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Chapter 1 

 

Introduction 

 

 

The aim of this introductory chapter is to guide the reader through the different 

steps in this thesis. It starts with the history of two-dimensional (2D) materials. 

A historical review involves the discovery of graphene, and transition metal 

dichalcogenides (TMDCs) which are a class of layered materials of significant 

interest due to their scalability and thickness-dependent electrical and optical 

properties. One of the most promising materials in this family is molybdenum 

disulfide (MoS2). This thesis describes the preparation of MoS2 films grown on 

SiO2/Si wafer as substrate using pulsed laser deposition (PLD) technique. 

Thereafter, the structural properties and synthesis technique of the janus 2D-

MoSSe monolayer are described in the last section of the thesis leading to the 

outline of the research developed. 

 

1.1     The history of two-dimensional materials 

Very recently, research on 2D-materials has invigorated a tremendous scientific 

interest among both academic and industrial communities. Scrutiny of 

graphene and new 2D-atomic crystals has been extended as they are prime 

subjects in condensed matter physics as well as materials science over the last 

several years due to their potential applications in many industrial applications 

[1-4]. 2D-materials involving graphene, phosphorene, MXenes, layered metal 

oxides, and TMDCs single layers have sparked magnificent enthusiasm of both 

physics and chemistry research owing to their distinctive properties at 

monolayer thickness level. They are regarded as successor materials for three-

dimensional (3D) materials because of their suitability in photonic and 

ultrathin flexible electronic devices [5-7]. Novel features occur in these 2D 

materials as their thickness is reduced to the nanometer scale. Hence, 

technological applications can be contemplated in diverse areas. Such 2D 

materials offer the advancement of new functionalities in solar cell devices, 

photodetectors, nanocomposites, resonators/actuators, biological membranes, 

piezoresistive, gas impermeable membranes, and biosensors [7-13]. This is 
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principally owing to their atomic thickness, high quantum efficiency, and 

exceptional features. TMDC based electrodes have come to light as promising 

candidates due to their range of operational voltage, long-life, stability, very 

high surface Li diffusivities, and excellent charge/discharge capabilities. The 

most favorable aspect of these materials is that they are equivalently as good as 

electrode materials for sodium-ion batteries. 

Materials based on TMDC systems are represented by the chemical formula 

MX2, where M is a transition metal atom (groups 4-12 in the periodic table) and 

X is a chalcogen atom (group 16). For instance, MoS2, and tungsten disulfide 

(WS2), are prototypical TMDC sheets [4]. TMDCs are characterized as solid 

materials containing weak interaction between layers [9, 14]. These 2D-atomic 

crystals, are typically formed by sandwiching one atomic plane of transition 

metal atoms between two hexagonal planes of chalcogen atoms [5] (see Fig. 

1.1). 

 

Fig. 1.1: Structural geometry of transition metal dichalcogenide nanosheets and their 

heterostructures. Adapted with permission from Ref. [5], Chemical Society Reviews. 

 

The milestone of manipulating 2D-materials is anticipated to enhance device 

technology and offer supplementary functionalities for quantum computing 

and spintronic devices [6-10]. The semi-metallic nature of graphene restricts its 

functionalities in novel electronic devices [2-4].  
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Two procedures are required to surmount the obstacles. Firstly, to open the 

zero band gap of graphene and, secondly, to seek new 2D-materials. 

Application of an electric field and creation of defects would raise the energy 

band-gap of graphene. However, the defects generated would influence other 

features of this extremely thin material [2, 4, 11]. Since the first preparation of 

graphene, the first single-atomically thick material has advanced the 

investigation of two-dimensional materials that are composed of thin layers 

[11]. Numerous low-dimensional materials exhibit a crossover from indirect to 

direct band gaps when going from bulk to monolayer thickness. This feature 

could be used in heterojunction diodes and flexible thin-film transistors [15-21]. 

A further compelling characteristic is the high sensitive electronic properties of 

2D-atomic crystals that can be tuned under specific growth conditions such as 

external pressure or temperature, which impacts their energy gap. This can 

therefore lead to a semiconducting-metal transition [17, 22]. It has been 

previously reported that the electroluminescence, photoluminescence 

quantum yield, and optical absorbance can be controlled via the variation of 

layer numbers of 2D-semiconducting TMDCs in the visible regime owing to 

excitons interacting with charge carriers [5, 11-16].  

New research suggest that when 2D-layered materials subjected to external 

electric field, they retained their geometric properties [21]. However, they 

exhibited modifications in band gap greater than 100% (i.e. transition from semi 

conducting to conducting) under the influence of an electric field. Hence, these 

promising systems could be useful in electro-optical devices at the nanoscale 

level, operating in the infrared regime [15, 18]. Among the 2D-TMDC inorganic 

materials, MoS2 layered films are of primary interest because of their tunable 

finite band gap and alteration from bulk to single layer. A MoS2 sheet is 

composed of layered S–Mo–S held together with interlayer van der Waals 

bonding, while Mo and S atoms are tethered via strong covalent interactions in 

the basal-plane. Based on experimental observations and theoretical 

evaluations [5, 7, 9], the stability of a  single-layer MoS2 is obtained in the 

hexagonal (2H) semiconducting form with a considerable direct band gap of 

1.8 eV compared to the indirect band gap of 1.3 eV for its bulk counterpart (see 

Fig. 1.2). In a 2D basal plane of these 2D-materials, the motion of electrons is 

free. The direct band gap is represented by a direct transition from the valence 

band maximum and conduction band minimum positioned at the K-point of 

the Brillouin zone (BZ), which is indicated via the visible frequency regime and 

its appropriateness for optoelectronic device functionalities [23-27]. Moreover, 

the materials with electrically tractable optical behaviors, are useful in the 

electro-optical modulators for display screens. The optical constants of most 
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bulk semiconductors were found almost unvaried under the application of an 

electric field [22-24]. In recent times, 2D-layered materials have given rise to 

successors to bulk semiconducting materials due to the possibility of tailoring 

their unique electrical, mechanical, and optical behaviors for several photonic 

applications [28-29]. 

 

       

 

Fig. 1.2: The crystal structure of bulk MoS2 (upper left) and (upper right) monolayer 

MoS2 showing a layer of molybdenum atoms (purple) sandwiched between two layers of sulfur 

atoms (yellow) [visualization of crystal structures with vesta software]. Band structure diagram 

of (lower left) bulk and (lower right) monolayer MoS2 showing the crossover from the indirect 

to direct band gap accompanied by a widening of the band gap, computed by a 

pseudopotential method. Reproduced from Ref. [13]. 

 

From a technological perspective, 2D-materials are promising for the design of 

nanoelectronic devices. The recent fabrication of the first heterostructures are 

described by van der Waals inter-planar interactions, which have been 

examined to elucidate peculiar features and novel phenomena [1]. Various 

layered materials are described by a chemical bond that is strong in the basal-

plane, while interlayers are coupled very weakly [3, 4]. Furthermore, the 

catalytic activity behavior of MoS2 has also been investigated for hydro 

desulfurization procedures and for the evolution of hydrogen reaction [25]. As 

a substitute path, the assembly of isolated atomic planes would also be useful 
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to build-up heterostructures layer by layer with specifically selected 

arrangements, utilizing various materials [26]. For instance, devices have been 

designed that are composed of stacked layers of different 2D-crystals on the top 

of each other akin to LEGO panels, as displayed in Fig. 1.3. 

 

Fig. 1.3: Using 2D-crystals like Lego blocks (right panel), the van der Waals heterostructures 

are built-up. The construction of 2D-crystals of an enormous variety of layered structures is 

feasible. Adapted with permission from Ref. [1], Springer Nature. 

 

To create a 2D-layered crystal, the synthesis and isolation of a single layer, as 

well as a few layers, are feasible by starting from bulk layered materials. These 

layered materials are usually termed as van der Waals materials. The 

modulation capability of isolated single atomic layers and reassembly of them 

to generate heterostructures layer-by-layer with special arrangements, pave the 

way for tremendous possibilities in technological functionality [4, 26-27, 30-35]. 

Different from graphene, the tunable band gap of TMDCs can be achieved from 

the indirect to direct transition simply by altering the number of layers. The 

stacking of 2D-materials on top of each other can produce 3D-materials with 

totally distinct properties, which can be synthesized in a chemical route or by 

etching out 2D-materials and scaling down their dimensionality for the 

generation of one dimensional (1D) nano-structures [27,28]. Moreover, the 2D-

materials can be stacked on top of each other to produce novel materials: 

heterostructure based-2D layered crystals. From the underlying physics and 

applications perspectives, the construction of these 2D-atomic crystals is of 

significant interest. The realization of a tunnel transistor can be achieved via 

the stacking of graphene, hexagonal Boron Nitride (h-BN), and MoS2, giving 
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rise to an exceptional phenomenon, the so-called quantum Hall effect [19, 32]. 

Subsequently, research has focused on alternative 2D-atomic crystals, like 

isolated single-layers and fewer-layered crystals. Unfortunately, several 2D-

atomic crystals are not possible to sustain in the real world owing to their 

corrosion, decomposition, segregation, oxidation and contamination issues [1-

7]. Exceptionally, dichalcogenide semiconductors are successful compounds 

because of their facile exfoliation and tunable band gap from bulk to 

monolayer. Additionally, 2D-atomic crystals based on h-BN, MoS2, and the 

stability of other dichalcogenides, have been demonstrated under ambient 

conditions [11, 26-27, 29, 32], as depicted in Fig. 1.4.  

 

Fig. 1.4: The stability of monolayers is demonstrated under ambient conditions (room 

temperature in air) are shaded green; those likely stable in the inert atmosphere are shaded 

purple; and those potentially stable at ambient conditions are shaded pink. Blue shading 

denotes the successful exfoliation of 3D compounds down to single-layers. Reproduced from 

Ref. [1] 

 

On the other hand, the fabrication of MoS2 films grown onto SiO2 substrate 

could create nano- and atomic-scale MoS2 features. The design of 2D-layered 

MoS2 offers a path to realistic devices with the synthesis and characterization 

of wide-area films at centimeter level. For this reason, we were motivated to 

prepare MoS2 films grown on SiO2/Si substrates using the PLD technique [26, 

27] and to characterize their chemical, electrical and optical properties under 
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the control of certain parameters. Thus, the examination of MoS2 nanocrystals 

grown on the surface of SiO2 substrate would be beneficial for acquiring a full 

understanding of the properties of MoS2 films. Due to the various technological 

applications of MoS2, its band gap can be engineered in the near infrared (NIR) 

regime gaining exceptional electrical features, flexibility, and superior 

transparency [36-38]. Numerous research studies on 2D-layered TMDCs have 

concentrated their attention on n-type MoS2 systems [25-27, 33-35]. A recent 

investigation of n-type MoS2, designed field effect transistors (FETs) based on 

2D-layered MoS2 and illustrated a significant on-off current ratio as well as high 

electron mobility [12, 32] (see Fig. 1.5). For industrial applications, 2D-MoS2 

films are inserted as active layers in the transistors of thin film, where their 

mobilities reach 200 cm2/V.s and an on/off current ratio of 1x108 with a gated 

HfO2 insulator [12, 15]. Recently, MoS2 films grown on polymethyl 

methacrylate (PMMA) substrates achieved hole and electron mobilities of 480 

cm2/V.s and 470 cm2/V.s, respectively [4, 38]. Because of its astonishing layer-

depending band gap character, MoS2 is regarded as a prominent component to 

surmount the shortcomings of graphene, thus providing a feasible solution for 

next-generation electronic applications [3-7, 11]. The fabrication and 

characterization of p-type TMDCs have not been inspected intensively. It is 

thus essential to examine not only devices based 2D-layered TMDCs materials 

with typical p-type character, although the fabrication of highly spatial uniform 

of large-scale of TMDCs materials with p-type character, is required. This can 

be useful for applications, such as integrated solar cells and oxide 

semiconducting materials [6, 15, 18]. Thus, the large-scale growth of TMDCs 

thin films with high uniformity is essential. The utilization of these 2D-

materials considerably diminishes the influence of a short channel without 

affecting the Drain-Induced Barrier Lowering (DIBL) of 10 mV/V [36]. Hence, 

manufacturing applications of 2D-layered MoS2 demand the growth of 

superior quality and large area adaptable films to fabricate devices at an 

acceptable price [26].  

   

Fig. 1.5: The left side representation indicates field effect transistors based on 2D-layered MoS2. 

Reproduced from Ref. [39]. The right side illustration denotes a field effect transistor based on 

2D- layered MoS2 functionalized with a polymer. Reproduced from Ref. [32].  
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1.2     The preparation of MoS2 films on SiO2/Si wafer by pulsed 

laser deposition  

Diverse techniques such as exfoliation, molecular beam epitaxy (MBE), metal-

organic chemical vapor deposition (MOCVD), magnetron sputtering (MS), and 

PLD were reported to be employed previously for the fabrication of monolayer 

or a few layers of MoS2 [6, 7, 17, 19, 25-36]. Exfoliation is a top-down technique 

that offers the growth of monolayer or fewer-layered TMDCs with superior 

quality [3, 6, 17]. It is unsuitable for controlling the thickness and scale-size of 

samples such that the geometrical structure and size of MoS2 film achieved via 

exfoliation have issues. CVD is useful for the fabrication of monolayer or fewer-

layered MoS2. The fabrication of highly homogeneous MoS2 thin films at a 

large-scale has been attempted several times as needed in applications [3, 4, 25]. 

The synthesis of TMDCs based on mechanical and chemical exfoliation 

procedures is used principally for basic characterization [6, 17]. However, they 

are not convenient for devices fabrication in large areas. The synthesis of 

bottom-up, the MBE, MOCVD, MS, and PLD, techniques are successful for the 

production of MoS2 thin film with superior and scalable quality [27-35]. 

Research has faced obstacles in these growing techniques, such as 

contamination, precursor selection, precursor transport and chemical reaction 

control, growth kinetics, and fabrication duration and cost [27-30]. For chemical 

reactions, MOCVD employs metal organic gasses, such as Mo(CO)6 and 

(C2H5)2S responsible for a high level of chemical contamination [6]. MBE is 

effective but at a high-cost for ultra-high vacuum conditions and time 

consumption [28]. The main complication is related to the restriction of 

substrate selection because of the lattice mismatch between substrates and films 

[3]. For instance, magnetron sputtering shows poor crystal quality and surface 

roughness [31]. However, it is necessary to find a straightforward, quick, cost-

effective, highly manageable, scalable, and low contamination growth solution.  

The previous works have been reported to be carried out on the deposition of 

MoS2 films on stainless steel using PLD for tribological functionalities [27, 33-

35]. However, the procedure is based on the increase in sulfur vacancies by 

rising the temperature of the substrate that affects the electrical behavior of 2D-

MoS2 films. The transformation of MoS3 into MoS2 by means of laser annealing 

has also been demonstrated [27, 33]. The procedure of annealing created 

heterogeneous MoS2 films with the insertion of amorphous sulfur into the MoS2 

bulk, which can lead to the production of poor films in terms of device 

fabrication. Therefore, refined-tunable parameters of deposition-based PLD 

and fabrication with an appropriate target, would reduce defects. The chosen 
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parameters of deposition should enable Mo and S species to be organized 

properly on the substrate at an appropriate substrate temperature. The 

synthesis of monolayer or fewer-layered TMDCs has been established by 

numerous groups using PLD technique [26-36]. Recently, MoS2 was deposited 

on various substrates, such as SiO2/Si, GaN (0001), silicon-based substrates, 

Al2O3 (0001), and SiC-6H (0001) within PLD technique [26, 27, 33-36]. The 

deposition of stoichiometric scalable MoS2 films was achieved without 

supplementary preparation of the surface of the substrate. The optimization of 

the growth conditions induces MoS2 layers to buckle and become 

polycrystalline. The nucleation temperature was kept at 400°C to resolve this 

problem and a frequency of around 1 Hz laser ablation was selected. Also, slow 

kinetics is necessary to retain van der Waals layers unaffected by the basic 

substrate in terms of the film crystallinity and to accurately control the decrease 

in MoS2 thickness down to a monolayer [26, 33, 34]. The growth of high quality 

and wide-area 2D-layered MoS2 films are necessary to produce devices with an 

acceptable price for practical functionalities. Among the advantages of PLD 

deposition for MoS2 films [26-28], the ablation of species is usually activated 

through the target along with laser deposition. This can induce an increase in 

the associated chemistry of the film surface growth by diminishing the 

requirement for surface activation. During the PLD procedure, stoichiometry 

is passed on from the target onto the substrate such that the crystallinity of the 

deposited film is similar to the target [35]. 

For this reason, in the first part of this dissertation, we investigate the 

fabrication of MoS2 films on the centimeter scale on SiO2/Si substrates using 

PLD as the deposition technique. Various characterization techniques are used 

to examine the resulting MoS2 films deposited on SiO2/Si under various 

deposition gas pressures. The control of film thickness and surface roughness 

was achieved via atomic force microscopy (AFM) measurements. The 

interaction between the surface of the MoS2 film and the SiO2/Si substrate could 

generate defects that affect the structural and optical properties of MoS2 films. 

Our inspections enabled us to investigate important features, such as the 

relationship between the basal plane surface of MoS2 films and the SiO2/Si 

substrate, resulting through the deposition of MoS2 nanocrystals on a SiO2 

substrate surface layer. The impact of MoS2–SiO2 interaction is probed via 

structural and optical characteristics, while the SiO2/Si substrate would affect 

the optoelectronic properties of MoS2 films. Moreover, the impact of both sulfur 

and disulfur vacancies defects on the electronic structure and optical 

characteristics of 2H-MoS2 monolayers were analyzed using first-principle 
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calculations. Interestingly, an increase in S-vacancy in MoS2 monolayers can be 

used to engineer the optical characteristics of this fascinating 2D material. 

 

1.3     Two-dimensional janus MoSSe monolayer properties 

A new representative of TMDC atomic structure was revealed, which has a 

structural geometry made of unconventional asymmetric sandwiched layers 

that is particularly different from heterojunction system [39, 40-44]. Termed 

“janus”, SMoSe is composed of three atomic layered forms, such as, sulfur, 

molybdenum and selenium from the top to the bottom, as displayed in Figs. 

1.6-1.7. Janus SMoSe possesses an asymmetry pattern along the c-axis, different 

from its random alloying SMoSe allotrope [40, 41]. A MoS2 single-layer contains 

the three-layer structure, by sandwiching the atomic layer of Mo between two 

S atomic layer sheets. Single-layer MoS2 displays various polymorphs, relying 

on the organization of S atoms on both sections of Mo atoms. The 

superimposition of 2H-MoS2 is composed of two layers of S atomic species (Fig. 

1.6) [42, 43]. Very recently, the synthesis of janus MoSSe single-layer has been 

realized experimentally through the replacement of one of the two layers of S 

with Se species by sulfurizing MoSe2 monolayer in a plasma treatment [42-44]. 

Interestingly, the breaking of structural symmetry has a significant influence 

on the electronic band structures of 2D-layered materials. Previously, various 

attempts have been made to break the in-plane structural symmetry of 

graphene on AB-stacking bilayers under the impact of electric fields or 

heterostructures of stacking van der Waals [1, 4, 40-42]. Conversely, 2D-layered 

TMDCs materials are described by a semiconducting behavior with an intrinsic 

asymmetry in-plane. This can yield a direct band gap transition and give 

exceptional optical properties as well as tremendous potential functionalities 

in optoelectronic devices [1, 3, 4, 39, 40-44]. Except for their asymmetric 

inversion parallel to the plane, a further freedom degree that enables tunable 

spin, would be achievable through the breaking of mirror symmetry 

perpendicular to the plane under the application of an electric field. A 

procedure to synthesize the growth of TMDCs janus monolayers has been 

performed via the breaking of symmetry perpendicular to the plane [39, 43-44]. 

Particularly, in MoS2 single-layer, the upper layer of S atomic species was 

replaced with Se anion elements. 
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Fig. 1.6: A representation of the structural geometry of the eight-primitive cell of a SMoSe janus 

monolayer shown as a top view and side view. Molybdenum, sulfur and selenium atoms are 

described by the purple, yellow and green spheres, respectively. Reproduced from ref. [42].  

 

Fig. 1.7: The mechanism of reaction suggested for the sulfurization of MoSe2 monolayer grown 

on a SiO2/Si substrate at various temperatures. Van der Waals bonding represents the 

interaction between the monolayer and the substrate. Reproduced from Ref. [42]. 

 

The preparation of mono-crystalline MoS2 single-layers with triangular shapes 

was performed on sapphire substrate c-plane employing CVD [43]. In order to 

break the Mo-S bonds at surface, it is necessary that the plasma powder attains 

its maximum value with the preservation of the fundamental 2D-layered Mo-S 

structure. Subsequently, the production of remote plasma through molecules 
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of hydrogen does the function better than through heavily molecules, like 

argon, which simply damages the 2D-layered structure. The temperature of 

selenization has a major contribution, while the substrate temperature must be 

maintained at 300 °C for the formation of Mo-Se bonding but not exceeding 450 

°C [43]. This can lead to the formation of a structurally stable janus MoSSe 

monolayer, while Mo atoms are bonded in a covalent manner to the associated 

sulfur and selenium atoms of the lower-layer and upper-layer, respectively (see 

Fig. 1.8). Based on previous scanning transmission electron microscopy (STEM) 

and X-ray photoelectron spectroscopy (XPS) measurements, the atomic 

structure of a janus MoSSe monolayer has been determined. The occurrence of 

vertical dipoles has been demonstrated via piezo responsive force atomic 

microscopy and second harmonic generation measurements [42, 43].  

  

 

Fig. 1.8: The deposition of MoS2 monolayer was grown via chemical vapor deposition by 

exposure to H2 plasma and striping the top-layer of sulfur. After switching off the plasma, a 

quartz boat was loaded with selenium powder and moved to the sample chamber without 

breaking vacuum. Thereafter, thermal vaporization of selenium powders resulted in 

selenization and the preparation of Janus MoSSe monolayers. Reproduced from Ref. [43]. 

 

This triggers our motivation to carry out first-principles calculations for 

exploring the electronic band structures and density of states for pure and 

anion co-doped janus MoSSe monolayers. Furthermore, the optical spectra of 

MoSSe, such as optical absorption, reflectivity and energy loss function are 

computed, which are affected by non-metallic co-doping of the janus MoSSe 

monolayer. Our theoretical study could serve for further experimental work to 

tune the electronic and optical properties of janus MoSSe monolayers under a 

co-doping effect. Anion co-doping into a janus MoSSe monolayer can be used 

to enrich the intrinsic features of novel 2D monolayer materials in 

optoelectronic device applications [40-42].  
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1.4     Thesis outline 

This thesis focuses on both experimental and theoretical investigations to 

reveal the various physical properties of MoS2 films, as one of the most 

promising systems of the TMDCs family of 2D-materials.  

The first chapter reviews the importance of 2D-materials since the discovery of 

graphene. Accordingly, the various chemical and physical properties of MoS2 

system are provided, which is as a 2D-layered TMDC material. Hereafter, the 

contribution of different technological applications of 2D-layered MoS2 

material is described. Numerous experimental techniques useful for the 

preparation of MoS2 films are discussed. Thereafter, the preparation method 

for a janus MoSSe monolayer is described briefly along with its 

characterization.  

In the second chapter, the theoretical methodology used for the calculations of 

structural, electronic and optical properties of the systems under study is 

described. An outline of the Hohenberg and Khon theorem, Kohn-Sham 

equations, density functional theory (DFT) with local density approximation 

(LDA), generalized-gradient approximation (GGA), and hybrid functional for 

the exchange and correlation terms, are given. Next, the pseudopotential 

method is described thoroughly.  

