covalent interactions within the material, highlighting its stability and electronic properties. 

These insights enhance our understanding of the WSe2 monolayer's attributes and provide a 

foundation for future materials science and nanotechnology research and applications. 

 
Fig.(11) Plotted a) DOS and b) PDOS for the pristine WSe2 monolayer respectively. 
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3.2 Adsorption of TM atoms onto pristine WSe2 monolayer 

 
Fig.(12) illustrates the H, TW, and TSe adsorption sites selected for the adsorption of TM 
atoms onto WSe2 monolayers, respectively. 
 

To explore how surface modification by transition metal (TM) atoms such as Cu, Fe, and Ni 

affects the WSe2 monolayer, we conducted an adsorption study focusing on three potential 

adsorption sites labelled H, TW, and TSe. In the H-site configuration, TM atoms were adsorbed 

above the centre of the hexagonal ring. In contrast, in the TW-site and TSe-site configurations, 

TM atoms were positioned above the W and Se atoms, respectively, as illustrated in Fig.(12). 

We obtained vital parameters such as adsorption energies and distances through structural 

optimization to characterize the adsorption process. Adsorption energies were calculated to 

quantify the interaction strength between the TM atoms and the WSe2 monolayer, helping to 

identify the most stable adsorption configurations. Using equation(11), we computed 

adsorption energies for various configurations presented in Table(1). These energies offer 

valuable insights into the energetics of TM atom adsorption on the WSe2 monolayer, 

highlighting the stability of different configurations. By analysing these energies, we can 

determine which adsorption sites and configurations are energetically favoured, guiding our 

understanding of the adsorption process and informing potential applications of TM-modified 

WSe2 monolayers. Additionally, adsorption distances, representing the separation between the 

TM atoms and the WSe2 monolayer surface upon adsorption, provide crucial information on 

the spatial arrangement and proximity of the TM atoms to the monolayer. These distances can 

affect the electronic and structural properties of the modified material, influencing its behaviour 

and performance in various applications. By systematically investigating adsorption energies 

and distances for different TM atoms and adsorption sites, we aim to understand the interaction 

between TM atom adsorption and the properties of the WSe2 monolayer. This understanding 

is essential for leveraging the potential of TM-modified WSe2 monolayers in various 

technological and scientific fields, including catalysis, sensing, and optoelectronic devices. 
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3.2.1 Structure and Adsorption Analysis of Cu Atom onto Pristine WSe2 Monolayer 

 This section analyses the interaction between a copper (Cu) atom and a tungsten diselenide 

(WSe2) monolayer. Using density functional theory (DFT), we initially optimized various 

geometries for the adsorption study. The optimization process revealed significant structural 

deformations upon Cu adsorption, indicating substantial changes in bond lengths and the 

overall geometry of the WSe2 monolayer. This optimized structure is depicted in Fig(13). Upon 

examining the optimized WSe2 structure, we found that Cu atoms adsorb at three distinct sites, 

the H-site, TSe-site, and TW-site. The bond lengths between tungsten and selenium atoms (W-

Se) were initially measured at 2.540 Å in the pristine monolayer. However, these varied to 

2.549 Å, 2.546 Å, and 2.554 Å upon Cu adsorption at the H-site, TSe-site, and TW-site, 

respectively. These variations suggest an expansion of the hexagonal ring structure to 

accommodate the Cu atom, indicating that the monolayer undergoes structural changes to 

facilitate Cu adsorption. Adsorption energies were calculated for each site, which quantified 

the strength of the interaction between the Cu atom and the WSe2 monolayer. The positive 

values of the adsorption energies indicate that the adsorption process is endothermic, non-

spontaneous, and energetically unfavourable.  

Table(1): Adsorption sites, adsorption energy(eV), adsorption height (Å) for the 
optimized Cu, Ni and Fe decorated WSe2 monolayer respectively. 