The third chapter provides information on the sample preparation, 

experimental setups, and characterization techniques applied throughout the 

thesis. The characterization techniques include the field emission-scanning 

electron microscopy (FE-SEM), UV-NIR spectroscopy, X-Ray photoelectron 

spectroscopy (XPS), X-Ray diffraction (XRD), Fourier transform infrared 

absorption spectroscopy (FTIR), atomic force microscopy (AFM), and 

photoluminescence spectroscopy (PL). Moreover, this chapter discusses the 

materials and devices fabrication techniques that are used in the preparation of 

the films. In addition, the steps of samples preparation using PLD procedures 

are described. 

Chapter four represents the structural and optical characterization of MoS2 

films prepared via PLD. Structural morphologies are characterized employing 

AFM and FE-SEM techniques. Based on these measurements, the interaction 

between MoS2 films and SiO2/Si substrate was examined to reveal the type of 

interactions between Mo-O on the films surface under the variation of Ar-gas 

pressure. The effect of sulfur vacancy defects on the electronic structure and 

optical behavior of MoS2 sheets was examined by first principle calculations. 

Variations in the optical absorption spectra in defective MoS2 monolayers, 
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imply preferred optical transitions for ultimate photovoltaic energy conversion 

for solar cell and optoelectronic devices applications.  

Chapter five describes the investigation of the structural, electronic, and optical 

properties of pure and chemically codoped janus MoSSe monolayers with some 

selected halogen and sp-elements (N/P, P/As, C/Si, and F/F) instead of S/Se 

atomic sites.  In light of the increasing interest in this 2D material, precise first-

principle calculations are conducted in order to examine the electronic band 

structures, and optical spectra of the pure and codoped janus MoSSe 

monolayers. The effect of anion codoping elements into the host janus MoSSe 

monolayer was probed. Also, the optical absorption features illustrated that the 

janus MoSSe single-layer may spectrally alter between the visible (Vis) to NIR 

regime of the incident light when it is codoped with (N/P, P/As, C/Si, and F/F) 

anion atoms. The electronic and optical properties of these systems are 

appealing for several functionalities of novel low-dimensional devices, like 

light emitters, detectors, optoelectronics, and photovoltaic devices. Finally, a 

conclusion summarized the main results of the thesis. 
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Chapter 2 

 

Theoretical method 

 

 

2.1     Introduction 

This chapter describes in detail the implementation of first-principles 

methodology to investigate the electronic structure of new complex materials. 

The most fascinating features of condensed matter physics are associated with 

electrons, such as electronic band structures, optical absorption spectra, 

transport properties, and so forth. For a detailed understanding of material 

properties and phenomena at the atomic scale, ab-initio methods are essential 

[1, 2]. To explore and understand the electronic structure behavior of materials, 

one must consider a large number of degrees of freedom to describe a large 

number of electrons and atomic cores, while the many-body Schrödinger 

equation is required to be solved for interacting electrons and nuclei in a solid 

[3, 4]. In practice, most quantum mechanics problems involving many-body 

theory, are either impossible to solve or very difficult. Hence, the electronic 

structures of solids, represent a great challenge owing to the presence of a large 

number of electrons in materials [2, 4], which is in the order of 1023 according 

to Avogadro's number. While a variety of approximations have been 

developed for simplifying the physical problem [5, 6], it is possible to solve the 

electronic structure equations with precision. The study of the electronic 

properties of molecules and solids has led to the development of many theories. 

Density functional theory (DFT) is the most prominent and commonly 

employed of these theories [2-6]. 

Currently, DFT is recognized as a powerful tool for calculating the quantum 

states of atoms, molecules, and solids. An earlier approximated formulation of 

DFT was conceptualized by Thomas and Fermi in terms of a gas of 

inhomogeneous electron immediately after the development of quantum 

mechanics in 1927 [1]. To obtain the total energy functional self-consistently, it 

was necessary to neglect the electron exchange and correlation between 

electrons. In this context, the electronic density was utilized as a variable rather 

than electron coordinates, which greatly simplifies the reduction of the 3N 

dimensional system equation. Their results were not sufficiently precise 
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because the interaction between electrons was neglected [1]. Yet, the DFT was 

proposed to solve the many-body problem. Hohenberg, Kohn, and Sham 

demonstrated that the DFT of a quantum ground state was superior to the 

Thomas-Fermi formulation as well as Hartree-Fock theories [2]. The total 

energy was expressed in terms of a universal density functional to determine 

the electronic ground state in the presence of an external potential. In 1965, 

Kohn and Sham formulated a self-consistent procedure for DFT applications to 

the atomic and solid-state calculations [3-5]. All the many-body effects were 

involved in the exchange-correlation energy functional. Hence, the derivations 

of Kohn-Sham (KS) variational equations were minimized for the energy 

functional to obtain single-particle equations. A local exchange-correlation 

potential term 𝑉𝑥𝑐  was generated for the many-body effect along with the 

Hartree term [6].  

One of the major challenges is how to determine the proper form for the 

exchange-correlation term. Thus, the two preferred approximations, known as 

the local density approximation (LDA) and the generalized-gradient 

approximation (GGA), were suggested [6-8]. The overall space integration was 

carried out in terms of density exchange-correlation for the exchange-

correlation energy. In the context of the LDA over each point with a similar 

density, the exchange-correlation energy density resembles that of a 

homogeneous electron gas. The GGA is proposed as a more precise technique 

for the inclusion of gradient terms of the local density. Several forms have been 

suggested for this term, including Becke (B88) [6], Perdew and Wang (PW91) 

[7], and Perdew, Burke, and Enzerhof (PBE) [8]. The aforementioned KS 

equation needs to be solved self-consistently [5]. By employing the 

approximations LDA or GGA for the exchange and correlation potential, it is 

feasible to conjecture an electronic charge density of the system for determining 

the KS potential. Using the outcome single-particle wavefunctions, a new 

charge density will be generated in order to find a new KS potential, and so on 

[6]. A converged result can eventually be reached after several iterations. It is 

remarkably efficient to implement this self-consistent technique into computer 

programs [9]. Therefore, first-principle methods are now widely used for DFT 

calculations as a standard practice [4-8]. The LDA and GGA are able to 

efficiently describe the ground-state properties of atoms, molecules, and solids 

[10] despite their simplified solutions. The bulk modulus, lattice constant, and 

cohesive energy of solids are commonly evaluated within a few percent of the 

experimental values [9, 10]. As formalized, KS orbitals and eigenvalues are 

considered as mathematical implementations of the summations of squared 

eigenfunctions up to the density of local ground state [11]. Alternatively, the 
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comparison between the KS eigenvalues and the electronic energy spectrum is 

possible via experimental measurements. The underestimated energy gap of 

KS eigenvalues seems an issue when compared with the experimental band 

gap of solids [12]. This is the well-recognized band gap issue of LDA and GGA 

forms. Practically, the corrections of LDA or GGA energy gap are possible by 

incorporating the correction of electron self-energy to the exchange-correlation 

potential [13]. 

In this chapter, a brief review of the theoretical concepts of first-principles 

calculations will be represented that are based on the present simulated 

investigations. The organization of this chapter is as following; an introductory 

review of DFT is discussed in the next section. A demonstration of the 

Hohenberg-Kohn theorem and a derivative of the KS equation are presented in 

terms of LDA. Reviews of pseudopotentials are described in the subsequent 

section.  

 

2.2     Density functional theory  

The theory of correlated many-body systems is described in the framework of 

density functional theory (DFT). The effective solution of the Schrödinger 

equation delineates the calculation scheme for complex many-body systems 

based on first principles. The first principles-terminology further recognized as 

ab initio, the Latin terminology means from the beginning, yields a 

methodology totally based on quantum mechanics laws, such that empirical or 

semi-empirical parameters are not required in the calculations. Hence, this 

approach can yield precise predictions for material behaviors to corroborate 

experimental results [11, 12]. The approaches for the structural, electronic, and 

optical behaviors of materials utilized in the current investigations are based 

solely on parameter-free DFT [5, 6]. The key factor of this theory is to predict 

the ground-state behavior of a material containing many interacting particles 

as a ground-state density functional.  

 

2.2.1     The many body problem 

Any material contains atoms and molecules, which consecutively form 

electrons and nuclei. The description of these materials hence yields a mutual 

interaction between the electrons and nuclei. The Hamiltonian operator of the 

system is expressed as: 

                �̂�𝑒𝑛 = �̂�𝑒 + �̂�𝑛 + �̂�𝑒𝑒 + �̂�𝑒𝑛 + �̂�𝑛𝑛                                                             (2.1) 
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The terms that are incorporated in the Hamiltonian of the system are indicated 

by the electron kinetic energy �̂�𝑒 , nuclear kinetic energy �̂�𝑛 , the potential of 

electron-electron interaction �̂�𝑒𝑒 , the potential of electron-nuclear interaction 

�̂�𝑒𝑛, and the potential of nuclear-nuclear interaction �̂�𝑛𝑛. 

In the non-relativistic scheme, the explicit time-independent Hamiltonian of 

the system �̂�𝑒𝑛 is developed via the energies of the system 𝐸𝑖
𝑒𝑛 and the many-

body wavefunction 𝜓𝑖
𝑒𝑛  that represents the states of the system. The 

Hamiltonian of the system is provided formally by: 

               �̂�𝑒𝑛𝜓𝑖
𝑒𝑛({𝑹𝑛}; {𝒓𝑒}) = 𝐸𝑖

𝑒𝑛𝜓𝑖
𝑒𝑛({𝑹𝑛}; {𝒓𝑒})                                            (2.2) 

The many-body 3N variables wavefunctions, is denoted with 𝜓𝑖
𝑒𝑛({𝑹𝑛}; {𝒓𝑒}) =

𝜓𝑖
𝑒𝑛(𝑹1, 𝑹2, 𝑹3, …… . . , 𝑹𝑁;  𝒓1, 𝒓2, 𝒓3, …… . . , 𝒓𝑁). The decoupling of the degrees 

of freedom of nuclei {𝑹𝑛}  from the degrees of freedom of electrons {𝒓𝑛} is 

carried out via the Born-Oppenheimer approach [12], which neglects the 

electron coupling to the nuclear motion because of the relatively “sluggish” 

motion of the nuclei irrespective of the electrons.  Thus, Equation (2.1) is 

divided into nuclear and electronic terms:                                                     

               �̂�𝑒𝑛 = �̂�𝑛 + �̂�𝑛𝑛 + �̂�𝑒 + �̂�𝑒𝑒 + �̂�𝑒𝑛                                                                  (2.3) 

 

This enables us to separate variables by solving one Schrödinger equation for 

the nuclei and the remaining equation provides the electrons behavior. 

Thereupon, the wavefunction of the total system 𝜓𝑖
𝑒𝑛({𝑹𝑛}; {𝒓𝑒}) is factorized 

in a nuclear and an electronic term, which is described from a product-ansatz:  

                𝜓𝑖
𝑒𝑛({𝑹𝑛}; {𝒓𝑒}) = 𝜓𝑖

𝑛({𝑹𝑛})𝜓𝑖
𝑒({𝒓𝑒})                                                   (2.4) 

Schrödinger equations are hereby written for nuclear and electronic parts by 

the following forms: 

                �̂�𝑛𝜓𝑖
𝑛({𝑹𝑛}) = 𝐸𝑖

𝑛𝜓𝑖
𝑛({𝑹𝑛})                                                                   (2.5) 

                �̂�𝑒𝜓𝑖
𝑒({𝒓𝑒}) = 𝐸𝑖

𝑒𝜓𝑖
𝑒({𝒓𝑒})                                                                (2.6) 

Overall, the nuclei are regarded as classical particles, while the coupling of the 

electrons to the nuclei is expressed in Coulomb interaction solely. The primary 

quantum mechanical problem hence simplified to solve Schrödinger equation 

for electrons motion in the electrostatic potential produced through the nuclei:  

               �̂� 𝜓𝑹𝑛({𝒓𝑒}) =  𝐸𝑖𝜓𝑹𝑛({𝒓𝑒})                                                                       (2.7) 

The indices that are employed in the above equation are associated with the 

separation of electrons/nuclei, although solely the electronic problem remains. 

 �̂�𝑛  �̂�𝑒 
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It is noticeable that both the electronic Hamiltonian and its corresponding 

wavefunction are dependent implicitly on the coordinates of nuclei {𝑹𝑛}. The 

nuclei are assumed to be frozen at fixed positions, while the electrons are 

considered in instantaneous equilibrium with them and the {𝑹𝑛}  are 

represented parametrically (eq. 2.7). According to this approximation, the 

motion of a collection of N interacting negative particles is subject to the 

external potential of the nuclei. Hence, the system describes again a many-body 

problem. Numerous methods have been established for the solution of this 

equation to the proper level of exactitude. Among the most popular 

methodologies, are represented by the Hartree-Fock (HF) method and its 

advanced form recognized as post-HF methods [13]. A remarkable 

advantageous and broadly useful one is denoted by DFT. This formalism 

indicates the ingredient of all the methodologies employed in the current study 

and is hence analyzed thoroughly in the next coming sections. 

 

2.2.2     The Hohenberg-Kohn theorems 

In a many-body problem, only the N interacting electrons represent the major 

contribution to the system [3], although the nuclei are frozen and are 

considered external to the electron cloud. In an external potential, we consider 

a system of N interacting electrons in a ground state. The kinetic energy term 

of nuclei is selected to be zero and the last term becomes constant (eq. 2.1). 

Then, the potential energy term corresponding to the electron-electron 

interactions and the electrons potential energy in the external potential of the 

nuclei are the main players in the system. Here, the kinetic energy part of the 

electron gas is kept in the system. In this approximation, the Hamiltonian form 

is provided to solve the electronic problem in the external potential 𝑉𝑒𝑥𝑡 of fixed 

nuclei: 

               �̂� = �̂� + �̂� + �̂�𝑒𝑥𝑡                                                                                        (2.8) 

�̂�  indicates the operator of electron kinetic energy, and �̂�  represents the 

Coulomb interaction between the electrons.  Here, the electron kinetic energy 

and potential energy of electron-electron interaction terms are treated in a 

many-electron system. The operator �̂�𝑒𝑥𝑡  denotes the system-dependent 

external potential that involves the potential produced via the nuclei. The 

Hamiltonian solution is unambiguous from the external potential and from the 

total number of electrons N in the system. Therefore, Hohenherg and Kohn [2] 

recognized that the issue of the Schrödinger equation solution can be suitably 
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formulated by employing the electronic density 𝑛(𝒓) . In this regard, this 

equation is yet formally precise. The electronic density is represented by: 

              𝑛(𝒓) = 𝑁∫𝑑3𝒓2 ∫𝑑
3𝒓3…∫𝑑

3 𝒓𝑁𝜓
∗(𝒓1, 𝒓2, … , 𝒓𝑁)𝜓(𝒓1, 𝒓2, … , 𝒓𝑁)     (2.9) 

The normalization of the wavefunctions demands the retrieving of the total 

number of electrons N repeatedly through the electron density 𝑛(𝒓) as:  

               𝑁 = ∫𝑑𝒓 𝑛(𝒓)                                                                                            (2.10) 

Hohenberg and Kohn illustrated that eq. (2.9) cannot be inverted. This signifies 

that from a provided ground-state density n0(𝒓), to evaluate the respective 

ground-state wavefunction 𝜓0(𝒓1, 𝒓2, … , 𝒓𝑁). At first sight, it is not feasible that 

the function of one variable r could be analogous to a function of N variables 

𝒓1, 𝒓2, … , 𝒓𝑁. Based on the following theorems, knowing 𝑛0(𝒓)  implies much 

more than simply knowing the initial guess of an arbitrary density. The two 

Hohenberg and Kohn theorems are at the core of DFT and are directly cited 

here without providing a demonstration [2].  

Theorem I: "In a system that involves interacting particles in some external potential, 

the external potential 𝑉𝑒𝑥𝑡 is expressed by an explicit functional of the ground-state 

electron density 𝑛0".  

As a result, the electron charge density 𝑛0 in conjunction with the total number 

of electrons N determines the wavefunctions explicitly. The formulation of total 

energy of a system can be written in terms of charge density functional 

referring to  

               𝐸[𝑛(𝒓)] = 𝑇[𝑛(𝒓)] + 𝑉[𝑛(𝒓)] + 𝑉𝑒𝑥𝑡[𝑛(𝒓)]                                          (2.11) 

               = 𝐹𝐻𝐾[𝑛(𝒓)] + ∫𝑑𝒓  𝑉𝑒𝑥𝑡(𝒓). 𝑛(𝒓)                                                         (2.12) 

where 𝑇[𝑛(𝒓)]  and 𝑉[𝑛(𝒓)]  indicate electronic kinetic energy and electronic 

potential energy, respectively. 𝑉𝑒𝑥𝑡[𝑛(𝒓)]  represents the electronic potential 

energy because of the external potential. According to eq. (2.12), Hohenherg 

and Kohn proposed the internal-energy functional 𝐹𝐻𝐾[𝑛(𝒓)] . Because it is 

independent of 𝑉𝑒𝑥𝑡, the ground-state wavefunction 𝜓0 may be defined as an 

antisymmetric N-particle wavefunction that minimizes 𝐹𝐻𝐾[𝑛(𝒓)]  and 

reproduces 𝑛0[2]. 

The second theorem is indicated via the variational principle as:  

Theorem II: "In any external potential, a universal energy functional F[n] is present. 

The minimized energy functional indicates the ground state energy for any particular 
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external potential, while the minimized functional by the density represents the ground 

state density 𝑛0". 

According to these two theorems, the ground state electron density can be 

always determined from the minimization of the total energy functional at 

some external potential.  No approximations are needed in the two theorems 

that are formally equivalent. The only thing that is drastically reduced is the 

complexity of the equations to be solved. The form of the universal energy 

functional is expressed as: 

               𝐸[𝑛] = 𝐹𝐻𝐾[𝑛] + ∫𝑑𝒓 𝑉𝑒𝑥𝑡(𝒓). 𝑛(𝒓)                                                           (2.13) 

These two theorems enable the use of the electron density 𝑛(𝒓)  instead of the 

wavefunctions 𝜓(𝒓𝑖).  The calculated wavefunction considers 

straightforwardly 3N degrees of freedom, which is yet expensive in 

computational resources for a relatively large system [11, 13]. It is, therefore, 

useful to employ 𝑛(𝒓) because of its dependence solely on three coordinates. 

The demonstration of both theorems was achieved for non-degenerate and 

degenerate ground states [14].  

 

2.2.3     The Kohn-Sham equations 

The KS approach is much more appropriate [2], which utilizes a special kind of 

single-particle wavefunction in addition to the charge density. The Schrödinger 

equation can be handled as a single-particle problem, whilst many-body effects 

are still taken into account from the exchange-correlation functional. There are 

many ways to implement DFT, but the minimization of an explicit energy 

function 𝐹𝐻𝐾[𝑛] is commonly not very effective [14]. 

First, the decomposition of the functional 𝐹𝐻𝐾[𝑛] is expressed as: 

               𝐹𝐻𝐾[𝑛] = 𝑇𝑠[𝑛] + 𝑉𝐻[𝑛] + 𝐸𝑋𝐶[𝑛]                                                           (2.14) 

The kinetic energy of a non-interacting electron gas is characterized by 𝑇𝑠[𝑛] 

and 𝑉𝐻[𝑛] represents Hartree energy: 

               𝑉𝐻[𝑛] = ∬𝑑𝒓 𝑑𝒓′
𝑛(𝒓)𝑛(𝒓′)

|𝒓−𝒓′|
                                                                     (2.15) 

The remaining interacting terms, such as 𝑇 − 𝑇𝑠 and 𝑉 − 𝑉𝐻 are combined into 

the exchange-correlation term 𝐸𝑋𝐶 . For non-interacting particles, the 

summation over the separated kinetic energies of each particle is represented 

by the kinetic energy 𝑇𝑠. However, the expression of 𝑇𝑠[𝑛] can be written in the 
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form of the single-particle wave-functions of a non-interacting system with the 

density 𝑛 by using the following equation:  

               𝑇𝑠[𝑛] = −
ℏ

2𝑚
∑ ∫𝑑3𝒓ϕ𝑖

∗(𝒓)∇2𝜙𝑖(𝒓)𝑖                                                      (2.16) 

𝑇𝑠[𝑛] is defined by an explicit functional of the 𝜙𝑖 because all 𝜙𝑖 are functionals 

of 𝑛.  In this case, solely an implicit functional of 𝑛  is given by 𝑇𝑠[𝑛] =

𝑇𝑠[{𝜙𝑖[𝑛]}] . Hence, a straightforward minimization of 𝐸[𝑛] = 𝐹𝐻𝐾[𝑛] + 𝑉𝑒𝑥𝑡 

with respect to the density 𝑛 is unrealizable. Then, Kohn and Sham proposed a 

method for resolving this issue that enables the required minimization in an 

indirect manner [13]:  

               

{
 
 

 
 

𝛿𝐹𝐻𝐾[𝑛]

𝛿𝑛(𝒓)
= 0

=
𝛿𝑇𝑠[𝑛]

𝛿𝑛(𝒓)
+
𝑉𝐻[𝑛]

𝛿𝑛(𝒓)
+
𝐸𝑋𝐶[𝑛]

𝛿𝑛(𝒓)
+

𝑉𝑒𝑥𝑡

𝛿𝑛(𝒓)

=
𝛿𝑇𝑠[𝑛]

𝛿𝑛(𝒓)
+ 𝑉𝐻(𝒓) + 𝑉𝑋𝐶(𝒓) + 𝑉𝑒𝑥𝑡(𝒓)

                                                      (2.17)                                                                                                                                                                                                                                             

Let us consider a system of non-interacting particles moving in an effective 

potential. A similar kind of minimization can be carried out in a much easier 

manner because the Hartree and exchange-correlation terms are associated 

with the density:  

                
𝐸𝐻[𝑛]

𝛿𝑛(𝒓)
=

𝑇𝑠[𝑛]

𝛿𝑛(𝒓)
+

𝑉𝑠[𝑛]

𝛿𝑛(𝒓)
=

𝑇𝑠[𝑛]

𝛿𝑛(𝒓)
+ 𝑉𝑠(𝒓) = 0                                                 (2.18) 

This equation can be resolved via the density 𝑛𝑠(𝒓). In comparison with eq. 

(2.17) it is notable that both minimization issues imply the indistinguishable 

solution 𝑛𝑠(𝒓) ≡ 𝑛(𝒓) if the effective potential 𝑉𝑠(𝒓) is selected as: 

                𝑉𝑠(𝒓) = 𝑉𝐻(𝒓) + 𝑉𝑥𝑐(𝒓) + 𝑉𝑒𝑥𝑡(𝒓)                                                           (2.19) 

Firstly, Hohenberg and Kohn (HK) simplified the problem for resolving the 

many-body Schrödinger equation to the minimization problem of the total 

energy functional 𝐸[𝑛] with respect to 𝑛(𝒓). Yet, Kohn and Sham simplified the 

minimization of 𝐸[𝑛] by resolving the single-particle Schrödinger equation for 

a non-interacting particles system in a motion of an effective potential 𝑉𝑠(𝒓). 

Hence, the wavefunctions fulfill the single-particle Schrödinger equation as: 

               [−
ℏ2∇2

2𝑚
+ 𝑉𝑠(𝒓)]𝜙𝑖(𝒓) = 휀𝑖𝜙𝑖(𝒓)                                                              (2.20) 

Now it is feasible to generate the precise density 𝑛(𝒓) of the original many- 

body problem, 

                𝑛(𝒓) ≡ 𝑛𝑠(𝒓) = ∑ 𝑓𝑖|𝜙𝑖(𝑟)|
2

𝑖                                                                    (2.21) 

! 

! 
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where 𝑓𝑖 represent the occupations of the wavefunctions 𝜙𝑖. Eqs. (2.19)-(2.21) 

are recognized as the KS equations. The solution of KS equations is therefore a 

nonlinear problem since 𝑉𝐻 and 𝑉𝑥𝑐 are dependent on n, which in turn depend 

on 𝜙𝑖  and 𝑉𝑠(𝒓). This leads to a self-consistent approach to solving the problem.  

Starting with an initial conjuncture for 𝑛(𝒓) demands the calculational term of 

𝑉𝑠(𝒓) and the solution of the Eq. (2.20) to acquire the 𝜙𝑖. Subsequently, a new 

density can be evaluated from Eq. (2.21) and the repetitive cycle stops at its 

convergence. After accomplishing a converged solution, the total energy can be 

calculated from: 

         𝐸0 = ∑ 휀𝑖 −
𝑞2

2
∫𝑑3𝒓∫ 𝑑3𝒓′

𝑛0(𝒓)𝑛0(𝒓
′)

|𝒓−𝒓′|
− ∫𝑑3𝒓𝑉𝑋𝐶(𝒓)𝑛0(𝒓) + 𝐸𝑋𝐶[𝑛0]𝑖      (2.22) 

which is analogous to Eq. (2.11). It is well-recognized that 𝐸0 is not merely a 

summation over all 휀𝑖. This is due to the fact that the 휀𝑖 are not the eigen-values 

of the original many-body issue, but of an auxiliary single-particle issue. They 

are hence totally artificial objects. Likewise, the N-particle wavefunction 𝜓 does 

not match the wavefunction of the non-interacting KS system. Hence, the 

ground-state electron density 𝑛0 and the total energy 𝐸0 are formally correct 

only if they have a strict physical meaning.  

 

 

Fig. 2.1: Flow chart for resolving the self-consistent procedure of the Kohn-Sham equation. 
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Therefore, the calculations of various physical properties of materials can be 

approximated using the KS eigenvalues 휀𝑖. An auxiliary single-particle issue 

can be a good approximation in many cases. This approach can be justified 

through the perspective of the DFT scheme via a mean-field theory (with a very 

refined mean-field 𝑉𝑠(𝒓)). The KS eigenvalue calculations are actually used in 

most band structure calculations of solid-state physics (see Fig. 2. 1). Even 

though this approach was proved to be highly effective, not all resulting errors 

can be overlooked [9]. 

 

2.2.4     Exchange-correlation functionals   

Principally, the KS equations enable the precise calculation of ground-state 

energy and density. For practical applications, it is necessary to approximate 

the exchange-correlation (XC) term that is still unknown (even though the 

density functional is ensured from the HK theorems). Commonly, 𝐸𝑋𝐶  is 

divided into two terms: 𝐸𝑋𝐶 = 𝐸𝑋 + 𝐸𝐶 . No precise formulation for 𝐸𝐶  is 

recognized, neither in terms of the 𝜙𝑖 nor 𝑛, whilst 𝐸𝑋 can be written precisely 

at least in terms of the wave-functions of individual-particle 𝜙𝑖 . The self- 

interaction correction is added to the Hartree term 𝑉𝐻  and the difference 

between the kinetic energy as well as its non-interacting term 𝐸𝑋𝐶 comprises 

the overall many-body problem:  

               𝐸𝑋𝐶[𝑛] = (𝑉[𝑛] − 𝑉𝐻[𝑛]) + (𝑇[𝑛] − 𝑇𝑠[𝑛])                                          (2.23) 

For an exact knowledge of 𝐸𝑋𝐶, the many-body problem would again need to 

be solved precisely. The Hartree electrostatic potential and electron-electron 

potential are normally related to the densities. Essentially, the adiabatic 

connections approximation enables one the deduction of two significant 

properties for the rigorous 𝑋𝐶  functional, which in turn allows reasonable 

approximations derivation for 𝐸𝑋𝐶  [3]. The approaches and proofs of these 

properties are provided thoroughly in Ref. [14].  

Defining some of the constraints requires a different viewpoint to the electron 

density interpretation. This representation can be interpreted as a hole in an 

electron caused by the exchange and correlation effects, which keeps the other 

electrons from interacting with each other. 𝐸𝑋𝐶 builds solely upon the average 

density of a spherical exchange-correlation 𝑛𝑋𝐶 : 

               𝐸𝑋𝐶[𝑛] =
1

2
∫𝑑𝒓  𝑛(𝒓)∫ 𝑑𝒙  4𝜋𝑥𝑛𝑋𝐶

𝑠𝑝 (𝒓, 𝒙)
∞

0
                                       (2.24) 

with 
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                𝑛𝑋𝐶
𝑠𝑝 (𝒓, 𝑥) =

1

4𝜋
∫ 𝑑𝒓′�̅�𝑋𝐶(𝒓, 𝒓

′),    Ω = |𝒓 − 𝒓′| = 𝑥
Ω

                           (2.25) 

Here, the two-electron density 𝑛𝑋𝐶
𝑠𝑝 (𝒓, 𝒙)  is denoted by a pair correlation 

function that is related to the density 𝑛(𝒓) of determining an electron in 𝑑𝒓 and 

�̅�𝑋𝐶(𝒓, 𝒓
′) represents the conditioned density of determining an electron in 𝑑𝒓′, 

provided that one exists at r. Subsequently, an approach that is reproducible 

for a rigorous density of spherical average 𝑋𝐶 , is enough to also precisely 

evaluate 𝐸𝑋𝐶. 

Since the exchange-energy functional becomes dependent on the hole exchange 

density, it is constrained to negative values. This leads to the constraint for the 

exchange-correlation hole density sum rule. As a result of the electron density 

limitations, from Eqs. (2.24)-(2.25), the densities of the exchange-correlation 

holes reflect an electron missing from the remaining system at r. 

Integration of �̅�𝑋𝐶  upon 𝒓′ implies the sum rule: 

               ∫𝑑𝒓′ �̅�𝑋𝐶 = ∫𝑑𝒓′𝑛(𝒓′)ℎ̅(𝒓, 𝒓′) = −1                                                       (2.26) 

Hence, the 𝑋𝐶  interaction shifts precisely one electron through the 𝒓 

environment. This aspect is termed as 𝑋𝐶-hole. The averaging density �̅�(𝒓, 𝒓′), 

the pair-distribution function ℎ̅(𝒓, 𝒓′)  and hence the averaging 𝑋𝐶 -density 

�̅�𝑋𝐶(𝒓, 𝒓
′) are denoted as: 

               �̅�(𝒓, 𝒓′) = 𝑛(𝒓)𝑛(𝒓′)(1 + ℎ̅(𝒓, 𝒓′))                                                          (2.27) 

               �̅�𝑋𝐶(𝒓, 𝒓
′) = 𝑛(𝒓′)ℎ̅(𝒓, 𝒓′)                                                                        (2.28) 

Here, the �̅�𝑋𝐶  indicates the exchange-correlation hole density and the 

conditional density �̅�(𝒓, 𝒓′) can be explained by the existence of an electron in 

𝒓′ under the effects of a hole located at 𝒓. 

 

2.2.4.1     Local density approximation  

Because the exchange-correlation functional is not known in its general form, 

it must be approximated. Among the most popular approximations for the 

exchange and correlation functionals of a system consisting of uniform electron 

gas, is the so-called LDA. The simplest and basic approximation for 𝐸𝑋𝐶 , which 

is indicated by LDA was proposed originally in the work of Kohn and Sham 

[5]. In the LDA, the approximation of 𝐸𝑋𝐶   can be carried out from the 

integration up the local parts of the gas of homogeneous electron “exchange-

correlation density 휀𝑋𝐶
ℎ𝑜𝑚(𝑛)” 

               EXC[𝑛] = ∫ 𝑑
3𝒓 𝑛(𝒓)𝑥𝑐 [𝑛] ≈ 𝐸𝑋𝐶

𝐿𝐷𝐴[𝑛] ≔ ∫𝑑3 𝒓 𝑛(𝒓)𝑋𝐶
ℎ𝑜𝑚(𝑛)             (2.29) 
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with 

               𝑋𝐶
ℎ𝑜𝑚(𝑛) = 𝑋

ℎ𝑜𝑚(𝑛) + 𝐶
ℎ𝑜𝑚(𝑛). 

The respective exchange-correlation potential is therefore provided as:  

               𝑉𝑋𝐶
𝐿𝐷𝐴[𝑛](𝒓) =

𝛿 𝑋𝐶
ℎ𝑜𝑚(𝑛)

𝛿𝑛
|
𝑛→𝑛(𝒓)

                                                                    (2.30) 

The homogeneous electron gas was investigated in many theoretical works [15-

18] and its exchange density is identified precisely: 

               𝑋
ℎ𝑜𝑚(𝑛) = −

3𝑞2

4
(
3

π
)

1
3𝑛

4

3                                                                          (2.31) 

 Thus 𝐸𝑋
𝐿𝐷𝐴 can be simply calculated: 

               𝐸𝑋
𝐿𝐷𝐴[𝑛] =

3𝑞2

4
(
3

𝜋
)

1

3
∫𝑑3𝒓𝑛(𝒓)

4

3                                                                 (2.32) 

Since the correlation density derivative must be evaluated for a homogeneous 

gas of interacting electrons, this is still a complex many-body issue. 

Therefore,  𝐶
ℎ𝑜𝑚 can be extracted from the perturbation theory [19] or it is 

currently extremely precise with quantum Monte Carlo (QMC) approaches 

[20]. Successive fitting of the outcome values for 𝐶
ℎ𝑜𝑚 accomplishes the 

generation of 𝑋𝐶
ℎ𝑜𝑚[21].  

Despite its simplicity, LDA has demonstrated remarkable success for a range 

of calculated properties, such as the electronic band structures, structural 

properties, magnetic properties, or phonon dispersion, as well as strongly 

correlated systems different from the homogeneous electrons gas. Commonly, 

LDA has the drawback of underestimating the 𝐸𝐶 and for the overestimation of 

𝐸𝑋, emerging in an arbitrary error elimination [12, 14, 20]. The precise behavior 

of this error elimination represents an issue for the satisfaction of LDA XC-hole 

for the sum rule in Eq. (2.26). LDA also offers a good approach for the spherical 

averaging of the XC-hole because the LDA XC-hole illustrates a rational 

circular symmetry. In Eq. (2.24), it was illustrated that only the spherical 

averaging of the XC-density participates into the 𝐸𝑋𝐶 . Therefore, LDA is 

effective for systems with a slow variation of electron densities [23]. This 

approach underestimates the band-gaps up to 100% of insulators, which is one 

of its most critical shortcomings. In addition, it overestimates interatomic bond 

strengths, leading to too small bond lengths and too high cohesion energies 

[14]. 
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2.2.4.2     Generalized gradient approximation 

The LDA only investigates information regarding the density at the point r, 

although any real system possesses a spatial variation for the density n(r). 

Hence, in various situations, an efficient improvement of the LDA can be 

accomplished by identifying the gradient of the exchange-correlation density: 

               𝐸𝑋𝐶[𝑛] ≈ 𝐸𝑋𝐶
𝐺𝐺𝐴 ≔ ∫𝑑3 𝒓𝑛(𝒓)ϵxc(𝑛, ∇𝑛, ∇

2𝑛, …… )                                  (2.33) 

Numerous generalized gradient approximations have been suggested over the 

past two decades. The most broadly utilized are the PW91 and PBE functionals, 

as proposed by Perdew, Wang [8,9] and Perdew, Burke, Ernzerhof [10], 

respectively. Both kinds of GGA fulfill the sum rule in Eq. (2.26) and offer 

ameliorated results irrespective to LDA for a broad spectrum of materials. The 

energies of ground-state, binding energies of molecular systems, hydrogen 

bonds and simple metal lattice parameters are usually described with precision 

[8, 18]. Therefore, GGA has various underlying disadvantages, like its 

incapability to characterize dispersion-interaction, an underestimation of bond 

strengths, and no discontinuous  𝑉𝑋𝐶
𝐺𝐺𝐴(𝒓)  irrespective to N, producing 

underestimated band gaps [21, 22] and an exponential decay that is not 

physical for the electrostatic potential of upward surfaces. 

 

2.2.4.3     Calculation of the exact exchange for the hybrid functionals   

The admixture of the exchange-correlation functionals with a fraction of the 

precise exchange of the Hartree Fock and the exchange term of the GGA 

functional is represented by Hybrid Functionals. The combination of precise 

exchange improves the atomic energies, structural geometries, and energy 

band gaps qualities for various solids. The evaluation of the precise exchange 

of Hartree Fock terms is fulfilled with the utilization of KS orbitals relative to 

the charge density [14, 18, 24]. Hartree Fock's precise exchange is expressed 

mathematically via Eq. (2.34). The estimation of this integral requires in the 

beginning, the construction of a potential 𝑉𝑖𝑗
𝐻𝐹(𝒓1) for a merged charge density 

𝑛𝑖𝑗(𝒓1) (Eq. (2.35)) of two orbitals through the resolution of a Poisson equation. 

The resulting precise exchange Hartree Fock energy (Eq. (2.36)) is represented 

directly by summing the product of the admixture of the precise exchange 

Hartree Fock potential 𝑉𝑖𝑗
𝐻𝐹(𝒓1)  and the charge density 𝑛𝑖𝑗(𝒓2)  for all 

achievable permutations of the KS orbitals. The summation incorporates also 

the suitable Clebsch Gordon coefficients (𝐴𝑖,𝑗), the angular momenta (li ,lj) and 

occupation (Ni , Nj) [22]. 
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               𝐸𝑥
𝐻𝐹 = −

1

2
∑ ∬𝜙𝑖

∗(𝒓1)𝜙𝑗
∗(𝒓1)

1

|𝒓1−𝒓2|
𝜙𝑖(𝒓2) 𝜙𝑗(𝒓2)𝑖,𝑗 𝑑3𝒓1𝑑

3𝒓2         (2.34) 

               𝑛𝑖𝑗(𝒓1) = 𝜙𝑖(𝒓1)𝜙𝑗(𝒓1)                                                                          (2.35) 

               𝐸𝑥
𝐻𝐹 = −

1

2
∑ ∫𝐴𝑖,𝑗

𝑁𝑖

√2𝑙𝑖+1

𝑁𝑗

√2𝑙𝑗+1
𝑉𝑖𝑗
𝐻𝐹(𝒓2)𝑛𝑖𝑗(𝒓2)𝑑

3𝒓2𝑖,𝑗                              (2.36) 

The mixture between the PBE exchange energy functional 𝐸𝑥
𝑃𝐵𝐸 and the 

Hartree–Fock exact exchange energy functional 𝐸𝑥
𝐻𝐹 in a set 3:1 ratio with the 

full PBE correlation energy 𝐸𝑐
𝑃𝐵𝐸 , can be expressed by the PBE0 functional 

𝐸𝑥𝑐
𝑃𝐵𝐸0 , which is expressed as: 𝐸𝑥𝑐

𝑃𝐵𝐸0 = 1

4
𝐸𝑥
𝐻𝐹 + 3

4
𝐸𝑥
𝑃𝐵𝐸+𝐸𝑐

𝑃𝐵𝐸 . This approach 

provides reasonable results that are obtained for various systems, ranging from 

narrow band gap semiconductors to large gap insulating materials and 

transition metal oxides [20-22]. 

 

2.2.5     Periodic boundary condition 

For extended systems, like crystals or surfaces, the KS formalism can turn into 

unrealistic because of the handling of a huge atomic number [23]. Moreover, 

the wavefunctions spread equitably over a wide space, while an extra basis set 

is needed. Thus, it is very helpful to involve the periodic boundary conditions 

and utilize the translational symmetry of the system [24-28]. 

 

2.2.5.1     Plane- wave basis set expansion 

For periodic boundary conditions, the external potential 𝑉ext(𝒓) is represented 

by a periodic term where the electrons move, and is denoted by: 

               𝑉ext(𝐫 + 𝐑) =  𝑉ext(𝒓)                                                                            (2.37) 

The periodicity is thereupon indicated by:  

               𝑹 = ∑ 𝑛𝑖𝑖 𝒂𝑖 , 𝑤𝑖𝑡ℎ 𝑛𝑖 ∈ 𝑍,                                                                         (2.38) 

               𝛺 = |𝒂1. 𝒂2 × 𝒂3|                                                                                       (2.39) 

The lattice vectors (𝒂1, 𝒂2, 𝒂3) of the primitive unit cell describe the volume Ω. 

The reciprocal  lattice vectors{G} are incorporated via R. G = 2π𝑛, 𝑛 ∈ 𝑍.  It 

enables the representation of Fourier of arbitrary lattice-periodic functions by 

the following formula: 

               𝑓(𝒓) =
1

√Ω
∑ 𝑒𝑖𝑮.𝒓𝑮 𝑓(𝑮), 𝑓(𝑮) =

1

√Ω
∫𝑑3 𝒓𝑒−𝑖𝑮.𝒓𝑓(𝒓)                            (2.40) 
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G illustrates a similar translational symmetry in the reciprocal space by R in 

the real space. Similarly to the Wigner-Seitz cell in real-space, a unit cell of 

highest-symmetry is provided in reciprocal space. This unit cell is termed as 

Brillouin zone (BZ). For a periodic system, any wave-vector q can be expressed 

by: 

               𝒒 = 𝒌 + 𝑮,     𝒌 ∈ 𝐵𝑍                                                                                 (2.41) 

The translational symmetry of 𝑉𝑒𝑥𝑡(𝒓) yields a similar symmetry applied to the 

Hamiltonian of the considered system. Referring to Bloch’s theorem, the 

eigenstate of such lattice-periodic operator requires to fulfill the condition [12]: 

               𝜙𝑛𝑘(𝒓 + 𝑹) = 𝑒
i𝒌.𝐑𝜙𝑛𝒌(𝐫)                                               (2.42) 

The quantum number 𝑛  indicates the band-index, which undertakes the 

different eigenstates at a specific point 𝒌 in the Brillouin zone. The outcome 

basis set for this type of translationally invariant system is represented by 

plane-waves: 

               𝜑𝒌𝑮(𝒓) ≔ ⟨𝒓|𝒌𝑮⟩ =
1

√Ω
𝑒𝑖(𝒌+𝑮).𝒓                                                                (2.43) 

which fulfill the orthonormalization and completeness relationships 

               ⟨𝒌𝑮|𝒌𝑮⟩ = δ𝑲𝑲′δ𝑮𝑮′                                                                                  (2.44) 

               ∑ |𝒌𝑮〉〈𝒌𝑮| = 1̂.𝒌,𝑮                                                                                      (2.45) 

It is noticed that this kind of basis set is useful from both physical and 

methodological perspectives, with the eigenfunctions of electrons /Bloch-states 

expand overall systems and the operator of diagonal kinetic energy, 

respectively [22]. In this basis set, any electronic eigen-state can be developed 

as:  

               |𝜙𝑛𝑘⟩ = ∑ 𝑐𝑛𝑘(𝑮)|𝒌𝑮 𝑮〉,     𝑐𝑛𝑘 (𝑮) = ⟨𝒌𝑮|𝜙𝑛𝑘⟩                                      (2.46) 

Based on the partition of the 1̂-operator which is referred to in Eq. (2.45) the 

Schrödinger equation of the KS system proposes this expression: 

               ∑ (−
ħ
2

2me
𝒌′,𝑮′ ∇ + 𝑉𝐻[𝑛](𝒓) + 𝑉𝑋𝐶(𝒓) + 𝑉𝑒𝑥𝑡(𝒓))|𝒌′𝑮′〉〈𝒌

′𝑮′|𝜙𝑛𝒌〉 = 

              ∑ 𝜖𝑛𝒌|𝒌′𝑮′〉𝒌′𝑮′ ⟨𝒌′𝑮′|𝜙𝑛𝒌⟩                                                                      (2.47) 

In this equation, the periodic part of all potentials is like the periodicity of a 

lattice. With the aid of Eqs. (2.44)-(2.46) and projecting onto 〈𝒌𝑮|, the Kohn-

Sham equation can then be transferred into a convenient numerical matrix 

representation: 
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ℋ
𝑮+𝑲,𝑮′+𝒌′

𝐶𝑛𝒌(𝑮) = 𝜖𝑛𝒌𝑐𝑛𝒌(𝑮) ⇒ ∑ {𝑮′
ħ2

2𝑚𝑒
(𝒌 + 𝑮)2𝛿𝑮𝑮′ + 𝑉𝐻(𝑮 − 𝑮

′) +

         𝑉𝑋𝐶(𝑮 − 𝑮
′) + 𝑉𝑒𝑥𝑡(𝑮 − 𝑮

′)}𝑐𝑛𝑘(𝑮
′) = 𝜖𝑛𝒌𝑐𝑛𝒌(𝑮)                      (2.48) 

 with 

                𝑉(𝑮 − 𝑮′) = ⟨𝒌𝑮|𝑉|𝒌𝑮′⟩                                                                       (2.49) 

In this description, the kinetic energy turns into diagonal in reciprocal space. 

For the numerical estimation, the kinetic energy and the potentials energies 

require Fourier-transformation into reciprocal space [9]. Although the 

transformation of Hartree term 𝑉𝐻 is established analytically within the Poisson 

equation, the remaining terms demand to be transferred numerically via the 

fast Fourier transformation (FFT) based on Eq. (2.44). 

 

2.2.5.2     Supercell method  

The approach represented in the previous section is only relevant for 

translational invariant systems along with all three spatial directions. This is 

certainly the case of bulk crystals which is not applicable to the low 

dimensional systems, such as surfaces or molecules. However, the so-called 

supercell approach incorporates an artificial periodicity in which the repetition 

of the crystal structure is periodic along all three dimensions, even if it lacks 

any translational symmetry in these directions. Thus, the structural geometries 

of the surface will be modeled [25-32]. 

 

2.2.5.3     k-space integration 

In many cases, the computed expectation values for the physical properties of 

solids necessitate integration along the Brillouin zone, i.e. all occupied n states 

of bulk crystal participate to the density 𝑛(𝒓) and hence to the potential 𝑉𝑒𝑥𝑡(𝒓) 

along each point k∈ 𝐵𝑍. For numerical estimations, the restriction of 𝒌-points 

number should be established and hence the integration over the Brillouin zone 

is simplified to a summation along the 𝒌 -points [32]. The lattice-periodic 

function 𝑓(𝒌)  is used for the purpose to evaluate the integration in an 

approximated manner. However, we need to determine a set of 𝒌-points that 

fulfill the conditions of a special exactitude at the least viable number of 

sampling points, although the symmetry of ƒ(𝒌) is employed. At the mean 

value point in which the function value of the integrand close to the mean 

value, was initially identified via Baldereschi for the cubic lattice [26] and was 

next established as well for other lattices. Chadi and Cohen [27] achieved a 
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technique for computing bigger sets of special 𝒌-points, which was next also 

accomplished for other kinds of crystal lattices [28]. In this scheme, the mean 

value ƒ ̅is evaluated as a weight summation along 𝑓(𝒌): 

               𝑓̅ ≈ ∑ 𝜔𝑘
𝑁𝑘
𝑘 𝑓(𝒌),      𝑤𝑖𝑡ℎ ∑ 𝜔𝑘𝑘 = 1                                                        (2.50) 

This approximation's error can be arbitrarily decreased by creating 

progressively bigger sets of 𝒌-points. Nowadays the most regularly utilized 

technique was stated by Monkhorst and Pack, which is in sharp contrast to the 

previous technique. It is independent of the type of crystal lattice [28]. The 

points of a Monkhorst-pack (MP) mesh describe a mesh of ∏ 𝑞𝑖𝑖  equidistant 

points, located over the reciprocal basis vectors 𝒃𝑖 of the unit cell. The mesh 

itself is located at the Γ-point of the Brillouin zone. 