 

Specifically, the Cu atom adsorbs at distances of 3.15 Å, 2.35 Å, and 2.51 Å from the WSe2 

monolayer at the H-site, TSe-site, and TW-site, with corresponding adsorption energies of 3.05 

eV, 3.40 eV, and 3.10 eV, respectively. This suggests that, among the three sites, the Cu atom 

TM Adsorption Sites Adsorption energy (eV) 
 

Adsorption height (Å) 

Cu TW 3.05 3.15 

 TSe 3.40 2.35 

 H 3.10 2.51 

Ni TW -4.72 2.63 

 TSe -3.26 2.10 

 H -4.14 2.15 

Fe TW -0.85 2.61 

 TSe -1.33 2.15 

 H -4.37 2.16 
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prefers adsorption at the top of the W site (TW-site) based on energy minimization principles. 

To further understand the adsorption characteristics, the atomic radii of the Cu and W atoms, 

which are 1.45 Å and 1.93 Å respectively, were considered. The calculated sum of the atomic 

radii for the W-Cu interaction is 3.38 Å. Comparing this value to the actual adsorption 

distances, it was found that the computed sum is larger than the adsorption distances for the 

most stable adsorption configurations. This discrepancy indicates the formation of covalent 

bonds between the Cu atom and the WSe2 monolayer, leading to the classification of the 

adsorption process as chemisorption. The high adsorption energy observed is consistent with 

the formation of strong covalent bonds, suggesting a robust interaction between the Cu atom 

and the WSe2 monolayer. 

 

 
Fig. (13) (a), (b),(c) illustrates the Top view and (d),(e),(f) Side view of the optimized Cu 
adsorbed geometries at the TSe, H, and  TW sites. The orange, blue, and red atoms 
represent the Se, W, and Cu atoms, respectively. 
 
 
3.2.2 Structure and Adsorption Analysis of Ni Atom onto Pristine WSe2 Monolayer 

To investigate the adsorption of a Ni atom onto a WSe2 monolayer, we fully optimized the 

initial geometries for the adsorption study. Post-optimization, it was observed that the WSe2 

monolayer deformed to incorporate the Ni atom. The W-Se bond lengths increased from an 

initial 2.540 Å to 2.542 Å, 2.687 Å, and 2.551 Å upon Ni adsorption at the Se, H, and W sites, 

respectively, as shown in Fig.(14). The calculated adsorption energies revealed that the Ni atom 

adsorbs at the Se, H, and W sites with energies of -3.26 eV, -4.14 eV, and -4.72 eV, 
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respectively. These negative values indicate that the adsorption process is exothermic and 

energetically favourable. 

 
Fig.(14) a),b),c) illustrates Top view and d),e),f) Side view of the optimized Ni adsorbed 
geometries at the TSe, H, and  TW sites. The orange, blue, and green atoms represent the 
Se, W, and Ni atoms, respectively. 
 
Energy minimization identified the most stable adsorption configurations, with the Ni atom 

adsorbing at a height of 2.63 Å above the W site. The significant adsorption energy and minimal 

adsorption height for the most stable configurations suggest strong covalent bonding between 

the Ni atom and the WSe2 monolayer. This strong covalent interaction accounts for the high 

adsorption energy observed during Ni atom adsorption. 

3.2.3 Structure and Adsorption Analysis of Fe Atom onto Pristine WSe2 Monolayer 

The adsorption of a Fe atom onto a WSe2 monolayer was examined by evaluating different 

orientations of the Fe atom at the W, Se, and H sites. After optimization, it was found that the 

W-Se bond lengths varied significantly from their initial values. Specifically, the W-Se bond 

lengths changed from 2.540 Å to 2.15 Å, 2.16 Å, and 2.61 Å when Fe was adsorbed at the Se, 

H, and W sites, respectively, as illustrated in Fig.(15). The adsorption energies calculated for 

Fe at the Se, H, and W sites were -1.33 eV, -4.37 eV, and -0.83 eV, respectively. These negative 

values indicate that the adsorption process is exothermic and energetically favourable. Energy 

minimization revealed that the most stable adsorption configuration was with the Fe atom at a 

height of 2.16 Å at the H site. The significant adsorption energy and short adsorption height 

for this configuration suggest strong covalent bonding between the Fe atom and the WSe2 
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monolayer, which accounts for the high adsorption energy observed. The study also explored 

the adsorption of transition metal (TM) atoms Cu, Ni, and Fe onto a pristine WSe2 monolayer. 