               𝒌𝑖𝑗𝑘=𝑢𝑖𝒃1 + uj𝐛2 + 𝑢𝑘𝐛3                                                                           (2.51) 

with 

               𝑢𝑖 =
1

2𝑞𝑖
(2𝑟 − 𝑞𝑖 − 1),      𝑟 = 1,2, … , 𝑞𝑖                                                   (2.52) 

where the weights  𝜔𝑘  are constant in Eq. (2.50), and 𝜔𝑘 =
1
∏ 𝑞𝑖 𝑖
⁄ .  Based on 

symmetry features, it is feasible that the wave-vectors will be reduced in the 

Brillouin zone irreducible wedge solely. The adjustment of 𝒌-point weights 

𝜔𝑘 is necessary. Hence, this scheme is useful for a simple generation of 𝒌-

points, although the exactitude can be augmented arbitrarily by selecting 

enough large 𝑞𝑖.   

The Monkhorst-Pack technique has been demonstrated to be very fruitful for 

semiconductors and insulators, whereas it failed for metals [33] since the 

integration of function turned in discontinuous at the Fermi energy ( 𝑇 = 0 𝐾). 

The solution of this issue was proposed by incorporating fractional occupation 

numbers into the estimated charge density: 

               𝑛(𝒓) = ∑ 𝜔𝑘𝑛,𝑘 ƒ𝑛𝑘
𝑜𝑐𝑐|𝜙𝑛𝑘|

2                                                                       (2.53) 

The simplest scheme is to employ Fermi-Dirac distribution or Gaussian 

functions for estimating the occupied numbers 𝑓𝑛𝑘
𝑜𝑐𝑐.  Various kinds of smearing 

functions have also been proposed previously, i.e. by Methfessel and Paxton 

[29] or Marzari and Vanderbilt [30], and Gaussian smearing was convenient for 

many systems. 
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2.2.6     The pseudopotential approach 

The scaling of basis functions is achieved with 𝜗(𝐸𝑐𝑢𝑡

3

2 ) and the current DFT 

calculations are scaled within 𝜗(𝐸𝑐𝑢𝑡
3 ) [6]. Thus, the truncation of the basis set 

expansion is able to be the lowest possible. The inter-atomic term of the wave-

function is commonly well represented via few plane-waves owing to the KS 

wave-functions which does not change very much. In contrast, close to the 

nuclei, the characteristics of KS wavefunctions exhibit significant fluctuations 

and oscillations, which demand a bigger number of plane-waves for the 

convergence of expansion series [7, 22, 23]. Even with progress in computer 

technology, the necessary cutoff energy for all-electron calculations still 

demands expensive computational resources that make large-scale 

computational tasks prohibitive. Therefore, most of the important physical and 

chemical properties consider the overlap regions of the valence orbitals. Hence, 

the core electrons participate insignificantly in the properties, such as the 

structural geometry of materials, phonon frequencies, electronic properties, 

and magnetic properties [11-18]. A sensitive approximation is however to 

moreover simplify the electronic issue by introducing a frozen-core 

approximation. 

 

2.2.6.1     Frozen-core approximation 

The wavefunctions of core electrons are not straightforwardly acquired in a 

self-consistent way within the frozen core approximation [9]. They are rather 

employed through an all-electron calculation for the corresponding atomic 

species and will thereafter be preserved ''frozen''. In this case, the resolution of 

KS equations only needs to be  accomplished for the valence electrons, with an 

adjusted effective potential 𝑉𝑠(𝒓, [𝑛𝑣𝑎𝑙]) ∶ 

               −
ħ2∇2

2𝑚
+ 𝑉𝑠(𝒓, [𝑛𝑣𝑎𝑙])  ]𝜙𝑖(𝒓) = 𝜖𝑖𝜙𝑖(𝒓)                                                (2.54) 

The effective potential 𝑉s(𝐫, [𝑛𝑣𝑎𝑙]):  only relies on the density of valence 

electrons  𝑛𝑣𝑎𝑙 , although the density of core electrons 𝑛𝑐𝑜𝑟𝑒(𝒓) stay unvaried: 

               𝑉𝑠(𝒓, [𝑛𝑣𝑎𝑙])  = 𝑉core(𝐫) + 𝑉H(𝒓, [𝑛𝑣𝑎𝑙]) + 𝑉𝑋𝐶(𝒓, [𝑛𝑣𝑎𝑙])                     (2.55) 

  𝑉𝑐𝑜𝑟𝑒(𝒓)   = 𝑉(𝐫) + 𝑉H(𝒓, [𝑛𝑐𝑜𝑟𝑒]) + 𝑉𝑋𝐶(𝒓, [𝑛𝑐𝑜𝑟𝑒 + 𝑛𝑣𝑎𝑙]) − 𝑉𝑋𝐶(𝒓, [𝑛𝑣𝑎𝑙])  (2.56) 

The effective core potential contains the potential of the bare nuclei 𝑉(𝒓), the 

term of Hartree for the core electrons 𝑉𝐻([𝒓, 𝑛𝑐𝑜𝑟𝑒]) and the potential of core 

exchange-correlation [17, 20]. In a precise manner, the term of XC can solely be 

expressed via the difference between the XC-potentials by involving and 
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excluding the density of core electrons, respectively. Hence, it requires an 

approximated form: 

               𝑉XC[𝑛core + 𝑛𝒱𝒶l] − 𝑉𝑋𝐶[𝑛𝑣𝑎𝑙] ≈ ∑ 𝑉𝑋𝐶[𝑛𝑐𝑜𝑟𝑒
𝑗,𝐴𝐸

𝑗 + 𝑛𝑣𝑎𝑙
𝑗,𝐴𝐸

] − 𝑉𝑋𝐶[𝑛𝑣𝑎𝑙
𝑗,𝐴𝐸

] (2.57) 

𝑛𝑐𝑜𝑟𝑒
𝑗,𝐴𝐸  

and  𝑛𝑣𝑎𝑙
𝑗,𝐴𝐸

 describe the densities of core and valence electrons of the atom 

j, by summing along all atoms comprised in the system. They are acquired by 

carrying out all-electron (AE) calculations for the free atom 𝑗. 

 

2.2.6.2     Pseudopotential concept  

Using the frozen-core approach, only the valence electronic issue retains. 

Despite this, the shape of valence wave functions is unchanged. This means 

that oscillations of the valence wave-functions in the vicinity of the nuclei will 

still influence the necessary cutoff energy and convergence nature [35-38]. The 

extension of the frozen-core approximation assumes not only the core electrons 

but also the valence wave-functions shape is trivial for the physical and 

chemical behaviors of materials. For this goal, the potential of effective core 

𝑉𝑐𝑜𝑟𝑒(𝒓) is altered to procure the selected valence states [35]. An atomic single-

particle Schrödinger equation is given by: 

               ℋ|𝛷𝑖
𝛼 〉 = 𝜖𝑖

𝛼|𝛷𝑖
𝛼 〉,     𝑤𝑖𝑡ℎ  𝛼 = {𝑣𝑎𝑙, 𝑐𝑜𝑟𝑒}                                            (2.58) 

with the core and valence states |𝛷𝑖
𝑐𝑜𝑟𝑒 〉  and |𝛷𝑖

𝑣𝑎𝑙  〉  respectively, one can 

generate the pseudo valence state |𝜑𝑖
𝑣𝑎𝑙  〉 through the summation over the core 

states:  

               |𝜑𝑖
𝑣𝑎𝑙 〉 = |𝛷𝑖

𝑣𝑎𝑙 〉 + ∑ 𝑎𝑖𝑗𝑗 |𝛷j
core 〉                                                             (2.59) 

The construction of pseudo valence states can be accomplished, without any 

oscillations nearby the core anymore. They fulfill the Schrödinger equation 

with the same eigenvalue as |𝛷𝑖
𝑣𝑎𝑙 〉 and having a different potential 𝑉𝑝𝑠: 

               (𝐻 + 𝑉𝑝𝑠)|𝜑𝑖
𝛼  〉 = 𝜖𝑖

𝛼|𝜑
𝑖
𝛼 〉,   𝑤𝑖𝑡ℎ 𝑉𝑝𝑠 = ∑ (ϵi

𝑣𝑎𝑙
𝑗 − 𝜖𝑗

𝑐𝑜𝑟𝑒)|𝛷𝑗
𝑐𝑜𝑟𝑒 〉〈𝛷𝑗

𝑐𝑜𝑟𝑒 |     (2.60) 

The potential 𝑉𝑝𝑠  is termed as pseudopotential. The incorporation of a 

convenient 𝑉𝑝𝑠 (which needs the solution of an all-electron issue) enables a 

substantial simplification of the necessary cutoff-energy and the number of 

electrons to be handled, especially, without losing any substantial accuracy. 

Due to particular conditions, the 𝑉𝑝𝑠  is required to fulfill various 

approximations to generate convenient pseudopotentials. 
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2.2.6.3     Norm-conserving pseudopotentials 

Bachelet, Hamann, and Schluter suggested the first approach to construct 

pseudopotentials useful in practical calculations [32], which was extended later 

by Troullier and Martins [33]. In the first step, the all-electron issue is solved 

for an isolated single atom to obtain the precise core and valence wave 

functions. A radial symmetrically effective potential 𝑉𝑠(𝒓) is proposed to enable 

the separation of the radial component of the all-electron KS equation. Hence, 

the correct wavefunctions of KS core and valence states are identified as a 

reference. Hereby, a core radius 𝑟𝑐𝑜𝑟𝑒 is selected by replacing the all-electron 

wave-function with a pseudo-wave-function (see Fig. 2.2).  

 

Fig. 2.2: Schematic representative of all-electron and pseudo wavefunctions and potentials. 

 

Normally, 𝑟𝑐𝑜𝑟𝑒  should be sufficiently insignificant to eliminate any overlaps 

for the characterized materials. It should not be very insignificant either, 

because a very small 𝑟𝑐𝑜𝑟𝑒  demands a bigger basis set. Starting from a 

convenient analytical wave-function having   𝑟𝑐𝑜𝑟𝑒 , the inverse radial part in 

Schrödinger equation is acquired for each angular momentum component l by 

using the constraints as:    
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• Norm conservation: ⟨𝜑𝑖|𝜑𝑖⟩ = 1 

• Transferability: equitable atomic pseudo and all-electron eigen-values 𝜖𝑙
𝑝𝑝 =

𝜖𝑙
𝐴𝐸, and an equal wave-functions for r> 𝑟core 

• Softness: cusp- and node-free pseudo wavefunction for r< 𝑟𝑐𝑜𝑟𝑒 

• Smoothness: pseudo and all-electron wavefunction are equitable up to their 

fourth derivation term at 𝑟 = 𝑟𝑐𝑜𝑟𝑒 

 

2.2.6.4     Ultrasoft pseudopotentials 

In particular, the first-row elements, such as oxygen or carbon are all-

convenient for a Troullier-Martin pseudopotential representation [38]. The 

cutoff radius 𝑟𝑐𝑜𝑟𝑒 is required to be insignificant because the localization of the 

wave-functions of 2𝑝 all-electrons is significantly close to the core. Thus, the 

outcome pseudopotential is not very “soft” and yet needs a large cutoff energy 

irrespective of the all-electron description. By employing a generalized 

Troullier-Martins approach, Vanderbilt proposed the ultrasoft 

pseudopotentials (US-PPs) concept based on the following conditions [34]:  

• All-electron and pseudo wavefunction will no longer be required to illustrate 

similar scattering features at eigen-values 𝜖𝑙
𝐴𝐸, but various arbitrary selected 

energies 𝜖�̃�𝑙. These   𝜖�̃�𝑙   can be suitably positioned at the energetic span of the 

physical aspects of interest. 

• Eliminate the constraint to the norm-conserving pseudopotentials (NC-PPs). 

• Relax the smoothness restriction through Troullier-Martin approach. 

The second condition is useful for the KS equation to have a generalized 

eigenvalue problem. The extra computational time is frequently compensated 

from the accomplished basis set simplification. Using the ultrasoft 

approximation, the KS equation can be formulated via the overlap operator S 

between the pseudo wavefunctions: 

               S = ∑ 𝒬𝑖,𝑗𝑖,𝑗 |𝛽𝑖 〉〈𝛽𝑗 |                                                                                 (2.61) 

               𝒬ij=⟨𝛷𝑖|𝛷j⟩ − ⟨𝜑𝑖|𝜑𝑗⟩                                                                             (2.62)  

               |𝛽𝑖 〉 =  ∑ 𝐵𝑖𝑗
−1

𝑗 |𝛾𝑗  〉                                                                                    (2.63) 

               𝛽𝑖𝑗 = ⟨𝜑𝑖|𝛾𝑗⟩                                                                                              (2.64) 

               |𝛾𝑗 〉 = (𝜖̃ j − 𝒯𝑒 − 𝑉𝑙𝑜𝑐)|φ𝑖 〉                                                                     (2.65) 

with   
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               ⟨𝜑𝑖
 |𝑆|𝜑𝑗⟩ = 𝛿𝑖𝑗                                                                                          (2.66) 

𝑉𝑙𝑜𝑐 characterizes the local term of the pseudopotential, with 𝑉𝑙𝑜𝑐(𝒓) =

𝑉𝐴𝐸(𝒓) 𝑓𝑜𝑟  𝑟 > 𝑟𝑐𝑜𝑟𝑒
𝑙𝑜𝑐 . The KS equation will be thereafter expressed in terms of S 

by: 

           [
−1

2
∇2 + 𝑉ps + 𝑉H[𝑛𝑣𝑎𝑙] + 𝑉xc[𝑛𝑣𝑎𝑙] + ∑ 𝒟ij𝑖,𝑗 |βi 〉〈βj |] |𝛷i 〉 = 𝜖𝑖𝑆|𝛷𝑖 〉 (2.67) 

           𝒟𝑖𝑗 = ∫𝑑
3 𝑟(𝑉𝐻[𝑛𝑣𝑎𝑙] + 𝑉𝑋𝐶[𝑛𝑣𝑎𝑙])𝒬𝑖𝑗(𝑟)                                                (2.68) 

Unfortunately, the properties presented previously are not corroborated by 

optical and spectroscopic characteristics deduced by experimental 

measurements because the all-electron wavefunction is not maintained. 

 

2.2.6.5     Projector-augmented wave pseudopotentials 

The overlap operator S represents the important part of the US-PP scheme. It is 

realized that S can be formulated in terms of a transformation operator 𝒯, and 

𝑆 = 𝒯+𝒯, characterizes the major step close to the projector-augmented wave 

scheme by Peter Blöchl [35]. The projector-augmented wave (PAW) 

approximation is rather based on S and conducts to a precise all-electron 

representation, using a frozen-core approach. Hence, the computational time is 

expensive compared to the ultrasoft scheme. Radial projector functions can be 

used to make a transformation between all-electron wavefunctions established 

on radial grids and pseudo wavefunctions obtained from a plane-wave 

expansion. In this way, the original all-electron wave function can be retained 

within the calculation, while the computational resources can be reduced due 

to oscillations near the core. Any observable is thus estimated as regularly on 

the plane-wave grid. Furthermore, the core on the radial grid is closely 

estimated by employing the wavefunctions of all-electrons. In particular, the 

optical and spectroscopic features take advantage of this scheme. The PAW 

potentials have been generated by G. Kresse [35, 38, 39]. Overall, the PAW 

potentials are more accurate because of their smaller radial cutoffs (core radii) 

compared to ultra-soft pseudopotentials. Also, the PAW potentials reconstruct 

the precise valence wavefunction in which all nodes remain inside the core 

region. The smaller core radii of the PAW potentials require larger basis sets 

and energy cutoffs. In practice, the size augmentation in the basis set of lighter 

elements will usually be insignificant because of the slight change in their 

energy cutoffs. In this case, the PAW-based calculations do not cost more than 

ultra-soft pseudopotentials for model structures that include any of these 

elements. 
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2.2.7     Calculation of the forces: Hellmann-Feynman theorem  

In the framework of DFT, it is feasible to evaluate the electronic structure of 

atoms, molecules and solids. To obtain the equilibrium structural geometry of 

the atomic positions, the Hellmann-Feynman theorem can be used to compute 

the forces acting on ions at a given configuration, employing only the electronic 

ground-state information. Similar to the relation 𝐹(𝒓) = −∇𝐫V(𝐫) denoted by 

classical mechanics, the quantum mechanical forces can be written by: 

             𝐹(𝒓) = −∇𝐫〈𝐸〉,      with  〈E〉 = min⟨𝛷|ℋ|𝛷⟩,     ⟨𝛷|𝛷⟩ = 1                       (2.69) 

The theorem of Hellmann-Feynman enables the straightforward calculation of 

forces through the ground-state wavefunctions [36]. Since the Hamiltonian 

operator is dependent on an arbitrary parameter 𝜆, its eigen-state also has an 

implicit dependence on 𝜆.  For an exact eigenstate 𝛷, the following identity is 

valid for any parameter, and in this case, the atomic coordinates are expressed 

by: 

               
𝜕E

∂λ
= ⟨

∂𝛷

∂λ
|ℋ|𝛷⟩ + ⟨𝛷|

∂ℋ

∂λ
|𝛷⟩ + ⟨𝛷|ℋ|

∂𝛷

∂λ
⟩                                              (2.70) 

               ℋ|𝛷 〉 = E|𝛷 〉 

               ⟨𝛷|
∂ℋ

∂λ
|𝛷⟩ + E

∂

∂λ
⟨𝛷|𝛷⟩ = ⟨𝛷|

∂ℋ

∂λ
|𝛷⟩                                                   (2.71) 

Nonetheless, owing to the variational nature of the 𝛷 calculation, it is expanded 

into a finite plane-wave basis set, which makes it not an exact eigenstate. So, 

the steps from Eq. (2.70) to Eq. (2.71) are no longer valid because the first and 

last terms in Eq. (2.70) must be explicitly considered. They solely disappear for 

the construction of the basis set with the condition that 𝛷 is not related to 𝜆. It 

is also recognized as the Hurley condition [36]. However, the plane-wave basis 

set already fulfill this condition, while the forces can be straightforwardly 

determined through the wavefunctions of ground-state by utilizing the 

Hellmann-Feynman theorem [36]: 

               𝐹(𝒓) = − ⟨𝛷|
𝜕ℋ

𝜕𝑟
|𝛷⟩                                                                                 (2.72) 

A concise overview of the DFT calculational technique is displayed in Fig. 2.1. 

Starting with an initial user-supplied atomic geometry, the construction of 

external potential 𝑉ext  is feasible with the aid of pseudopotentials. 

Consequently, the resolution of KS equations is possible in a loop of electronic 

self-consistency. When the electronic convergence is attained, the forces can be 

computed by employing the Hellmann-Feynman theorem. Thereupon, the 

updated atomic positions will be found based on the Hellmann-Feynman 
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forces, and the outer ionic loop is closed through a recalculation of the external 

potential.  

 

2.3     DFT calculations based on VASP package 

The implementation of the plane-wave pseudopotential method into the 

Vienna Ab-initio Simulation Package (VASP) is a useful tool for DFT 

calculations using periodic boundary conditions [35, 38, 39]. For the exchange-

correlation interaction, a GGA is expressed in terms of PW91 functional [7] as 

well as the PAW potential [40] for the ion-electron interaction. VASP is 

described as a computer package useful for the simulation of ab-initio 

quantum-mechanical molecular dynamics (MD) and atomic-scale materials. In 

this respect, ab-initio techniques dependent on pseudopotentials or the 

projector augmented wave formalisms, as well as a plane wave basis set, 

provide the calculation of electronic structures and quantum mechanical MD 

[39]. The US-PPs or the PAW method are represented by the interaction 

between the ions and electrons, which are useful for significantly reducing the 

plane-waves number per atom for the first-row elements as well as transition 

metals [38-40]. Overall, the precision of PAW potentials is better than the ultra-

soft pseudopotentials because of the smaller radial cutoffs (core radii) 

compared to those of the US-PP. Also, the generation of PAW potentials 

requires the precise valence wave function with the location of all nodes inside 

the core region. Detailed reports on the plane wave approach and the PAW 

method are provided in reference [40]. The implementation of the approach in 

VASP code is based on (finite-temperature) local-density approximation in 

which the free energy is described via a variational quantity as well as a precise 

estimation of the instantaneous electronic ground state along each time step of 

MD simulation. An effective matrix diagonalization technique and an effective 

mixture of Pulay/Broyden charge density [38] are used in VASP code. The 

calculation of forces and full stress tensor can be performed within VASP code, 

which can be used for the relaxation of atoms into their instantaneous ground-

state. The combined VASP code with effective numerical techniques lead to an 

effective, robust, and prompt method for the evaluation of KS in a self-

consistent solution. For the set-up of the Monkhorst Pack special points, the 

symmetry implementation enables an effective calculation for bulk materials 

and symmetrized clusters [28]. Smearing or tetrahedron techniques are utilized 

to integrate the energy of band structure over the Brillouin zone. Blochl's 

corrections [35] for the tetrahedron technique can eliminate the quadratic error 

stemming from a faster convergence speed as the number of special points 
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increases. With modern computer architectures, VASP code has proven to be 

highly efficient, stable, and versatile, for the calculation of structural 

optimizations, electronic, magnetic, and dynamical properties of diverse 

systems (such as semiconductors and insulators, surfaces and nanostructures 

containing thousands of atoms) [38-40].  
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Chapter 3 

 

Characterization techniques and experimental methods 

 

This chapter describes all the information on the materials, samples 

preparation, and procedures that are discussed in chapter 4. This chapter 

describes the instrumentation, experimental setup, and conditions thoroughly 

used to fabricate and characterize films and devices. The characterizations 

involve UV-NIR spectroscopy, Fourier transforms infrared absorption 

spectroscopy (FTIR), X-Ray diffraction (XRD), field emission scanning electron 

microscopy (FE-SEM), X-Ray photoelectron spectroscopy (XPS), 

photoluminescence spectroscopy (PL), and atomic force microscopy (AFM) 

devices. Moreover, a complete description provides all the experimental 

materials and steps of the experimental procedures. 

 

3.1 Characterization techniques 

3.1.1     UV-NIR spectroscopy  

The measurements of the optical absorption spectra of the synthesized MoS2 

films grown on SiO2/Si wafer substrates, were gathered on a JASCO V-770 UV-

Visible/NIR spectrophotometer, as described in chapters 4. The V-770 UV-

Visible/NIR spectrophotometer is a special optical tool with an individual 

monochromators and dualized detectors at wavelength regime varying 

between 190 and 2700 nm [1]. It is commonly utilized for the reflectance 

assessments of samples, like the deposition of metal- films, metal plating, and 

further thin films [1]. UV-Vis spectra were registered at room temperature for 

a range of 200-1100 nm, with an interval step (resolution) of 1 nm. The spot 

diameter area is about 7 mm. Furthermore, the sources were a Halogen lamp 

and Deuterium lamp. However, the glitch and peak-like feature, around 850 

nm, occurs at extinction coefficient and absorbance spectra, an instrumentation 

artifact that occurred due to the change of detector. 

The JASCO V-770 UV-Visible/NIR spectrophotometer was employed to 

measure the reflectance in regions spanning from UV-VIS to NIR region. In 

addition, the measurements of the extinction coefficient of MoS2 thin film 

samples were computed using the Spectra ManagerTM software for V-600/700 
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series which is supplemented in the JASCO spectrophotometer [1]. Firstly, the 

reflectance assessments of MoS2 thin film samples were established using two 

standard mirrors for calibrating the reference (see Fig. 3.1). One of the mirrors 

is replaced with sample (MoS2 films) to measure the reflectance of the sample 

which was extracted directly from the software Spectra ManagerTM. 

Afterwards, the keyboard operating of the software is selected for the optical 

characteristics, like the absorbance and extinction coefficients which were 

computed utilizing specular reflectance as input data in Spectra ManagerTM 

software. For example, the extinction coefficient that is discussed in the results 

of chapter 4, was computed by selecting the UVVisK-K transform option from 

the dialog box of the software. Furthermore, the absorbance spectra was 

converted from the option of the dialog box of the software. The experiment 

was performed at least three times for each sample to reduce the instrument 

error; it can be reproduced under the same operational conditions. The 

measurements were realized at the physics laboratory, King Saud University, 

Saudi Arabia.   

 

Fig. 3.1: Schematic of specular reflectance supplement. Reproduced from Ref. [1] 

 

3.1.2     Photoluminescence spectroscopy 

The photoluminescence (PL) spectra described in chapter 4, were obtained by 

exciting samples utilizing a Q-swiched Nd:YAG picosecond laser (LOTUSS II, 

Belarus) wavelength of 355 nm, pulse width of 70-80 ps, with a repetition rate 

of 15 Hz, and an energy density of 1.5 µJ cm−2. The output spectra were 

recorded using an Ocean Optics Spectrometer USB4000-UV-VIS-ES, with an 

acquisition time of 500 ms, with a resolution of 0.25 nm [2]. The PL spectra of 

MoS2 thin films on SiO2/Si substrates were collected at room temperature. The 
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laser beam had a beam divergence at an entire width of half maximum equal 

to 0.5 milliradian. The measurements were executed at Laser Laboratory, King 

Saud University, Saudi Arabia. 

 

3.1.3     Fourier transform infrared absorption spectroscopy 

The infrared (IR) spectra that were represented in the results of chapter 4, were 

measured with a Fourier transform infrared (FTIR) system (Spectrum BX, 

Nicolet 6700, Thermo scientific, USA), in the wave number range of 350-4000 

cm-1 by means of a Perkin-Elmer. The selection of the spectrum was established 

at an average of 16 scans that is gathered at resolution of a 16 cm-1. The samples 

were arranged in the KBr pellets form, involving 0.1 wt % of the MoS2 films. 

The prepared pellets (with a diameter ~ 12.7 mm and thickness ~ 1mm) were 

carried out with a hydraulic press ~ 10 tons after the registration of the spectra. 

The measurements were realized at King Saud University, Saudi Arabia. 

  

3.1.4     X-Ray diffraction 

The X-ray diffraction (XRD) patterns of  the deposited MoS2 films on SiO2/Si-

wafer substrate surfaces were collected on a D8 Advance Bruker diffractometer 

within a radiation source (40 kV, 40 mA) of Cu Kα (λ=1.541 Ǻ) and a secondary 

beam of monochromator containing Cu, which were examined in the results of 

chapter 4. The diffracted patterns (2θ) were recorded in the regime altering 

between 5°-65°, with steps ~ 0.02° and a counting time of 2s for each step. The 

accuracy of XRD is less than 0.01002θ. The samples are polycrystalline (MoS2) 

so the XRD showed broad peaks with I/Icor~  10. The measurements were 

established at King Saud University, Saudi Arabia.   

 

3.1.5     Field emission scanning electron microscopy 

The images of field emission scanning electron microscopy (FE-SEM) of MoS2 

thin films grown on SiO2/Si-wafer substrates discussed in the results of chapter 

4, were portrayed within a JSM-7610F FE-SEM produced by JEOL. The FE-SEM 

tool is useful for inspecting the structural morphology modification. The char 

was adhibited on copper plate for picturing the samples. The acceleration 

voltage is ranging between 5 and 15 kV. 

Energy-dispersive X-ray spectroscopy (EDX) was utilized for the detection of 

the elements in the samples, which relies on an INCAx-act (Oxford 
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Instruments, UK) apparatus coupled with SEM. The FE-SEM and EDX analysis 

system are from Oxford Instruments. The measurements were performed at 

Central Laboratory, King Saud University, Saudi Arabia. 

 

3.1.6     X-Ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) measurements of the MoS2 films 

grown on SiO2/Si-wafer substrates as reported in chapter 4, were performed in 

ultrahigh vacuum of a base pressure ~ 1×10-7 Pa with a JEOL 9030 XPS 

spectrometer equipped with a monochromatic source of Mg Kα (hv=1253.6 eV) 

[3]. The measured binding energies of the elements incorporated in the films, 

are carried out with XPS spectra. The spectra were collected at normal emission, 

while an energy resolution was chosen around 1.0 eV for the minimization of 

the measuring time. The step energy was selected around 0.1 and the pass 

energy was chosen as 10 eV. Analyzer mode CAE having a high tension source 

about 12 kV, was utilized and a source emission of 10 mA was applied as well. 

The spot diameter area is about 6 mm. For each sample, only one spot is 

analyzed because it is already a wide area. No aperture was used. The reference 

for the binding energy is C1s. In order to determine binding energies, the Mo 

and S spectra were deconvoluted using non-linear least square algorithm with 

a Guassian-Lonenztzian mixed line shape, and FWHM with the aid of CASA-

XPS software. After peaks fitting, and analysis for presentation purposes, the 

XPS spectra were plotted using OriginPro 20. The characterization techniques 

were implemented at King Abdullah Institute for Nanotechnology, Saudi 

Arabia.   

  

3.1.7     Atomic force microscopy  

The imaging of atomic force microscopy (AFM) graphs discussed in chapter 4, 

were captured in a tapping mode using a Bruker Veeco NanoScope V AFM 

(Germany). MoS2 films were grown on SiO2/Si-wafer substrate surfaces. 

0.01~0.025 Ohm-cm Antimony (n) doped Si material and cantilever thickness 

domain of 3.5-4.5 𝜇m were utilized with reflective Aluminum back side 

coating. The tip radius was less than 10 nm with a length of 110~140 𝜇m and a 

width range of 25~35 𝜇m. A frequency domain of 342~381 kHz and a spring 

constant domain of 20~80 N/m were applied. The number of samples/Line is 

512. The data was analyzed by NanoScope Analysis v1.40r1 software [4]. The 

characterization techniques were implemented at King Abdullah Institute for 

Nanotechnology, Saudi Arabia. 
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3.2     Materials 

Since PLD is a direct deposition method, it requireds only two materials, (i) the 

target Molybdenum disulfide and wafer substrate (SiO2/Si). The thermal oxide 

wafers SiO2/Si have been purchased from MTI, USA. These wafers have one 

side polished, 50nm SiO2 layer on Si (100) with edge (110). The size was 

10X10X0.5 mm, conductive type is N-type/P-doped, resistivity R: 0.01-0.05 Ω.m, 

and refractive index of 1.455. SiO2/Si substrate were chosen for reflection and 

AFM measurement due to the highest contrast and high reflectivity. The 

commercial pellet of MoS2 (Stanford advanced materials) is utilized in chapter 

4 as a sputtering target with a 99.9 % purity. 

 

3.3     Methods 

3.3.1     Pulsed laser deposition system of preparing MoS2 films 

The Pulsed laser deposition (PLD) discussed in chapter 4 is explained as 

follows. The PLD involves a chamber of high vacuum growing, flowing gas, 

optical pathway, and high energy excimer laser. Firstly, the focus of the pulsed 

laser is directed at the target and the bombardment of the surface begins. 

Plasma plume formation then occurs on a substrate, which settles inside a 

heater indoors chamber. The growth kinetics and growth condition parameters 

were optimized, such as the rate of laser pulse, variation in laser pulse, laser 

energy, substrate temperature, gas flow pressure, target-substrate distance, as 

well as target composition and thickness (see Fig. 3.2). The synthesis of MoS2 

was established by employing a Neocera Pioneer 180 PLD system (Neocera, 

Beltsville, MD) which is integrated with a 248-nm KrF Laser Compex (Compex 

205; Lambda-Physik Santa Clara, CA). It is essential to control certain crucial 

parameters based on Neocera PLD instrument in order to maximize the quality 

of thin film growth. By varying the argon gas buffer pressure from 0 to 100 

mTorr, the setup of the PLD system could be conducted by monitoring the rate 

of base pressure, which can be beneficial for creating nanomaterials and 

nanofilms. In the PLD system, a laser beam incident angle of 450 is utilized to 

preserve the laser fluence with an optimum uniformity onto the target without 

the disturbance of complex or costly optical components. A laser spot will be 

formed when the trivial incident angles are enlarged onto the target, resulting 

in the destruction of uniform fluences [5].  

In the PLD setup, a plasma plume is generated by ejecting an energy laser pulse 

of MoS2 species on a substrate that is placed a few cm in front of the target. To 
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control the MoS2 film morphology and deposition rate, several parameters were 

monitored such as the excitation voltage, variations in laser pulse, number of 

ablated laser pulses, repeating rates, and the pressure of the background gas. 

The growth mechanisms are performed on SiO2/Si substrates by setting a laser 

pulse of 20,000 on the MoS2 target to eject a similar amount of material at each 

deposition step. On the SiO2/Si substrate, a growth temperature of 700 0C is 

selected for deposited samples. By delivering laser pulses on the solid target of 

MoS2, both ions and atoms in the plasma reach the substrate. Mo and S atoms 

are then implanted onto the SiO2 substrate surface. Moreover, the SiO2 surface 

acts as a growth template for MoS2 films. A careful manipulation of MoS2 

particles number is carried out on the SiO2 surface of the resulting films. This 

procedure can be established by changing the laser energy and deposition time. 

By selecting appropriate rates of cooling and background gas pressure, film 

quality can also be controlled. 

 

Fig. 3.2: Schematic diagram of the deposition of MoS2 films by PLD. 

 

The distance between the target and substrate is selected at 5 cm. Before the 

deposition of samples, the chamber is evacuated to a base pressure of <10-7 Torr 

to prevent oxidation of the MoS2 films. The ablated MoS2 target is applied to 

the SiO2/Si substrate at an excitation voltage of 22 Kvolt, a frequency of 10Hz, 

and a pulse duration of 20 ns. The time of ablated target is left for 10 s to prevent 

the transfer of MoS2 species (less than 5 nm) onto the substrate. Laser spot size 
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is focused on the target at 1 mm2 using an ablated laser with a fluence of ~ 6 

J/cm2, and a radius of ~ 7 cm. The sample was then placed inside the preparation 

chamber (with an argon pressure of ~ 0 mTorr). During the deposition process, 

the SiO2 substrate was cooled at a rate of 30C/min. As a result, samples are 

synthesized under various argon pressures of 0, 50, and 100 mTorr. The PLD-

grown MoS2 films are deposited on polished and cleaned 10 mm × 10 mm 

SiO2/p + -Si wafer substrates having a thickness of 50 nm. MoS2 films fabricated 

on SiO2/Si substrates had a particle-like structure because of the sensitivity of 

the SiO2 surface [6-9]. Fig. 3.2 displays the experimental setup for the PLD 

system used. In order to improve the quality of the films, laser fluence and 

cooling rate must be selected appropriately. For the preparation of various 

samples, argon gas (pressures of 0, 50, and 100 mTorr, respectively) and a 

turbomolecular pump are used, both for the target and the inside vacuum 

chamber. In order to acquire less S deficiency, argon is used to control the 

pressure in the chamber and the stoichiometry of the deposited films during 

the deposition process. 

The synthesized of samples was performed at King Abdullah Institute for 

Nanotechnology, Saudi Arabia. 
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Abstract 

Two-dimensional layered MoS2 material represents a promising candidate for 

optoelectronic device applications. In this chapter, a variety of microscopic and 

spectroscopic techniques are described for characterizing 2D-MoS2 thin films. 

A pulsed laser deposition process is used to synthesize MoS2 thin films grown 

on SiO2/Si substrates. The atomic force microscopy and field emission scanning 

electron microscopy studies revealed a change in MoS2 film surface 

morphology when the Ar-gas buffer pressure is varied from 0 to 100 mTorr. 

Based on X-ray diffraction patterns, each sample exhibited a 2H-phase, 

indicating a reflection (2) between 14.8° and 15.2°. By varying the deposition 

pressure, X-ray photoelectron spectroscopy was used to determine the binding 

energies of Mo and S core-levels of laser-ablated MoS2 films on the substrate 

surface. Further, the compositional Mo/S ratio was acquired with a low defect 

density. The photoluminescence spectra of samples deposited at different 

pressures (0 to 100 mTorr) were recorded for a wavelength range spanning 

form (600-1000 nm). The peak of PL was observed around 760nm, which 

attributed to the recombination of electron-hole pairs. Moreover, there is a 

minor peak arise from charge transfer between MoS2 films and SiO2 substrate 

surfaces. Additionally, first-principles electronic structure calculations were 

performed to qualitatively examine the effect of native point-defects (sulfur-

monovacancy and sulfur-divacancy defects) on the electronic structure and 

optical properties of 2D-MoS2 sheets. The variation of the compositional sulfur-
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vacancy defect in MoS2 monolayer leads to an in-gap defect states above the 

valence states, resulting in an acceptor character. Moreover, the increase in 

optical absorption spectra exhibited a shift in the optical gap from visible to 

near-infrared window versus the increase in sulfur vacancy contents in MoS2 

single-layer. Intrinsic point defects may be beneficial for photovoltaic energy 

conversion at higher wavelengths by designing next generation 2D-

semiconductors, which could be of vital significance for growing 2D layers and 

multilayers into practical technologies. 

 

4.1     Introduction 

Recent developments in layered 2D materials promise enormous benefits for 

device fabrication, such as dielectric, semiconductor, and conductor layers [1-

8]. Synthesized 2D layered materials exhibit outstanding performance in terms 

of new generation 2D-devices, for instance phototransistors, and 

heterogeneous catalysis [9-16]. Atomically thin MoS2 belongs to 2D-TMDs, 

which possesses distinctive electronic properties and flexible optical 

transparency. Experimental and theoretical realizations revealed that MoS2 

monolayer has a large direct band gap of 1.9 eV [17-26]. Overall, MoS2 is 

regarded as a useful candidate for next-generation electronic devices because 

of its extraordinary valley, excitons, and spin behaviors [27-30]. The 

preparation of layered MoS2 films using PLD provides various benefits 

compared to the chemical techniques, such as CVD [31]. Using CVD 

techniques, the MoS2 thin films are synthesized by chemical reactions between 

different precursors. In this way, the growth of MoS2 thin films would contain 

defects that may reduce the mobility and the intensity of photoluminescence. 

In contrast with CVD, the PLD technique is useful for the minimization of 

defects due to its ability to ablate directly Mo and S atomic species from the 

target to the substrate when deposited MoS2 films during the deposition 

process. Through the manipulation of deposition pressure and laser energy, the 

PLD technique can control thickness by altering repetitive rates (frequency) 

and growth kinetics [32-46]. Thus, the PLD method has been effectively 

employed in the deposition of various 2D-layered materials, like MoS2, MoSe2, 

WS2, WSe2, etc. [46-48].  

It is well known that the chemical and physical properties of 2D materials may 

be altered significantly through their intrinsic point defects, leading to either 

desirable or undesirable responses. Experimentally, mono-sulfur vacancies are 

the most prominent among all defects, revealing both acceptor and donor 

behavior [49-56]. It was reported that the insertion of oxygen vacancies is more 
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common than other native point defect species. Thereby, the impurity states 

can be created in both valence states and at the band gap level. Subsequently, 

the impurity levels resulting from the low composition of native point defects 

might enhance photon absorption in the visible light regime, which may be 

useful for photovoltaic energy conversion at higher wavelengths. Additionally, 

other native point defects of the constituent atoms, such as anti-sites, vacancies, 

and interstitials of the host atom, would contribute to a reduction in the bond 

strain by incorporating doping impurities with different atomic sizes. Thereby, 

the charge imbalance in the semiconducting material can be compensated by 

the aliovalent impurity atom and the electronic structure would be altered near 

Fermi level. In contrast to analogous oxide materials, the annealing process is 

troublesome in a gaseous environment containing sulfur atoms. 

Thermodynamically, MoS2 materials with sulfur are not as easily stabilized as 

analogous oxides. Hypervalent molecules may be formed from a variety of 

stable or metastable allotropic materials with sulfur, but it is not easy to 

stabilize MoS2 samples without native defects than oxide materials. However, 

the stabilized oxide materials are easier to manipulate in terms of partial 

pressure of O2 because they undergo an annealing process at a higher 

temperature [21]. 

The purpose of the current experimental works is to examine the structural and 

optical characteristics of MoS2 thin films deposited on SiO2/Si under the 

influence of the argon atmosphere, ranging from 0-100 mTorr using various 

characterization techniques. Deposition of laser-ablated MoS2 thin films is 

carried out on SiO2/Si substrates using PLD. In order to control the structural 

morphology of the samples, thin films are prepared by varying the Argon 

pressure and selecting a suitable ablated laser pulse number at a substrate 

temperature of 7000C from MoS2 target grown on SiO2/Si substrates. The 

morphology of the surface, thickness, and optical properties of MoS2 films may 

vary with deposition pressure rate. In preparation of the specimens, it is 

possible to minimize typical vacancy defects by using the PLD technique. 

Previous research has shown that S vacancies in 2D-materials lead to degraded 

electronic and optical characteristics [54-56]. The most dominant defects in 

MoS2 layered structures are mono-vacancies caused by S atoms. All of the 

above issues necessitate first-principle calculations in order to examine the 

impact of intrinsic defects, such as mono-sulfur vacancy (V-S), and di-sulfur 

vacancy (V-S2) on the physical properties of MoS2 monolayers. By creating V-S 

and V-S2 as typical native defects in the host lattice, the electronic and optical 

behaviors of a MoS2 monolayer would be tailored or enhanced, yielding 

desirable properties not observed in the pristine defect-free monolayers [57-68]. 
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The presence of native point defects would result in the creation of a deep 

acceptor-like state in a host material, leading to a p-type semiconductor. 

Intrinsic defects may offer a route to next generation 2D-semiconductor devices 

that introduce 2D layers into realistic industrial technologies. 

 

4.2     Results and discussion 

The effect of deposition pressure on the crystalline patterns, chemical 

stoichiometry, and optical characteristics of the layered MoS2 films are 

discussed in this section.  

 

4.2.1     Structural characterizations 

After preparing MoS2 films by PLD technique at different argon gas pressures 

(ranging between 0 and 100 mTorr), the morphological shapes of MoS2 films 

(with magnitudes ranging between nm and µm) were characterized.  

  

4.2.1.1     Field emission scanning electron microscopy analysis  

Field emission scanning electron microscopy (FE-SEM) is an effective technique 

for examining changes in morphological, surface, and structural properties of 

films grown at various deposition pressures. Figs. 4.1(a)-(c) display high 

resolution SEM images of MoS2 films deposited on SiO2/Si substrate surfaces. 

Depending on argon gas pressure, the deposited MoS2 nanostructures form 

different agglomeration structures on the substrate surface (see Figs. 4. 1(a)-(c)). 

The SEM image reveals layered structures in the prepared MoS2 films at a 

deposition pressure of 0 mTorr (see Fig. 4.1 (a)). On the right side of the SEM 

image, the layered structures are portrayed by the blue colorized transparent 

line and the stacked layers are somehow large (see Fig. 4.1 (a)). In the films 

prepared at 0 mTorr, the crystalline domains exhibit polygonal flakes-like 

shapes. The Fig. 4.1 (a) showed polygon shaped with area of 12.4, 14.16 and 

44.8 μm2 were notable and differentiated with colors. The nucleation and van 

der Waal layers occur on the substrate arising from MoS2 nanostructured films 

that have a flake-like with random arrangement along different directions. As 

depicted in Fig. 4.1 (b), the FE-SEM image shows the deposited MoS2 film 

consists of a few staked layers grown on the SiO2/Si substrate surface. By 

optimizing the growth conditions, layered MoS2 nanostructures formed 

triangular polycrystalline patterns. The areas of MoS2 were in wide ranging 
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from 3.74 and 119 μm2 and were identified as colorized. The deposited film 

illustrates various shapes with clustered-layers stacked on each other (see Fig. 

4.1 (c)). The structural morphology of MoS2 films on the surface of SiO2 

substrate, is confirmed to have flake patterns with area of 10, 17, 22, and 31 μm2 

were colorized. As shown in Figs. 4.1 (b)-(c), different morphologies are 

associated with different growth conditions. For instance, some separated 

layers are formed at 50 mTorr pressure, while continuous layers are formed at 

100 mTorr pressure. Nanoparticle arrangement and growth film morphology 

are clearly affected by argon gas pressure in laser-ablated MoS2 films. The 

deposition pressure affects the mean free path of the ablated species to arrive 

at the substrate surface. The SEM analyses showed MoS2 layers consisting of 

overlapping large sheet-like nanostructures with mostly flat surface. The MoS2 

are packed closely, and the domains are continuous with overlapping 

boundaries, which is better than the previously reported CVD techniques [69]. 

Moreover, the uniform thickness was achieved by growing large domains 

resulting formation of high-quality films. The results of our study are better 

than previous CVD and hydrothermal preparation techniques in two ways (i) 

simplicity of fabrication and (ii) large domain sizes [69, 70].  

            

  

(a) 

(b) 

(c) 
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Fig. 4.1: (a) FE-SEM images of MoS2 films deposited on SiO2/Si substrate prepared at 0 mTorr, 

(b) 50 mTorr, (c) 100 mTorr and (d) X-ray diffraction patterns of all samples deposited at 20,000 

pulses on SiO2/Si substrate.  

 

During PLD process, only the stoichiometry is transferred from the target onto 

the substrate, while the crystalline phase of the resulting film may not be the 

same as the target. The appearance of resputtering at 0 mTorr is due to the 

presence of energetic particles in the plasma plume. When the gas pressure 

increases, a reduction in particle energy occurs along with a reduction in 

resputtering. The scattering of ablated Mo and S atomic species that get out of 

the deposited path between the target and substrate surface also increases with 

increasing deposition pressure. This may induce in a reduction in the 

deposition rate.  As a result, the films would be grown in various stoichiometric 

Mo/S ratios from the target. According to the energy dispersive X-ray 

spectroscopy (EDX) analysis, the compositional Mo/S ratios are determined. 

Deposition pressures of 0 mTorr, 50 mTorr, and 100 mTorr yield compositional 

Mo/S ratios of 0.75, 0.54, and 0.54. The loss of sulfur during laser ablation is 

reduced at elevated deposition pressures. This is due to the effect of Ar gas 

pressure that can create small local stoichiometry changes in Mo/S contents 

with sulfur depleted areas in the MoS2 films during the PLD process [71].  