By calculating the adsorption energies and distances, the interaction strength and stability of 

the adsorbed configurations were understood. The adsorption of Cu, Ni, and Fe atoms led to 

the deformation of the WSe2 monolayer, causing notable changes in bond lengths and overall 

structure. The adsorption energies indicated that Cu adsorption is endothermic and 

energetically unfavourable, whereas Ni and Fe adsorption is exothermic and energetically 

favourable. The strong covalent bonding between the TM atoms and the WSe2 monolayer 

resulted in high adsorption energies in the most stable configurations. This detailed analysis of 

optimized structures and adsorption energies offers valuable insights into the interaction 

mechanisms and stability of TM-decorated WSe2 monolayers. 

 

Fig. (15) a),b),c) illustrates Top view and d),e),f) Side view of the  optimized Fe adsorbed 
geometries at the TSe, H and  TW sites respectively. The atoms in orange, blue and black 
colour represents the Se, W and Fe atoms respectively. 

3.2.4 Effect of Cu, Ni, and Fe Adsorption on the Electronic Properties of WSe2 Monolayer 

To explore how the adsorption of Cu, Ni, and Fe atoms affects the electronic properties of a 

WSe2 monolayer, Density of States (DOS) and Projected Density of States (PDOS) calculations 

were conducted for the most stable adsorption configurations of these transition metal (TM) 

atoms. The resulting DOS and PDOS plots show notable changes in the electronic properties 

of the WSe2 monolayer upon adsorption of these atoms. Fig.(16)a) and (16)d) display the DOS 

and PDOS for the WSe2 monolayer with Cu adsorption. Fig.(16)a), DOS curve indicates the 



 
 

27 

presence of continuous electronic states near the Fermi level (EF), signifying that the WSe2 

monolayer's band gap decreases from its pristine value of 1.27 eV to zero when Cu is adsorbed. 

This reduction means the WSe2 monolayer transitions from semiconductors to metallic states. 

Fig.(16)d) and (16)g), PDOS reveal that the 3d orbitals of the Cu atom, the 5d orbitals of the 

W atom, and the 4p orbitals of the Se atom primarily contribute to the DOS around the Fermi 

level. The significant overlap among these orbitals suggests strong hybridization, indicating 

the formation of covalent bonds between the Cu atom and the WSe2 monolayer, drastically 

altering its electronic properties. For the WSe2 monolayer with Ni adsorption, as depicted in 

Fig.(16)b) and (16)e), the DOS curve in Fig.(16)b) shows that the band gap of the WSe2 

monolayer decreases from 1.27 eV to 0.88 eV upon Ni adsorption. This suggests a change in 

the WSe2 monolayer from a semiconductor to a narrow band gap semiconductor. From 

Fig.(16)e) and (16)h), PDOS indicate that the 3d orbitals of the Ni atom, along with the 5d 

orbitals of the W atom and the 4p orbitals of the Se atom, contribute significantly to the DOS. 

The overlap of these orbitals indicates strong hybridization between the Ni atom and the WSe2 

monolayer, leading to covalent bond formation, which substantially changes the WSe2 

monolayer's electronic properties upon Ni adsorption. Fig.(16)c) and (16)f) illustrate the impact 

of Fe adsorption on the electronic properties of the WSe2 monolayer. The DOS curve in 

Fig.(16)c) shows the band gap of the WSe2 monolayer reducing to zero upon Fe adsorption, 

indicating a transition from a semiconductor to a metallic state, similar to the effect of Cu 

adsorption. From Fig.(16)f) and (16)i), PDOS reveal that the 3d orbitals of the Fe atom, the 5d 

orbitals of the W atom, and the 4p orbitals of the Se atom are the significant contributors to the 

DOS around the Fermi level. The overlap among these orbitals suggests strong hybridization 

between the Fe atom and the WSe2 monolayer, resulting in covalent bond formation that 

significantly alters the electronic properties of the WSe2 monolayer upon Fe adsorption. In 

summary, the adsorption of Cu, Ni, and Fe atoms onto the WSe2 monolayer significantly affects 

its electronic properties. Cu and Fe adsorption reduces the band gap to zero, transitioning the 

monolayer from a semiconductor to a metallic state. Ni adsorption narrows the band gap from 

1.27 eV to 0.88 eV, turning the WSe2 monolayer into a narrow band gap semiconductor. The 

PDOS analysis shows that the 3d orbitals of the transition metal atoms, the 5d orbitals of W 

atoms, and the 4p orbitals of Se atoms primarily contribute to the DOS near the Fermi level. 