(c) 
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4.2.1.2     X-ray diffraction characterization   

Laser-ablated MoS2 films are analyzed using X-ray diffraction (XRD) 

measurements to determine their crystalline structure and layer spacing. A 

suitable control of the structural morphology of samples is achieved by varying 

the argon gas pressures to 0, 50, and 100 mTorr. As portrayed in Fig. 4.1 (d), the 

XRD patterns are recorded in a 2θ range of 0–45° for the three prepared MoS2 

films. As apparent, XRD patterns of the three samples exhibit similarities with 

a few different features at 2θ ranging from 13.5° to 36°. According to fig. 4.1 

(d), the pronounced sharp peaks were present in three samples with observable 

reflections at 2θ = 14.9°, 15.0°, and 15.2°, under the deposition pressure ranges 

of 0, 50, and 100 mTorr, respectively. These characteristic peaks are assigned to 

the (002) crystallographic plane of the hexagonal (2H- MoS2) phase, 

corresponding to the P63/mmc space and describing the well-recognized 

standard spectrum (JCPDS 00-37-1492) [45]. For all samples, the feature peak 

(002) is in-plane along C-direction of the MoS2 material, indicating layered 

structures with an interlayer spacing about 0.61 nm at various argon pressures 

range form 0-100 mT.  The interlayer spacing results agree reasonably with the 

previous CVD results, while the (002) reflection plane of MoS2 layer 

corresponds to 2θ = 14.2° with interlayer spacing of 0.64 nm [72, 73]. The 

structural formation enables crystallization of the deposited particles of MoS2 

film at 0 mTorr because of the first peak sharpness. As the deposition pressure 

of argon gas increases, the intensity of the first peak decreases. The reason for 

this is the partial restacking of a few layers during the deposition process. The 

second broadened peaks occur around 34.3°, 35.3°, and 35.7°, respectively, 

which correspond to the (101) plane. The second peak position of MoS2 film has 

been slightly relocated to a higher position due to a change in sulfur content in 

the films, as confirmed by EDX measurements. Overall, the good crystallinity 

could be revealed through the sharpness of MoS2 peaks. Thus, the distinct 

peaks are attributed to the hexagonal crystalline phase of MoS2 films and other 

polycrystalline MoS2 phases containing some impurities as a result of the 

interaction between the films and substrate surfaces under the variation of 

deposition pressures [44-46]. Using X-ray diffraction results based on the 

Scherer equation, the nanocrystalline sizes of MoS2 films, are approximately 

17.3, 15.7, and 14.1 nm, respectively for the three samples (at argon gas 

pressures of 0, 50, 100 mTorr). In addition, the decreased intensity of the feature 

peak (002) reveals the stacked MoS2 layered films along the C-axis, which is due 

to the reduced crystallite sizes at higher deposition pressures. This may reflect 

the nanocrystalline behavior of MoS2 films. With different Ar gas pressures, the 

deposited MoS2 films have polycrystalline behavior with hexagonal 
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crystallinity, and their physical properties are analogous to those of MoS2 flakes 

with S-vacancy defects [73].   

 

4.2.1.3     Atomic force microscopy characterization  

In order to gain insight into the surface homogeneity and structural 

morphology of the MoS2 samples grown by PLD, atomic force microscopy 

(AFM) images are examined. Figs. 4.2 (a) – 4.2 (c) depict the high-resolution 

AFM topographies of MoS2 structures deposited on SiO2/Si substrate surfaces 

at various buffer gas pressures. Fig. 4.2 (a) exhibits that the deposited MoS2 

sample starts to grow by forming atomic islands at 0 mTorr. The Mo and S 

atomic species are deposited on top of the substrate surface, and their 

micrographs are illustrated by bright spots with images of atomic resolutions. 

Additionally, the surface of MoS2 film exhibits a few isolated aggregates at 0 

mTorr. Hence, the substrate surface contains few-layered MoS2 flake islands. 

Upon AFM inspection of the MoS2 film characterized at 50 mTorr, triangular 

shapes are observed consisting of a few-layered MoS2 with wider lateral sizes 

(see Fig. 4.2 (b)). As a result, this sample contains a flake pattern of a few-

layered MoS2 films. During the formation of crystalline films with van der 

Waals layers, the interaction of MoS2 layers occurs on the underlying substrate. 

At a deposition pressure of 100 mTorr, the atomic islands patterns of MoS2, are 

indicated by atomic resolution images with the brightest spots on the substrate 

surface (Fig. 4.2 (c)). The surface of MoS2 nanocrystals also illustrates irregular 

morphological patterns because of the existence of various defective points, as 

portrayed in Fig. 4.2 (c). Consequently, the favorable formation of MoS2 film is 

composed of layered nanoclusters with brighter aggregated structures that are 

partially embedded on the top of the SiO2 surface, as seen in Figs. 4.2 (a)-(c). 

From the height profiles, the film fabricated at 100 mTorr, is described by the 

thinnest MoS2 islands and contains a smaller triangular pattern of few-layer 

MoS2. In addition, the MoS2 thickness is insignificant irrespective of the bulk 

MoS2 interlayer structure (6.15 Å). As the deposition pressure increases, the 

deposition rate reduces due to the scattering of ablated species by argon gas 

atoms, and the aggregate size diminishes. The ablated particles from the target 

will scatter significantly as the deposition pressure increases, and the particle 

number arriving onto the substrate surface is reduced. An increase in the 

deposition pressure leads to an increase in the collision of ablated atomic 

species with Ar molecules inside the chamber. Therefore, the film fabricated at 

100 mTorr, represents the thinnest MoS2 islands and consists of a smaller 

triangular pattern of few-layer MoS2 in comparison with the previous CVD 
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measurements [54-57]. The AFM images of the synthesized films exhibit a 

reduction in RMS surface roughness as the deposition pressure increases. The 

average roughness values are approximately 12.5 nm, 4.5 nm, and 1.75 nm, 

respectively, at 0, 50, and 100 mTorr. Increasing the argon gas pressure leads to 

a systematic reduction in RMS surface roughness and crystallite size, as 

confirmed by our XRD measurements.  

 

 

 

Fig. 4.2: AFM of nanostructured MoS2 films deposited on SiO2 wafers at 20,000 pulses (a) 0 

mTorr, (b) 50 mTorr, and (c) 100 mTorr, respectively. 
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4.2.2     X-ray photoelectron spectroscopy characterization 

X-ray photoelectron spectroscopy (XPS) measurements are performed to 

identify the binding energies of Mo and S elements, sulfur deficiencies, and 

compositional elements as well as bonding character in MoS2 films under the 

influence of argon gas pressure. For calibration, 284.5 eV was taken as the 

binding energy of the C 1s peak. A survey scan of high-resolution XPS spectra 

corresponding to the composition of Mo and S elements in MoS2 films at 

selected regions, are depicted in Fig. 4.3. The characteristic peaks of the S 2p 

and Mo 3d core levels appear at certain binding energies and are highlighted 

in green and blue, respectively (Fig. 4.3). The plot of the Mo 3d core level 

illustrates a sharp peak around 230.1 eV at 0 mTorr, which shifts to the binding 

energies of 232.2 and 232.3 eV when the deposition pressures are 50 mTorr and 

100 mTorr. Additionally, at Ar-gas pressures of 0 mTorr, 50 mTorr, and 100 

mTorr, respectively, spectral peaks of 162.2 eV, 162.3 eV, and 162.4 eV, are 

associated with S 2p level. The compositional ratios of Mo/S for laser-ablated 

MoS2 films of 0 mTorr, 50 mTorr, and 100 mTorr are 0.60, 0.70, and 0.66, 

respectively. During the ablation procedure, the evaporation of sulfur atoms 

arises from the target which enables a change in the stoichiometric MoS2 

prepared on the substrate at low and high deposition pressures. Due to the 

presence of sulfur vacancies on the surface of MoS2 films, small stoichiometry 

changes in Mo/S ratios are observed between the three samples which is 

revealed through the change in the peak intensity of S 2p. Sulfur content is 

slightly decreased from the surface of MoS2 films when deposition pressures 

are 50 mTorr and 100 mTorr, due to the interaction with SiO2 substrate surfaces. 

Immediately after removal from the chamber, the MoS2 films are exposed to the 

ambient conditions, and the oxygen interaction with Mo on the surface 

compensates for the vacancies caused by the growth process. The XPS scan of 

all samples indicated a low concentration of S vacancies in the deposited MoS2 

layers in comparison with the previous CVD thin films [74]. 
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Fig. 4.3: XPS survey spectra of MoS2 films fabricated using different deposition pressures at 

20,000 pulses. 

 

XPS spectra of Mo 3d core levels measured at various deposition pressures (0, 

50, and 100 mTorr), for all samples are displayed in Fig. 4.4. The characteristic 

peaks of Mo 3d indicate the essential binding energies for the deposited MoS2 

thin films from the targets at different argon gas pressure. As displayed in Fig. 

4.4 (a)-(c), XPS analysis show the feature peaks of Mo 3d core-levels. By 

examining the binding energies of Mo 3d3/2 and Mo 3d5/2 orbitals, one can detect 

the presence of the Mo4+ states in MoS2 films and their corresponding values are 

collected in Table 4.1. These prominent peaks corresponding to the core-level 

orbitals of Mo4+ are split into the doublets of 3d5/2 and 3d3/2, respectively (Figs. 

4.4), revealing an energy separation nearby 3.2 eV that agrees quite reasonably 

with the previous XPS measurements of MoS2 thin films prepared by CVD 

technique [76]. In addition, these spin-orbit doublet peaks are shifted to lower 

binding energies at 0 mTorr (see Table 4.1). The Mo 3d states of film deposited 

at 50 mTorr show reduced peak amplitudes compared to the films deposited at 
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100 mTorr. The excess Mo atomic species develop in the MoS2 film grown on 

SiO2 substrate surface at 50 mTorr, as compared to the two samples prepared 

at the deposition pressures of 0 and 100 mTorr, respectively and this was 

confirmed by the compositional ratio of Mo/S. A further positive displacement 

of the binding energies of Mo4+ states was noticed with the increase in 

deposition pressure (see Table 4.1), suggesting the formation of n-type doped 

MoS2 films in the previous literature [77]. As displayed in Figs. 4.4 (a)-(c), the 

insignificant S 2s peak occurs in the XPS spectra of the three films deposited 

from the target under various Ar-gas pressures. Additionally, a small variation 

in the peaks intensity of S 2s core level is shown in the region of 227-228 eV for 

all films. This is owing to the presence of S vacancies in the laser-ablated MoS2 

films which is confirmed by the change in the intensity of peaks of the S 2s state 

in the XPS spectra at both 50 and 100 mTorr, respectively. Disorder is generated 

around the surrounding atoms because of the presence of S defect vacancies, 

which results in the lower spectral peak intensity of S 2s states in the MoS2 films. 

XPS analysis reveals that the Mo-O peaks positioned in the region of 235.1-236.4 

eV for all samples are due to the oxidation of Mo atoms in the films. Moreover, 

the intensity of the Mo6+ state ~ 236.4 eV (50 mTorr) is fairly visible in 

comparison to the Mo6+ states around 235.2 eV (0 mTorr), and 236.1 eV (100 

mTorr), respectively, which implies the higher Mo-O bonding formation at 50 

mTorr. The shift of the Mo-O at higher binding energy ~1.2 eV is comparable 

to the previous literature (1.1 eV) [78]. This is a clear indication of the interfacial 

interaction between MoS2 films and SiO2 substrates, resulting from kinetic 

reasons [76]. Based on the CVD process performed previously on pristine MoS2 

thin films, the XPS spectrum of Mo 3d core-levels illustrated the presence of 

Mo6+ state ~ 235.9 eV, likely owing to the formation of residual oxide [79]. When 

the samples are removed from the chamber, a reaction may occur with oxygen, 

producing an intermediate phase of MoO3. Moreover, the increased deposition 

pressure yields a small change in the peak amplitudes of Mo 3d states. 

Accordingly, the feature Mo peaks become narrower for films deposited at 

higher deposition pressures, which contain larger amounts of sulfur defects. 

The formation of hexagonal nanostructures of MoS2 thin films deposited on 

conductor FTO substrates was exhibited previously from the X-ray 

spectrometry (XRS) analysis [76], which corroborates our XPS findings for the 

three produced films.   
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Fig. 4.4: XPS spectra of Mo 3d core level for MoS2 films prepared at 20,000 pulses: (a) 100 mTorr 

(b) 50 mTorr. (c) 0 mTorr, respectively. 

 

Table 4.1: The binding energy peaks of Mo and S states extracted from Mo3d core level for 

MoS2 films at 100 mTorr, 50 mTorr, and 0 mTorr, respectively. 

peak Binding energy 

(eV) 

100 mTorr  

Binding energy 

(eV) 

50 mTorr 

Binding energy 

(eV) 

0 mTor 

Mo 3d 3/2 233.2 233.0 233.1 

Mo 3d 5/2 230.1 229.9 228.5 

S2s 227.9 227.3 227.3 

 

The difference in the XPS spectra of S 2p core-levels acquired in the three 

samples can be elucidated by changing the deposition pressures (see Fig. 4.5). 

The divalent sulfide ion (S2-) peaks are split into doublet S2p3/2 and S2p1/2 

orbitals in all three films and they shift to lower binding energies about 161.4 

and 162.7 eV at 0 mTorr comparatively to the films deposited at higher 

deposition pressures. In the S 2p XPS spectra, the spin-orbit doublet S2p3/2 and 

S2p1/2 peaks of MoS2 films fabricated at various pressures exhibit an energy 

separation between 1.2 and 1.3 eV, as summarized in Table 4.2. At higher 

deposition pressures, the binding energy of the S2- states in MoS2 films 

demonstrates a further positive shift than that of CVD thin films, suggesting an 

n-type doping [79]. Also, the S 2p peaks of the XPS spectrum for S vacancy 
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defective structure occurs at 50 mTorr, as depicted in Fig. 4.5. As inferred from 

XPS analysis, the excessive of Mo atoms would react with oxygen in 

atmospheric conditions, resulting in oxides on top of the MoS2 layer. An S-O 

bond is noticed around 166.1 eV (100 mTorr), 165.6 eV (50 mTorr), 167.1 eV (0 

mTorr), respectively in MoS2 films which is close to the CVD thin films (~165 

eV) [80]. An additional weak peak of sulfur oxidation level is noticeable at 

higher binding energies of 168.5 eV (100 mTorr), 168.7 eV (50 mTorr), 168.9 eV 

(0 mTorr), respectively, and its intensity is more distinguishable at 0 mTorr. 

This feature peak at 169 eV was also found in the previous CVD thin films that 

is related to the S 2p peaks of sulfur oxidation S6+, indicating the feasible 

formation of few molybdenum sulfates Mo(SO4)x [81]. In polycrystalline 

multilayer MoS2 thin films, the occurrence of S6+ state was previously detected 

after O2 plasma treatment [81]. Additionally, the reaction of S atoms with Mo 

atoms occurs on the sample surface, resulting in the formation of MoS2 on top 

of the SiO2 layer with a different compositional Mo/S ratio. At 0 mTorr, a weak 

peak located at 158 eV, is attributed to S 2p which reduces for deposition 

pressures of 50 mTorr and 100 mTorr, respectively. As anticipated, the intensity 

level of the S 2p peaks was acquired to decrease from 50 to 100 mTorr. This can 

be attributed to the small contribution of S atoms that are consumed in the 

formation of SiS2. XPS properties of thin PLD films differ from those prepared 

by CVD due to their different morphology and composition. Mo:S composition 

has been found previously to be about 1:1.5 in CVD thin films [82], which 

implies a higher concentration of S vacancies compared with the present PLD 

thin films prepared at 50 mTorr. Due to the greater concentration of S vacancies 

in CVD thin films and the presence of grain boundaries, they may be more 

reactive with oxygen than single crystals [82]. Control of the chemical 

composition and crystallinity of the synthesized MoS2 films can be established 

by varying the argon gas pressure. Argon gas pressure mainly accelerates the 

sulfur deposition rate without notably accelerating the Mo deposition rate. This 

can be attributed to the pulsed laser procedure, while the voltage excitation also 

enables the formation of a relatively ordered structures containing Mo and S 

atoms at a short time of cooling. The samples are eventually cooled down at 3 
0C/min, although, the temperature of 700 0C was fixed directly after the 

interruption of ablated laser close to equilibrium conditions. Sufficient heat was 

hence kept in such a way that the Mo and S atoms acquired enough mobility to 

form a relatively ordered crystalline structures. Hence, the deposition of Mo 

and S atoms implanted onto SiO2 substrate surface, took place in the vicinity of 

surface areas of the film. This can reveal the coexistence of sulfides and oxides 

in the prepared films at various deposition pressures. However, the formation 

of SiS2 at the surface areas of the film emerges from the interaction of S atoms 
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on the substrate surface, as confirmed in Ref. [44-46]. It was found that the loss 

of sulfur is low during the laser ablation at low deposition pressure.  
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Fig. 4.5: XPS spectra of S 2p core level for MoS2 films prepared at 20,000 pulses: (a) 100 mTorr 

(b) 50 mTorr (c) 0 mTorr. 

 

Table 4.2: The binding energy peaks of S states extracted from S 2p core level for MoS2 films at 

100 mTorr, 50 mTorr, and 0 mTorr, respectively. 

peak Binding energy (eV) 

100 mTorr   

Binding energy (eV) 

50 mTorr  

Binding energy (eV) 

0 mTor  

S 2p3/2 162.9 162.7 161.4 

S 2p1/2 164.1 163.9 162.7 

 

4.2.3     Fourier transform infrared FT-IR characterization 

The changes in the structural bonds of MoS2 samples at different vibrational 

modes, are assessed using infrared (IR) spectroscopy. For the sake of 

comparison, Fig. 4.6 depicts the IR spectra of the synthesized MoS2 samples at 

various deposition pressures. An insignificant change in the peaks position as 

well as the intensity of vibrational modes can be seen in the Fourier transform 

infrared (FTIR) profiles of the MoS2 films grown on SiO2/Si substrates at low 

deposition pressures. This suggests only a small change in the stretching and 

bending vibrational modes between the lower and higher frequency regimes 
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(see Fig. 4.6). The FTIR analysis of MoS2 films reveals specific vibration modes 

caused by small modifications in the Mo-S bonds under different deposition 

pressures. Apparently, a low transmission peak around 1480 cm−1 occurs only 

for the sample prepared at 100 mTorr, which is attributed to the S-O stretching 

bonds (Fig 4.6). A small sharp peak at around 3650 cm−1 is more noticeable at 

100 mTorr, which is weaken and shifted to higher frequency range when the 

deposition pressure decreases. At higher deposition pressure, Mo-O bonds 

may form as films interact with substrate surfaces. Moreover, the FTIR 

spectrum illustrates a sharp peak located around 2300 cm−1, for the film 

prepared at 100 mTorr comparatively to the two other films, which is assigned 

to the stretching and bending vibrational modes of Mo-O bonds. For the sample 

prepared at 100 mTorr, a weak broad band occurs around 650 cm−1 that 

corresponds to the Mo–O vibrational modes. Noticeable peaks around 420 cm−1 

are attributed to the stretching Mo-S bonds in MoS2 films, which reduce with 

increasing deposition pressure. Therefore, MoS2 groups and some other 

elements exhibit vibrational modes, like Mo-O bonds, arising from the 

interaction between films and substrate surfaces. Changes in deposition 

pressure lead to the slight difference in vibrational modes, caused by the 

dipolar interaction between the SiO2 substrate and MoS2 films. The main reason 

for this is due to the change in the interaction between the sulfur atoms and the 

substrate, and the electrostatic environment that influences the MoS2 vibration 

modes [33, 36, 43, 45]. Variations in the intensity of these IR peaks can be a good 

indication of sulfur vacancy defects in thin films fabricated at various 

deposition pressures, as confirmed by XPS measurements. Based on FTIR 

spectra, it is apparent that the S-vacancy is a favored position for the van der 

Waals interlayer interaction without significant bonds creation through the S-

vacancy. These results support the XPS characterizations, which indicate the 

effective interaction between the compositional elements of MoS2 films and 

substrate surface under various deposition pressures.  
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Fig. 4.6: FTIR spectra of the deposition MoS2 films by PLD on SiO2/Si wafer fabricated using 

different deposition pressures.  

 

4.2.4     Optical properties 

4.2.4.1     Photoluminescence measurement  

Analysis of the electrical and optical properties of MoS2 films, can be revealed 

by photoluminescence (PL) spectroscopy. A wavelength of 473 nm (~ 2.64 eV) 

of excitation source was selected by pumping the light into MoS2 films. The PL 

emission spectra are registered for the three synthesized samples at 0, 50, and 

100 mTorr (see Fig. 4.7 (a)). From the PL plots, the laser-ablated MoS2 films 

possess a direct band gap at different deposition pressures, as evidenced from 

the PL emission signal around 760 nm that is associated with the recombination 

of excitons. Thus, the band gap results in electron–hole pairs with transition 

spanning from the Vis-NIR window, corresponding to red light. For the 

samples deposited at 0, 50, and 100 mTorr, the emission bands reveal feature 

peaks located at wavelengths about 759, 760, and 761 nm, respectively (Fig. 4.7 

(a)). This may indicate direct excitonic transitions of the K point in the Brillouin 

zone, as revealed in the previous experimental works [3, 20-22]. Additionally, 

the relaxed excitons of MoS2 films induce emission in the photons at an energy 

band gap ~ 1.9 eV at the K-point. The PL analysis enables us to detect the 

quantum confinement in MoS2, which corresponds to the band gap as well as 

the energy transitions relared to interlayer interactions in MoS2. Pronounced 

PL emission signals reveal that the exciton peaks are almost unchanged for the 

deposited MoS2 films at 0-50 mTorr. This behavior was clearly elucidated from 

the SEM images in which transparent layers occur at many zones that can 

contribute to the high-luminescence of MoS2 films. Large size of crystal 

domains could contribute to the propagation of the excitons in MoS2. As the 

deposition pressure increases, the PL intensity signal is significantly affected 
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owing to the change in the degree of structural order–disorder within the MoS2 

films and the occurrence of localized states in the band gap. Furthermore, the 

change in the crystallinity of nanoparticles of MoS2 can be affected at higher 

deposition pressure, conducting to the variation of S vacancies in the films 

compared to the samples fabricated at 0 mTorr. This is mainly owing to the 

scattering of MoS2 species with argon gas atoms for the film grown at 100 

mTorr. A small PL emission occurs at a red-shift wavelength in the NIR regime, 

which reveals a small recombination of electron–hole pairs and could be 

attributed to defects states. As the argon gas pressure increases, a decrease in 

the kinetic energy appeared for the ablated particles due to increased collisions 

and scattering of ablated Mo and S atomic species rises. Conversely, the films 

deposited at 0 and 50 mTorr, have intense emission peaks in the visible regime 

revealing the charge carriers recombination. In these films, the intense PL peaks 

associated with the excitonic emission are indicated by the recombination at 

the valence band (VB)—conduction band (CB). The decrease in PL intensity for 

higher pressure (100 mTorr) would be attributed to the increase in non-

radiative charge transfer at the interface of MoS2 films and the SiO2 surface, 

which decrease the excitonic emission when compared to samples prepared 

under lower deposition pressures (0-50 mTorr). That means the intensity of PL 

features can be affected by additional non-radiative pathways for 

recombination excitons in layered MoS2 films grown on wafer substrates, like 

the process of charge transfer and dipolar–dipolar interactions. Moreover, it 

was found previously that SiO2 substrates can diminish the intensity of PL 

emission via scattering and interference phenomena with the optical phonons 

of the surface [22, 46, 60-62]. 

 

4.2.4.2     Extinction coefficient  

The extinction coefficient reveals the ability of light penetration into a material 

at a particular wavelength and it also describes light absorption. Fig. 4.7.b 

displays the extinction coefficient of MoS2 films synthesized under different 

deposition pressures. For the sample prepared at 0 mTorr, two separate exciton 

peaks can be observed around 320 nm and 385 nm (see Fig. 4.7 (b)), indicating 

that the sample exhibits higher light absorption than MoS2 films prepared at 

higher deposition pressures. The optical extinction spectra also illustrate 

several characteristic peaks located at 290, 310, and 340 nm for MoS2 films 

synthesized at 0, 50, and 100 mTorr, respectively. All spectra exhibit excitons 

around 385, 361, and 358 nm corresponding to deposition pressures of 0, 50, 

and 100 mTorr, respectively. The low intensity of the first peak of the MoS2 film 
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synthesized at 50-100 mTorr could be attributed to the low S-deficiency and the 

decrease in incident particles on the substrate surface. This indicates that the 

light at low wavelengths is highly absorbed in MoS2 films. At higher deposited 

pressure, the extinction coefficient shows a feature peak at 690 nm compared 

to samples prepared at low pressure. An attenuated intensity is observed at 

higher wavelengths due to the transparency in the material above 690 nm. The 

extinction curves of the synthesized samples at higher deposition pressures 

show light absorption in the visible window. For these samples, the behavior 

corresponds to a power law for background non-resonant scattering above 720 

nm. Furthermore, the dispersion of extinction spectra depends on the variation 

of the stoichiometry of films and aggregate sizes at different deposition 

pressures. Depending on the deposition pressure, the charge carriers generated 

on the substrate surface could tailor the band gap of MoS2 films. It was also 

inferred that the quantum confinement effect in the layered Mo 4d-electron 

material is significant compared to sp-bonded semiconductor nanostructures 

[47-51].   

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.7: (a) Photoluminescence spectra of as-grown MoS2 samples and (b) Extinction 

coefficients of MoS2 films fabricated using different deposition pressures.   

 

4.2.4.3     Absorbance spectra  

Using UV-Vis-NIR spectroscopy, the deposition pressure effect on light 

absorption in MoS2 films is characterized. The optical absorption shows a 

similar trend as the extinction coefficient up to an incident radiation energy of 

around 4.27 eV, as shown in Figs. 4.7 (b) - 4.8. In spite of the low extinction 
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coefficient, the optical absorption spectra increase significantly at photon 

energies higher than 4.27 eV. As can be noticed from Fig. 4.8, the absorption 

spectra of all three samples illustrate shoulders between 350 nm and 750 nm, 

which are ascribed to inter-band transitions between the Mo-4d and S-3p states. 

The two samples prepared at higher deposition pressures display six typical 

peaks, respectively at 50 mTorr (349, 591 and 745 nm), and 100 mTorr (332, 435 

and 830 nm) corresponding to the characteristic absorption bands in MoS2 

films. When argon gas pressure increases, the optical band gaps of MoS2 films 

are impacted by the number of S vacancies during deposition process. At 0 

mTorr, the optical absorption spectrum of MoS2 film exhibits a noticeable wide 

peak at 332 nm, indicating its excitonic character. The optical absorption in 

MoS2 film prepared at a deposition pressure of 0 mTorr is influenced by 

interlayer interaction and deposition rate, as exhibited by SEM analysis. 

Additionally, the deposition gas pressure may affect the absorption of light in 

the samples and the quality of crystalline growth of MoS2 films. At 50 mTorr, 

there is a red shift at 770 nm in the optical absorption spectrum of the 

synthesized MoS2 film, which occurs in the NIR regime (see figure 4.8). 

Moreover, features can be assigned to two excitons of wavelengths ~ 600 and 

830 nm, which split by 130 nm due to spin-orbit splitting. These two broad peak 

positions clearly exhibit a red-shift in the MoS2 film. Based on the previous CVD 

method, it was found that MoS2 films of thickness of 10 nm have ~ 2 eV [75] of 

optical gap. This is in accordance with our measured optical spectra. 

At 100 mTorr deposition pressure, the sample exhibits a broad optical 

absorption peak (2.85 eV) located in the blue shift range. MoS2 film shows an 

optical peak around 435 nm, which can be associated with direct transition 

from the valence to the conduction states. A typical peak can be seen in the 

near-UV range (less than 350 nm) due to the excitonic behavior of MoS2. 

Furthermore, the optical peaks located between 745 and 830 nm are assigned 

to the K point of the Brillouin zone [3, 22]. It has also been reported that the 

occurrence of significant blue shift wavelengths in optical absorption is 

assigned to quantum confinement effects when the lateral size is diminished 

for the MoS2 nanosheets [51].  
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Fig. 4.8: Absorbance spectra of MoS2 films fabricated using different deposition pressures. 

 

4.3     First principles calculations 

4.3.1     Electronic properties 

The computational modellings based on density functional theory calculations 

are very useful to elucidate the experimental results and to predict the 

properties of new complex materials [22-25]. In this regard, we performed first 

principles calculations based on a pseudopotential method to compute the 

electronic and optical properties of pristine and vacancy point-defective MoS2 

monolayers. The Vienna ab initio simulation package (VASP) is employed for 

this purpose [65]. The basis set of plane-wave involving inner fixed core states, 

is employed for the electronic structure calculations within a projector 

augmented wave (PAW) approach [66]. A generalized gradient approximation 

(GGA) for the exchange correlation function was used, according to the 

Perdew, Burke and Ernzerhof (PBE) approach [67]. For the calculations of 

electronic properties of all systems, a HSE06 scheme is used for both pristine 

and vacancy defects in 2H-MoS2 monolayers. A 15x15x1 dense mesh was 

selected for the calculations of optical properties. To ensure a better 

convergence for a total energy below 1 meV/atom, a plane-wave energy cutoff 

of 390 eV as well as a sufficiently fine grid of fast Fourier transformation relying 

on the supercell are employed. For the optimization of structural geometries 

and electronic structures of the pure and sulfur vacancy defective in MoS2 

monolayers, the criteria of convergence of 1.0×10-4 eV/Å and 1.0×10-6 eV/cell, is 

selected. To acquire reliable results, this involves the total relaxation of shape 

and cell size for the overall atomic coordinates, respectively. A 3x3x1 supercell 

for the MoS2 monolayer is constructed to create mono-vacancy and di-vacancy 

sulfur atoms. To prevent important slab interactions, a vacuum of 17 Å is 

involved. The generation of a 15x15x1 k-mesh of k-point sampling is 
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established by employing the Monkhorst-Pack technique [68]. The relaxation 

of all atomic positions is achieved in the plane and the vertical positions are 

maintained unchanged.  

The optimization of the structural parameters is performed for the hexagonal 

lattice MoS2 after minimizing the total energy versus the cell lattice. Then, the 

outcome equilibrium structural lattice parameters a0 = 3.184 Å and c0 = 12.97 Å 

are determined, which are in line with the earlier theoretical and experimental 

works [20-22, 56]. The space group P63/mmc is referred to the unit cell of 

MoS2 bulk which is composed of 6 atoms (2 Mo and 4 S). Here, the stacking of 

MoS2 layers is settled along the c-direction of the unit cell of 2H-MoS2. This is 

owing to the neglect of van der Waals interaction between MoS2 layers along 

the c-direction, analogous to graphene-type hexagonal order. To acquire a 

covalent bonding for MoS2 sheet, the coordination of each Mo atom is 

connected to six S atoms at both lower and upper sides of layers (c-direction) 

in a pattern of triangular prismatic. Also, the bonding of each sulfur atom is 

made in the c-direction with three Mo atoms and bonded to six sulfur atoms in 

the basal plane to acquire a hexagonal order. The interatomic distance of Mo–S 

is about 2.41 Å (Fig. 4.9). All the computed properties are executed for the free-

standing MoS2 single-layer by generating a 3x3x1 supercell, as depicted in Fig. 

4.9. As typical point defects, the attachment of a single S vacancy (V-S) and 

divacancies (V-S2) of two sulfur atoms (one atom at the upper layer and the 

other one at the lower side of MoS2 layer) are indicated for the same Mo atom 

(see Fig. 4.9). Illustrative structural geometrical models for 2H-MoS2 

monolayers with 3x3x1 supercell are displayed in Fig. 4.9 (b) and Fig. 4.9 (c), 

involving both V-S and V-S2 point defects.  
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Fig. 4.9: The hexagonal structural configurations of a perfect 2H-MoS2-single-layer with 331 

supercell geometry, while (Mo atoms are in purple, S atoms in yellow). In a 2H-MoS2-single-

layer with 331 supercell geometry, one sulfur and two sulfurs are removed to create vacancy 

point defects, in both the top and bottom sides of a layer of MoS2 by preserving the symmetry 

of the lattice, as portrayed in right sides (b) and (c). Simplified band structures for a defect-free 

2H-MoS2 331 supercell-sheet and native vacancy point defects, such as single-vacancy and 

di-vacancy of S atoms are indicated (a), (b), and (c) along with their charge density difference 

around the sulfur vacancies. The electronic structures display impurity states at the mid-gap 

for V-S and V-S2 anion atoms in the host MoS2-single layer, yielding a narrow band gap system. 

The perfect MoS2 single-layer displays a semiconducting character with a direct band gap of 

1.85 eV between the lower conduction states and the uppermost valence states, owing to the 

zone-folding over the Γ- Γ-direction of k points in the Brillouin zone. In (b) and (c), the density 

of states are modified by the introduction of S-V and S-V2 in MoS2 single-layer compared to the 

pure defect-free MoS2 sheet. The feature peaks emerge between the upper valence states and 

lower conduction states confined between green and yellow areas. 
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To assist the experimental investigations, we examined the electronic features, 

such as the band structure, and density of states (DOS) of perfect MoS2 

monolayer and defective structures with the alteration of sulfur vacancies (as 

sulfur and two sulfurs point defect species) in the host 2D-material. In our 

investigation, solely neutral point defects are introduced for simplicity. The 

electronic band structures of a defect-free MoS2-monolayer compared to 

defective monolayers comprising V-S and V-S2 vacancies, are displayed in Fig. 

4.9(a)-(c). Also, the inspection of the DOS can be understood from the electronic 

band structure curve of a defect free MoS2 sheet, as displayed in Fig. 4.9(a). The 

optimized structure for a MoS2 single layer has semiconductor behavior with a 

direct band gap transition of 1.85 eV along the Γ- Γ-direction of k points in the 

Brillouin zone (see Fig. 4.9(a)). The band structures of V-S into the host MoS2 

monolayer acquired localized defect states. It is noticeable that the defective 

states are located at mid-gap above the upper valence sates in MoS2-

monolayers containing both single-vacancy and divacancy of S atoms. For a 

single-vacancy S atom, the V-S defective states in the MoS2 sheet are located 

near the lower conduction with a reduced band gap. Conversely, the V-S2 

defective states are located at the midgap, arising from band gap depression. It 

is remarkable that the number of defective sub-bands rises when the number 

of S-vacancy increases in a single-layer of MoS2. The dispersion of electronic 

band structures plots display band folding multiple times for any vacant point 

defect species. However, the band gap is reduced compared to the defect-free 

MoS2 sheet and the midgap defective states are significantly localized because 

of the hybridization between Mo-4d and S-3p orbitals. These states are become 

dispersionless and flat located in the bandgap. This is owing to the weakening 

of covalent character of Mo-S bonding near the S-vacancy position. Also, the 

midgap between the Γ- Γ direction is positioned around 1.4 and 1.2 eV for the 

defective monolayers with V-S and V-S2 vacancies, respectively. The vacancy 

defects tailor the band gap, while the subbands number increases at the mid-

bandgap with an increase in S-vacancy in MoS2 sheets. 

To trace the evolution of both electronic structures of perfect and defective 

monolayers of MoS2, we computed their projected density of states (PDOSs) on 

Mo and S atoms, as portrayed in Fig. 4.9(a)-(c). From the analysis of PDOS plots, 

the S-p-orbitals of defective atoms have feature peaks for upper valence states 

that are responsible for the formation of electronic states close to the Fermi-

state. In correspondence with the band-structure dispersion curve, the band-

gap acquired from the DOS is about 1.85 eV for the perfect MoS2 sheet (see Fig. 

4.9 (a)). It is clearly noticed that the upper valence states and lower conduction 

states of a defect-free single-layer of MoS2 are mainly formed of hybridized Mo 
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4d and S 3p states, leading to a strong covalent character of Mo–S bond. For S 

mono/di-vacancies in MoS2 sheets, many impurity levels arise in the mid-band 

gap (see Fig. 4.9(b)-(c)). These impurity levels are composed of hybridized Mo 

4d and S 3p states and become delocalized as the S-vacancy number increases. 

This will rise the participation of Mo-4d states in the DOS of V-S2 structure with 

the increased number of non-terminated bonds of the defected S atoms 

compared to its perfect structure. The total spectral peaks of the lower 

conduction states of Mo/S atoms included in the pure MoS2 sheet, are altered 

in both V-S and V-S2 defective structures. For the V-S structure, the first set of 

peaks contain principally S-3p states owing to the dangling bonds of the 

neighbors of S atoms, developed from the lower valence states, although both 

Mo-4d and S-3p arising from the second and third sets of peaks are unchanged 

(-5.7 to -3 eV) (see Fig. 4.9 (b)). As displayed in Fig 4.9(c), the spectral peaks for 

the DOS of V-S2 close to the Fermi level became narrow. The Mo-4d-orbitals are 

responsible for the participation of the lower conduction states and upper 

valence states, while the S-3p-orbitals reveal a weak peak in the conduction 

states ~1 eV. For S-divacancy inserted into a MoS2 layered structure, the 

defective states relocate toward the conduction states, inferring a p-type 

semiconducting nature. While the localized midgap states may significantly 

impact the electron transport of 2D material, these defective states are 

dominant for the enhancement in the photoluminescence intensity [36, 39, 56-

63].   

For the purpose of examining the change in the chemical bonding of defective 

monolayers, the charge density differences of the first neighbors around the 

Mo-S bonding at S-mono-vacancy and S-divacancy defects in MoS2 single 

layers, are plotted in Figs. 4.9(b) and (c). The calculated charge density 

difference is acquired from the electron densities of monolayer MoS2, Mo 

atoms, and S atoms, respectively. The charge redistribution is formed from the 

vacancy point defect, although the modification in the electron density is due 

to the atomic bonding. Note that the S and Mo atoms located below and above 

the purple zone, exhibit an increase in the electron density close to the S-

divacancy defects. The green area illustrates electron density loss upon 

bonding. The significant charge transfer arising from S-monovacancy is the 

results of significant interaction between the vacancy sites and Mo producing 

a very stable system. It is revealed that Mo-S bonding gives arise to a covalent 

nature around the single vacancy S atom and edge atomic sites between Mo-S 

bonding in a MoS2 monolayer. Note that an increase in S-vacancy 

concentration, induces a weakening of Mo-S bonding caused by V-S2 type 

defects. Subsequently, the charge density difference reduces with the increase 
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in S-vacancy concentration, inferring the weakened covalent bonding behavior 

of Mo-S (Fig. 4.9). This can simply be due to a reduction in the ionic bonding 

character of defective monolayer MoS2. Thus, the generation of dangling bonds 

happened around Mo atoms when the S-vacancy type defects are present in the 

MoS2 monolayer. This would result in modification in bond-lengths around the 

vacancy point defects. In a defect-free structure, the bonding of each sulfur 

atom that possesses two valence electrons relates to two molybdenum 

electrons. Hence, for the missing sulfur atom, these two molybdenum electrons 

became unsaturated, signifying the neutral state of the typical point defect. For 

both V-S and V-S2 typical defects, the distribution of charge is shared between 

Mo and S atoms, surrounding the point defect (see Fig. 4.9). Accordingly, 

modification of the confined charge occurs at the nearest atomic sites around S 

atoms for a V-S point defect. Conversely, a change in the charge is observed for 

a V-S2 defect close to first- and second-neighbors of Mo atomic sites. This can 

be attributed to the more delocalization behavior of Mo-4d orbitals compared 

to S-3p orbitals.  

 

4.3.2     Optical properties 

The frequency-dependence of dielectric properties in response to incident 

photons, characterizes the optical aspects of materials that can be computed on 

the basis of a self-consistent charge density. The estimated dielectric response 

dependent on frequency, is associated with the large number of vacant states 

to enable a wider interval of inter-band excitations between the valence and 

conduction states. In this way, it is feasible to establish better results for the 

optical properties of the systems under study. The key factor to provide reliable 

information about the optical properties of a material, such as the complex 

dielectric function, is to divide the real and imaginary components into two 

terms. Then, 휀(𝜔) = 휀1(𝜔) + 𝑖휀2(𝜔) is formulated via the material response to 

the light spectrum. Based on optical spectra of incident radiation represented 

by the real and imaginary expressions of 휀(𝜔), the absorption coefficient, and 

energy loss function can be extracted [37].  
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Fig. 4.10: In-plane and out-of-plane optical absorption coefficient calculated for (a) free-defect 

2H-MoS2 3x3x1 supercell–monolayer, (b) V-S, and (c) V-S2 as a function of photon energy. 

Green and blue curves correspond to the basal-plane and the out-of-plane polarization of 

incident photons, respectively. 

 

To gain a better understanding of the optical behaviors of V-S and V-S2 vacancy 

point defects involved in the free-standing MoS2 monolayer with hexagonal 

symmetry, their optical absorption coefficients ( (𝜔) ) are systematically 

analyzed. The optical spectra of pristine MoS2 monolayer, V-S-MoS2, and V-S2-

MoS2 defective monolayers are computed along both polarization vectors of 
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light for E∥ (in a-b-plane) and E⊥ (out-of-plane). They are indicated by ∥(w) and 

⊥( w) components within a photon energy range of 0 – 20 eV. First of all, the 

spectral features of ∥(w) curves are intense compared to that of ⊥( w), 

demonstrating an anisotropic trend at the lower photon energy interval for this 

2D crystal structure with and without point defects. As clearly seen from Fig. 

4.10, the absorption edge starts around 1.97, 1.6, and 1.3 eV, respectively, for 

the pristine MoS2 monolayer, V-S-MoS2, and V-S2-MoS2 defective monolayers, 

revealing the optical band gap (Egopt) along with the global solar spectrum 

(AM1.5G) of incident light on the earth. The AM1.5G incorporates the direct 

and diffusing rays of light arising from the sun that is utilized as references for 

photovoltaic materials [15]. The threshold of optical absorption coefficient 

exhibits an alteration from the blue shift to the red shift of the solar spectrum 

regime and the solar irradiance is displayed in reddish color. It is well noticed 

that the optical absorption coefficient spectra ∥(w) and ⊥( w)  have an 

anisotropic shape for all systems at photon energies below 13 eV, and thereafter 

their pattens turn into an isotropic profile above 13 eV, as depicted in Fig. 4.10.  

Also, the first spectral peaks are the signature for electron transitions between 

the valence bands of S 3p states and conduction bands of Mo 4d states. 

Secondly, ∥(w) and ⊥( w)  components of the optical absorption coefficients 

exhibit analogous trends for defective monolayers except for the threshold 

value. Thirdly, the main spectral peaks are located below 13.5 eV, while the 

optical spectra curves are almost unchanged within a higher energy regime. 

The second remarkable peak of ∥(w) occurs around 3.1 eV corresponding to 

the energy located in the midsection of Γ-M k-points for a defective V-S 

monolayer. A noticeable spectral peak is detected at 6.3 eV in the out-of-plane 

spectrum for V-S point defect in MoS2 monolayer. It is well noticed that a low 

peak occurs at 1.4 eV related to the excitation arising from the filled valence 

states to conduction states. Also, the spectral peaks emerge at 1.85 and 1.4 eV 

for V-S and V-S2 point defects in MoS2 monolayer that can be reflected in the 

excitation via the defective filled states. The first broad spectral peaks emerging 

from the defective MoS2 monolayers, are owing to the valence band around the 

mid-gap impurity level. Specifically, the appearance of a shoulder in ∥(w) 

around 3.3 eV is associated with the occupied valence states to the empty 

defective levels, which are developed from the transition of S 3p states to Mo 

4d conduction states in both V-S and V-S2 defective monolayers. The optical 

absorption spectra of ∥(w) and ⊥( w) components for defective monolayers 

have a similar dispersed spectral shape at higher frequencies (as noticed in Fig. 

4.10). The absorption in a-b plane polarization of defective monolayers 

vanishes in the regime of 9-12 eV since the energy of incident photons is minor 

(Fig. 4.10). Both ∥(w) and ⊥( w)  profiles are almost unchanged in the light 
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energy regime ~ 15.5 - 19.5 eV. For both mono/divacancy defective monolayers, 

the absorption peaks shift systematically to lower energy compared to the 

defect-free case. An increase in S vacancy in the MoS2 sheet, results in a material 

with high impurity levels exhibiting significant light absorption from the 

visible to the NIR range. Hereafter, the optical absorption profiles display a 

redshift with a reduced band gap. Furthermore, several extra spectral peaks are 

detected at low photon energy in the defective MoS2 monolayers with 

enhanced optical absorption spectra when the S vacancy content increases. This 

assumes that the dependence on the vacancy type-defect, such as the atomic 

defects in MoS2 monolayers render them compelling candidates as sunlight 

absorbers offering enhancement of solar cells efficiency in photovoltaic systems 

[44, 48, 60-62]. 

Electron energy loss function spectra provide insight into the interband 

transitions of single electrons that can be discerned at the low energy range 

from the oscillations of collective plasma [18]. This may characterize the loss of 

electrons, traveling along a uniform dielectric medium. The electron energy 

loss function L(ω), contains two parts, the first one is in a-b-plane (L(ω)∥) (over 

a- and b-axis) and the second one is out-of-plane (L(ω)⊥) (over c-axis). The 

energy loss function of intrinsic MoS2 monolayer and S-vacancy defective 

monolayers are displayed in Fig. 4.11. Three major energy loss peaks occur in 

L(ω) spectra owing to the resonance frequency of plasma ωP. The position of 

energy loss peaks are associated with the critical points, while the material 

transitions take place from dielectric to metal. In the case of sulfur mono- and 

divacancies in MoS2 monolayers, the initial energy loss peak is insignificant at 

low radiation energy relative to the perfect MoS2 single layer, while the 

plasmon peak in the loss function occurs about 7.8 and 6.6 eV for polarizations 

in the a-b-plane and out of plane. It is noticeable that the first plasmon peaks in 

L(ω)∥ are reduced and relocated to 6.3 and 6.0 eV for V-S and V-S2 vacancies in 

MoS2 monolayers. As illustrated in Fig. 4.11, the second significant sharp peaks 

in energy loss spectra are centered between 12 and 15 eV for both L(ω)∥ and 

L(ω)⊥ of all MoS2 monolayers. A substantial anisotropic trend emerges for free-

defect and defective monolayers within the same photon energy range. Thus, 

the energy loss behavior disappears approximately around the radiation 

energy regime of 16-17 eV. It is noticeable that the electron energy loss function 

displaces to lower energy when S-vacancy increases in the MoS2 monolayer. 

The electron energy loss function describes the decomposition of two 

significant resonance characteristics for defect-free MoS2 in basal plane 

polarization (Ec) located below 9.1 eV because of  plasmons (-* transitions) 

and above 9.1 eV due to +σ plasmons (σ- σ* as well as -σ* transitions) (see 
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Fig. 4.11). For polarization perpendicular to a-b plane (E∥c) the only resonance 

characteristics are above 9.5 eV, arising from significant σ-σ* and -σ* 

transitions. Note that MoS2 possesses 18 valence electrons. Hence, the strong 

Mo-S bonding is composed of 12 electrons/molecule with mixtures of s, p, and 

d states that stem into the σ valence states, although the remaining six electrons 

are subject to -plasmon states. The two filled states containing the dz2 orbitals 

of the metal atom are among the six electrons in the -plasmon states that are 

displaced marginally. Therefore, a substantial red-shift can be detected in the 

+σ plasmon peaks for both L(ω)∥ and L(ω)⊥ when changing from defect-free 

to vacancy defective monolayers with increasing S-vacancy content. It is 

inferred that the incident electrons of various energies takes place on the 

surface of MoS2, while the loss of energy more conveniently arises at the 

vacancy sites because of elastic collisions with electrons between 8 and 9 eV. 