The significant overlap and strong hybridization among these orbitals indicate the formation of 

covalent bonds between the transition metal atoms and the WSe2 monolayer, creating new 

electronic states within the electronic band structure and altering the monolayer's electronic 

properties.  
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Fig. (16) a),b),c) illustrates plotted DOS curve, d),e),f) plotted WSe2 PDOS  and g),h), i) 
plotted Cu, Ni, Fe PDOS curve for the Cu, Ni and Fe decorated WSe2 monolayer 
respectively. 
 

The strong hybridization and covalent bond formation suggest that the adsorption process is 

energetically favourable despite the initially endothermic nature of Cu adsorption. The 

relatively high adsorption energies indicate robust interactions between the transition metal 

atoms and the WSe2 monolayer, consistent with observed structural deformations and changes 
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in bond lengths upon adsorption. In conclusion, the adsorption of transition metal atoms (Cu, 

Ni, and Fe) onto the WSe2 monolayer induces significant modifications in its electronic 

properties. The reduction or closure of the band gap and the emergence of new electronic states 

are mainly due to the strong hybridization and covalent bonding between the transition metal 

atoms and the WSe2 monolayer. These findings demonstrate the potential for tuning the 

electronic properties of WSe2 monolayers through the adsorption of different transition metal 

atoms, which could be helpful for various applications in electronics, optoelectronics, and 

catalysis. 

 
3.2.5 Charge Density Difference Analysis 

Charge density difference calculations were performed to analyse the charge transfer 

mechanism between transition metal (TM) atoms and a WSe2 monolayer upon adsorption for 

the most stable adsorption configurations. This analysis provides qualitative insights into the 

nature and extent of charge transfer during adsorption. The charge density difference, 

calculated per equation(12), is illustrated in Fig.(17) for the most stable adsorption 

configurations. In these diagrams, red regions indicate areas of charge gain, while blue regions 

represent areas of charge loss. For the Cu-decorated WSe2 monolayer, the charge density 

difference diagram (Fig.(17)a)) reveals distinct blue and red regions at the adsorption site. This 

suggests significant charge redistribution upon Cu adsorption. The Cu atom acts as an electron 

donor, transferring charge to the WSe2 monolayer, which functions as an electron acceptor. 

This charge transfer results in charged species forming at the interface, creating an electrostatic 

attraction that enhances the interaction between the Cu atom and the WSe2 monolayer. 

Similarly, in the case of Ni adsorption, the charge density difference diagram (Fig. (17)b)) 

displays blue and red regions at the adsorption site. The blue regions around the Ni atom 

indicate areas of charge loss, while the red regions on the WSe2 monolayer signify areas of 

charge gain. This pattern confirms that the Ni atom donates electrons to the WSe2 monolayer, 

reinforcing the electron donor-acceptor relationship. This charge transfer mechanism 

strengthens the bonding between the Ni atom and the WSe2 monolayer, contributing to the 

stability of the adsorbed configuration. For the Fe-decorated WSe2 monolayer, the charge 

density difference diagram (Fig. (17)c)) also shows blue and red regions at the adsorption site, 

consistent with the behaviour observed for Cu and Ni. The Fe atom loses electrons (indicated 

by the blue regions), while the WSe2 monolayer gains electrons (indicated by the red regions). 

This charge transfer mechanism confirms that Fe atoms, like Cu and Ni atoms, act as electron 
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donors, transferring charge to the WSe2 monolayer. In all case Cu, Ni, and Fe adsorption, the 

TM atoms act as electron donors, transferring charge to the WSe2 monolayer, which acts as an 

electron acceptor. This charge transfer mechanism is crucial for understanding the changes in 

electronic properties observed upon TM adsorption. The charge transfer creates charged 

species at the adsorption site, resulting in an electrostatic attraction between the TM atoms and 

the WSe2 monolayer. This interaction enhances the stability of the adsorbed configuration and 

contributes to the formation of covalent bonds. The presence of charged species also increases 

the mobility of charge carriers within the WSe2 monolayer. This increased mobility leads to a 

higher electron current density, enhancing the conductivity of the WSe2 monolayer. The 

increase in conductivity is directly related to the reduction in the band gap observed in the DOS 

analysis. The charge transfer from the TM atoms to the WSe2 monolayer introduces new 

electronic states within the band structure, thereby reducing the band gap and altering the 

material's electronic properties. The analysis provides a detailed explanation for the bond 

formation and changes in electronic properties suggested by the adsorption and DOS studies. 

The strong hybridization between the TM atoms and the WSe2 monolayer, facilitated by the 

charge transfer, leads to new electronic states. This hybridization and the resulting covalent 

bonding are responsible for the observed reduction in the band gap and the transition of the 

WSe2 monolayer from a semiconductor to a metallic state (for Cu and Fe) or a narrow band 

gap semiconductor (for Ni). In conclusion, the analysis confirms that the TM atoms (Cu, Ni, 

and Fe) act as electron donors, transferring charge to the WSe2 monolayer. This charge transfer 

mechanism stabilizes the adsorbed configurations and significantly alters the electronic 

properties of the WSe2 monolayer by introducing new electronic states and reducing the band 

gap. 

 
Fig.(17) Charge density diagram for a)Cu, b)Ni and c) Fe decorated onto the WSe2 
monolayer respectively. 
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CONCLUSION AND FUTURE SCOPE 

 

Our investigation employed first principle calculations to examine the adsorption of transition 

metal (TM) atoms, specifically copper (Cu), nickel (Ni), and iron (Fe), onto a tungsten 

diselenide (WSe2) monolayer. This study provided significant insights into the interactions 

between these TM atoms and the WSe2 monolayer, particularly focusing on changes in 

electronic properties, charge transfer, and structural geometry following adsorption. We 

assessed three potential adsorption sites for each TM atom and determined the most favorable 

configurations for adsorption. 

Our results revealed that Cu, Ni, and Fe atoms preferentially adsorb onto specific sites on the 

WSe2 monolayer, where they form strong interactions that substantially influence the 

monolayer's electronic properties. Notably, the adsorption of Cu and Fe led to a significant 

reduction in the band gap, effectively transforming the WSe2 monolayer into a metallic state. 

In contrast, the adsorption of Ni resulted in a narrower band gap semiconductor. 

Charge transfer analysis indicated that the TM atoms donated electrons to the WSe2 monolayer, 

contributing to the observed alterations in the electronic structure. This electron donation 

suggests the formation of an n-type material, enhancing the WSe2 monolayer's potential for 

various electronic applications. 

Furthermore, our study observed strong orbital overlap between the TM atoms and the WSe2 

monolayer, indicating the formation of covalent bonds. This covalent bonding ensures stable 

electronic properties and robust interactions between the TM atoms and the monolayer, further 

enhancing the material's potential for stable and efficient electronic applications. 

The findings underscore the considerable potential of WSe2 monolayers in electronic 

applications where precise control over material properties is crucial. By tailoring the band gap 

through the adsorption of TM atoms, it is possible to design devices with specific conductive 

properties, such as transistors and sensors. Additionally, the mechanisms of charge transfer and 

orbital hybridization observed in this study could facilitate the development of spintronic 

devices and flexible electronics. These findings open new avenues for applications in energy 

harvesting and optoelectronics. 

Overall, our study highlights the promising potential of WSe2 monolayers in various electronic 

applications that require narrow-band semiconductors and zero-band gap materials. The ability 
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to control electronic properties through TM atom adsorption makes WSe2 monolayers a 

versatile material for a wide range of technological applications. This capability enables the 

design of devices with tailored electronic properties, including transistors, sensors, and 

spintronic devices, as well as applications in energy harvesting and flexible electronics. By 

leveraging the unique interactions between TM atoms and the WSe2 monolayer, our study 

provides a pathway for developing advanced materials with highly controlled electronic 

characteristics, suitable for next-generation electronic devices. 
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