The peak signal in the defective monolayer is minor compared to the intrinsic 

MoS2 monolayer. Hence, the energy loss by the electrons while traversing 

through the defective monolayer is relatively modest, due to which the optical 

spectra is being redshifted.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.11: Energy loss function of (a) free-defect 2H-MoS2 3x3 supercell – monolayer, (b) V-S, 

and (c) V-S2 as a function of photon energy. Red and blue curves correspond to basal-plane and 

out-of-plane polarization of incident photons, respectively.  
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4.4     Conclusion 

In summary, the synthesis of MoS2 films on SiO2/Si substrates were successfully 

achieved using PLD under different argon gas pressures at a substrate 

temperature of 700 0C. The structural, morphological, and optical properties of 

these films were investigated using various characterization tools. Our 

experimental results reveal the influence of argon gas pressure on the surface 

morphology and optical behavior of MoS2 films grown on SiO2/Si substrate. 

Accordingly, this can affect the interaction between the laser-ablated MoS2 

films and SiO2/Si substrate surface. SEM characterization revealed that the 

deposited MoS2 films possess domains of hexagonal crystallinity. Therefore, 

the argon gas pressure variation significantly influences the surface 

morphology of the deposited films, while a quasi-uniformed dense distribution 

of crystallites was obtained for the films synthesized at 0 mTorr. XRD patterns 

exhibited a 2H-phase for MoS2 films, as revealed by the (002) facet. Also, the 

AFM analysis indicated a systematic reduction in the thickness of films as a 

function of increased argon gas pressure. The FTIR spectra revealed the 

occurrence of Mo–S as well as Mo–O bonds in the films. As apparent from XPS, 

the S-deficiencies represent the preferential positions for van der Waals 

interactions when there is a low density of defects. The PL spectroscopy 

illustrated emission bands spanning in the Vis-NIR regimes with charge 

transfer between MoS2 films and the SiO2 surface shown by inspection of the 

excitonic emission features. Subsequently, the formation of films illustrated a 

decrease in the intensity of the PL peak with increasing deposition pressure. A 

red-shift is detected in the optical gap versus an increase in buffer argon gas 

pressure in the chamber during the deposition process. This is essentially 

owing to the smoothness of surface morphology and thereby sulfur vacancies 

are diminished in these films. Using first-principles calculations, the electronic 

band structure and density of states results indicate that the perfect MoS2 

monolayer has a semiconductor behavior with a direct band gap transition. 

Interestingly, it was discovered that increasing the sulfur-vacancy defects in a 

single-layer of MoS2 created impurity levels at the mid-band gap above the 

upper valence states, leading to an acceptor type character with a reduced band 

gap. For defective vacancies in MoS2 monolayers, the optical spectra profiles of 

polarization in-plane revealed extra spectral peaks at lower photon energy as a 

function of increasing sulfur vacancies in a MoS2 monolayer. Furthermore, the 

localized mid-gap states represent a significant property for the activation of 

new optical transitions changing the incident photon energy below the band-

gap of defect-free 2D-structures from the visible to NIR regions. A pronounced 

plasmon peak in the energy loss function was relocated to a lower photon 
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energy as a function of an increase in sulfur vacancy defects. Our investigation 

would be informative for future design of optoelectronic devices based on 

PLD-synthesized MoS2 films under the influence of argon-gas pressure. It is 

therefore expected that our experimental and theoretical results will further 

assist the development of promising functionalities, such as the generation of 

light emission in defective layered MoS2 materials. This will eventually give 

rise to desired optical transitions suitable for higher efficiency photovoltaic 

devices, solar cell window layers, infrared detectors, and light emitting diodes. 
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Chapter 5 

 

The impact of anion elements on the engineering of the 

electronic and optical characteristics of a two-

dimensional monolayer janus MoSSe for nanoelectronic 

device applications 

 

This chapter is based on: 

F. Barakat, A. Laref, Mohamad S AlSalhi, and S. Faraji. 

Results in Physics 18 (2020) 103284 

 

 

Abstract 

Two-dimensional (2D) materials have gained prominence in the nano-

electronics arena, owing to their tunable electronic and optical features. Here, 

the physical properties of a janus MoSSe monolayer are examined upon the 

chemical co-doping of S/Se sites by non-metallic and halogen elements (C, Si, 

N, P, As, and F) employing first-principles calculations. Accordingly, an 

alteration of both the upper valence and the lower conduction states is revealed 

for janus MoSSe monolayer upon the replacement of both S and Se anion host 

atoms by sp-elements (C, Si, N, P, As, and F). A shift in the lowest conduction 

band underneath the Fermi energy level (EF) occurs in janus MoSSe monolayer 

when both S and Se elements are replaced by (F, F) atoms. This effectively 

conducts to a system with an n-type character. In contrast, the highest valence 

bands moved upward EF owing to the co-doping effect of C, Si, N, P, and As 

atoms on the janus MoSSe monolayer with p-type nature. The key features of 

the optical spectra, such as the optical absorption, reflectivity, and electron loss 

functions of the co-doped janus MoSSe monolayer are inspected. Our results 

imply a modification in the low-energy photon regime of the co-doped janus 

MoSSe monolayer at S and Se host atoms by non-metallic sp-elements 

compared to the free-standing monolayer. A reduction in the optical absorption 

and an increase in the reflectivity at low-energy photon window are detected 

when the janus MoSSe monolayer is co-doped by (C, Si), (N, P), (P,As), and 
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(F,F) elements, respectively at S and Se chalcogen atoms. The current study 

infers that the co-doping S and Se sites of janus MoSSe monolayers, with sp- 

elements, can be beneficial in future applications of 2D materials for field-effect 

transistors and nano-electronic devices. 

 

5.1     Introduction 

Two-dimensional (2D) materials promise a novel avenue for studying the 

underlying physics beyond the limit of their bulk systems, and they have 

acquired various technological applications. The exploration of 2D monolayer 

materials represent an interesting topic after the successful fabrication of a 2D 

monolayer graphene, which was reported in 2004 [1]. The striking features of 

the first 2D material discovered, i.e., graphene, exhibited peculiar thermal, 

mechanical, and electrical behaviors [2], whereas the absence of a sizable 

energy gap restricts its functionalities in logic devices. For this reason, 

researchers are looking for systems analogous to graphene with better 

electronic performance and have explored a variety of 2D materials, such as 

transition metal dichalcogenide (TMDC) MoS2 [3], hexagonal boron nitride (h-

BN), and black phosphorus (BP) [4]. These 2D materials have been broadly 

scrutinized owing to their interesting features, specifically their few-atomic or 

mono-atomic layer thickness. Like graphene, TMDCs represent a category of 

layered materials that illustrate a band gap, and their bonding character is 

strong in-plane [5]. In view of this, the typical 2D-TMDC, i.e., the molybdenum 

disulphide (MoS2) monolayer, which is an adaptable material with versatile 

functionalities, has been investigated because of its prominent usage in 

photoluminescence [6], lithium-ion batteries (LIBs) [7], photodetectors [8], 

flexible electronic devices [9], and field effect transistors [10,11].  

Various experimental works have developed MoS2 monolayer-based 

piezoelectric nanogenerators, which can be applied to the field of energy 

harvesting [12, 13]. In addition, 2D materials, such as MoS2 systems are also 

applied in triboelectric devices to produce a larger electricity harvest [14] and 

an unceasing direct current [15] owing to their flat surface and wide contact 

surface. Layered materials are predominantly touted as the next-generation 

systems to scale different electronic and information technology devices [16]. 

Therefore, the preparation of a MoS2 monolayer is established by mechanical 

and liquid exfoliation [17,18]. Interestingly, the implementation of exfoliated 

TMDCs is realized in light-emitting diodes, thin-film transistors, and 

photodiodes [19–21]. In recent years, 2D materials have been developed with 

superior quality, by employing chemical vapor deposition (CVD) to illustrate 
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the possible wide-scale fabrication of these materials [22]. More significantly, 

TMDCs possess an additional range of characteristics, compared to graphene. 

These can be used to mass-produce heterogeneous 2D devices with peculiar 

features [23]. Hence, the focus of study relies on the alteration of the structural 

and engineering functional of 2D materials, to determine their novel properties 

[24-40].  

Very recently, the synthesis of janus transition-metal dichalcogenide MoSSe 

monolayer has been characterized [30]. In the synthesis, a strategy has been 

developed for breaking the symmetry of out-of- structural plane to produce a 

new structural phase, the so-called janus MoSSe monolayer. The authors 

exhibited that the replacement of the upper layer of Se atoms by S atoms and 

the sulphurization could be controlled in the MoSe2 monolayer [30]. The 

successful synthesis of the janus MoSSe monolayer in the hexagonal (2H) phase 

from MoS2 monolayers using CVD and thermal selenization techniques with a 

complete substitution of the upper layer of S atoms with Se atoms [30]. This 

eventually results in a structurally crystalline configuration by sandwiching 

Mo atom layer between S and Se layers. The ultimate bulk structure was found 

to have a semiconducting character with an indirect band gap of 1.5 eV. These 

janus monolayer materials can be useful for nanoscale energy conversion 

device applications. Previous research reported that the replacement of Mo by 

other transition metals can affect the alteration of semiconductor characteristics 

of the monolayer to a magnetic state [26-30]. This structural variation is 

expected to develop various beneficial modification in the optical and 

electronic features of the monolayer. Currently, an optical gap of 1.8 eV has 

been reported, which is close to the average optical gaps of MoS2 and MoSe2 

[31]. 

It is well recognized that the substitution in 2D materials or the vacancy defects 

therein are fruitful for tuning their physical characteristics. For instance, the 

tailoring of magnetic states in graphene and boron nitride were established by 

creating vacancies [32, 33]. Unlike those in graphene and boron nitride, some 

typical vacancies can be detected in the MoS2 monolayer using CVD. These 

involve mono-sulfur vacancy (VS), di-sulfur vacancy (VS2), and rows created 

by several sulfur vacancies [34, 35]. It is not known whether a vacancy or a 

substitution can induce a modification of the physical characteristics of a janus 

MoSSe monolayer. Co-doping of the host lattice is a practical technique to tune 

or improve the physical behaviors, such as the electrical and optical 

characteristics, of this monolayer. Similarly, alloying MoS2 and MoSe2 can 

produce beneficial properties, which are absent in binary bulks [36-39]. 

However, the physical behaviors of janus MoSSe monolayer co-doped with sp-
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anion elements have not been reported yet. Thus, we conducted a systematic 

study regarding the co-doping of janus 2H-MoSSe monolayer by substituting 

the anion elements at S and Se sites. The electronic and optical features of the 

co-doping effects of sp-elements (C, Si, N, P, As, and F atoms) on janus 2H-

MoSSe monolayer with a 3×3 supercell have not been investigated so far. Our 

investigation will provide useful information for performing future 

experimental works on this promising 2D material. From our results, we found 

that the co-doping of (S, Se) host atoms by (F, F) elements had the lowest 

formation energy, indicating the stable structure among the remaining co-

doped systems. The other co-doping elements had higher formation energies 

than the doping of (F, F) atoms instead of (S, Se) host sites of the janus 2H-

MoSSe monolayer having a 3×3 supercell. These various co-doping elements 

can alter the electronic band structures of the janus MoSSe monolayer. 

The aim of this chapter is to systematically examine the evolution of the 

electronic band structures and optical behaviors of a pristine janus 2H-MoSSe 

monolayer with a 3×3 supercell and its counterpart co-doping of (S,Se) host 

atoms by sp non-metallic elements (C, Si, N, P, As, and F atoms) to acquire a p-

type or an n-type character. In this respect, we investigate the substitutional 

impact of C, Si, N, P, As, and F atoms on the electronic and optical properties 

of a freestanding janus 2H-MoSSe monolayer. It is worth noting that the 2sp 

non-metallic elements (N and F) are positioned in the same row as C element, 

the other 3sp-element (P) is in the same row as Si element of the subgroup of S 

atom, and the last 4sp element (As) belongs to the subgroup of Se atom. For 

this reason, we perform a theoretical investigation to analyze the various 

physical properties of the systems of interest using density functional theory 

(DFT) [41] within the framework of a pseudopotential scheme, as portrayed by 

Vienna Ab initio Simulation Package (VASP) [42-44]. Moreover, for the 

exchange-correlation functional, the generalized gradient approximation 

(GGA) is employed [41]. It is revealed that the bonding character can change 

from the pure to p-type or n-type of janus 2H-MoSSe monolayer. Importantly, 

the positions and intensity of optical spectra of the pure and p-type as well as 

n-type of 2H-MoSSe monolayer are altered. This suggests tremendous potential 

functionalities in nanoelectronic devices based on 2H-MoSSe monolayers. 

Furthermore, it is indicated that the doping impact on a 2H-MoSSe monolayer 

modifies its electronic structures and optical properties from the visible to the 

infrared (IR) regime. The current investigation offers insight into the tailoring 

of 2D electronic structures, in addition to optical properties of these 2D 

materials that could be beneficial for optoelectronic device applications. 
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The organization of this chapter is classified as follows. In Section 5.2, a concise 

representation of the computational calculations is provided. The results and 

discussion are analyzed in Section 5.3. Finally, the main points of our results 

are concluded in Section 5.4.  

 

5.2      Computational calculations 

By employing the DFT based on pseudopotential method, we have carried out 

our calculations, as described by VASP code [42]. This method is founded on a 

plane-wave basis set. The interaction between ion cores and valence electrons 

is represented by projector augmented wave (PAW) potentials [43]. The 

addition of the non-local corrections is provided in the form of the GGA scheme 

within the Perdew-Burke-Ernzerhof (PBE) exchange and correlation 

functionals [41]. The plane-wave basis set holds an energy cut-off up to 450 eV, 

and an augmentation charge cut-off of 650 eV was used to ensure a good 

convergence of the total energies. A geometric relaxation was established with 

a conjugate gradient minimization scheme. The estimation of the error bar of 

the absolute energies was determined in the overall calculations to be 

approximately 2 meV/atom by converging the tests of the energy cut-off and k-

point sampling. In our case, we considered a free-standing janus MoSSe 

monolayer within a 3×3 unit cell and a vacuum of 18 Å to prevent significant 

slab interactions. A 17×17×1 k-mesh created by the Monkhorst-Pack method [45] 

is used. All the atomic positions were relaxed in the plane, and the vertical 

positions were kept fixed. Gaussian smearing was performed about 0.1 eV to 

facilitate a prompt convergence of the co-doping of the janus 2H-MoSSe 

monolayer with a 3×3 supercell by substituting S and Se atomic sites with the 

sp- elements (C, Si, N, P, As, and F). As portrayed in Fig. 5.1, the creation of the 

structure was built-up by the substitution of one S atom layer of the MoS2 

monolayer by a Se layer. The resulting structure has a Mo atomic layer 

sandwiched between S and Se atomic layers. The equilibrium lattice 

parameters a0 and c0 for the janus 2H-MoSSe monolayer are computed to be 

around 3.23 Å and 13.8 Å, respectively, which are in accordance with the 

previous experimental works [25, 29-31]. The 2D schematic representation of 

the janus MoSSe monolayer displays the top view of the MoSSe structure, with 

the chalcogen atoms S and Se in yellow and green, respectively, and the metal 

atoms (Mo) in purple (Fig. 5.1). The configurations of the relaxed janus 2H-

MoSSe monolayer with a 3×3 supercell for both pristine and co-doped MoSSe 

monolayer sheets are depicted in Fig. 5.1. They are produced by replacing one 

S atom with C, N, P, and F elements, respectively, in the upper layer and one 
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Se atom by Si, P, As, and F atoms, respectively, in the lower layer of the 

monolayer (MoSSe-CSi, MoSSe-NP, MoSSe-NAs, MoSSe-PAs, and MoSSeF2). 

The calculated electronic and optical characteristics of the freestanding and co-

doped janus 2H-MoSSe monolayer sheets with a 3 × 3 supercell are discussed 

in the subsequent sections and are established by a HSE06 scheme.  

 

5.3     Results and discussions 

5.3.1    Structural properties of the janus MoSSe monolayer and its 

counterpart co-doped with non-metallic elements (C, Si, N, P, As, and F 

atoms)   

 

     

    

Fig. 5.1. The (a) top-view and (b) side view of the structural geometries used in our calculations 

of pure 2H-MoSSe-3x3 supercell structure having janus monolayer (Mo atom (purple), yellow 

atom S (yellow), and the Se atom (green)). One sulfur atom is substituted by C, N, P, and F 

elements, respectively, in the upper part of layer and selenium atom is substituted with Si, P, 

As, and F atoms in the lower part of layer of MoSSe janus-monolayers (MoSSe-CSi, MoSSe-NP, 

MoSSe-NAs, MoSSe-PAs, and MoSSeF2), as indicated in the lower panel (c ). The structural 

lattice parameters are a=3.23Å and c=13.8 Å. (a) Top view of the pristine 3x3 supercell MoSSe 

janus monolayer and (b) the side view of the MoSSe janus-monolayer. For both upper and 

lower parts of layers, the coordination of each of the Mo atoms with 3 S and 3 Se atoms is 

represented in a triangular prismatic fashion.  

(a) 

(b) 

(c) 
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The structural geometries are first optimized for the pure janus 2H-MoSSe 

monolayer at the equilibrium lattice constants of the hexagonal structure: a0 = 

3.23 Å and c0 = 13.8 Å, which are obtained after performing the total energy 

minimization vs. the structural cell parameters. The structure is particularly 

acquired by the lattice parameters a and c (the lattice parameters of hexagonal 

structure). The lattice parameters agree fairly well with the previous 

experimental results of 4% [37].  In the MoSSe monolayer, the Mo atom shares 

covalent bonding with three S atoms in the upper plane and to three Se atoms 

in the lower plane. They constitute a trigonal prism structure, which is joined 

to six in-plane Mo atoms in a hexagonal pattern like-graphene. In contrast, each 

S or Se atom is bonded to three out-of-plane Mo atoms and is connected to six 

in-plane S or Se atoms with a hexagonal arrangement. The Mo-S and Mo-Se 

bonding distances are equal to 2.38 Å and 2.46 Å, respectively (see Fig.5. 1). The 

unit cell of a janus MoSSe monolayer is composed of three atoms (i.e., Mo, S, 

and Se), having a repetition on each atomic site of a 2D hexagonal lattice. (Fig. 

5.1).  

The formation energy provides basic information about the stability and the 

possible growth process of complex 2D materials. The lower formation energy 

would lead to the favorable 2D material. EFormation is computed from the 

difference of the total energy of the crystal and the summation of energy of the 

corresponding stable components. The computed formation energies are 

carried out by a GGA technique. The formation energy of a specific 

substitutional codopant, Eform, is denoted by: 

   EFormation = ETotal (MoSSe+A+B) + Ebulk(host) – ETotal (MoSSe) - Ebulk(A) – Ebulk(B)  (5.1) 

here, ETotal (MoSSe+A+B) indicates the total energy of the system that inserts the 

substitutional atoms (A, B) in place of (S, Se) host chalcogen atoms of the janus 

MoSSe monolayer. One atom of S is substituted by one atom A in the upper 

part layer and one substitutional atom B instead of one Se atom in the lower 

layer part of the janus MoSSe sheet. (A,B)=(C, Si), (N, P), (P, As), (N, As) and (F, 

F), respectively are the substitute of (S, Se) anion atoms in both the upper and 

lower layers. ETotal (MoSSe) represents the total energy of the pristine MoSSe 

janus monolayer. Note that Ebulk(host) denotes the energy of substituted S (Se) 

host chalcogen atom in bulk form, while Ebulk(A), and Ebulk(B) indicate 

respectively the energies of the substitutional atoms (C, Si, N, P, As, and F, 

respectively) in their bulk forms. The energetic stability of the codoping (S, Se) 

sites with (C, Si), (N, P), (P, As), (N, As) and (F, F), respectively in the MoSSe 

janus monolayer is evaluated by the calculation of their corresponding 

formation energies, which represent the change in the energy. However, the 

https://www.sciencedirect.com/topics/materials-science/lattice-constant
https://www.sciencedirect.com/topics/physics-and-astronomy/prisms
https://www.sciencedirect.com/science/article/pii/S0038109812000889#f000005
https://www.sciencedirect.com/science/article/pii/S0038109812000889#f000005
https://www.sciencedirect.com/science/article/pii/S0038109812000889#f000005
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formation of a material can be established from its components in their 

respective stable structures. The computed formation energies are collected in 

Table 5.1.  

We computed the formation energy of the janus MoSSe monolayer codoped by 

elements, such as C, Si, N, P, As, and F, to determine the most favorable phase. 

Among all the possible substitutional atoms at (S, Se) host atoms in the janus 

MoSSe monolayer, the codoping of the MoSSe janus monolayer with (F, F) 

atoms instead of (S, Se) anion atoms, was found to have the lowest energy 

compared with the others (see Table 5.1). It is the most energetically favorable 

compared with other codoped elements that are covalently bonded to the Mo 

atom. This can designate the suitable energetic stability of these monolayers by 

proposing the feasibility of its experimental growth. This has been proposed by 

a previous experimental investigation [35] and predicted by a previous 

theoretical calculation [36] for the MoS2 monolayer. However, the variation in 

magnitude of the formation energy of the codoped systems depends on the 

difference in the covalent and ionic bonding between the non-metallic 

elements, Mo atom, and (S,Se) anion atoms, as well as in the charge transfer 

between these elements and the Mo atom. Our results indicate that the 

replacement of both S and Se atoms with non-metallic elements is a good way 

of designating a janus MoSSe monolayer with a p-type or an n-type character.  

 

Table 5.1: Formation energy (unit in eV) of different substitutional codopants (C, N, Si, P, As, 

and F) at (S, Se) host atoms of a janus 2H-MoSSe monolayer with a 3×3 supercell (MoSSe-CSi, 

MoSSe-NP, MoSSe-NAs, MoSSe-PAs, and MoSSeF2). 

Substitutional codopants at host atoms 

of janus MoS2  

Formation energy 

(eV) 

MoSSe-CSi 3.86 

MoSSe-NP 3.13 

MoSSe-NAs 2.56 

MoSSe-PAs 2.11 

MoSSe-F2 0.95 
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5.3.2     Electronic properties and charge densities of the pure janus MoSSe 

monolayer and its counterpart co-doped with non-metallic elements of C, N, 

Si, P, As, and F 

The electronic band structures of the pristine janus MoSSe monolayer and its 

counterpart co-doping S and Se sites with non-metallic elements (C, Si, N, P, 

As, and F) are shown in Fig. 5.2. The energy-level separation between the 

conduction band minimum (CBM) and the valence band maximum (VBM) are 

computed over the full Brillouin zone of the hexagonal structure. The position 

of Fermi level is set at VBM. Apparently, the pure janus 2H-MoSSe monolayer 

with a 3×3 supercell has a semiconducting character with a direct band gap 

transition of 1.85 eV from the VBM to the CBM (G-G) (see Fig. 5.2). These results 

agree reasonably well with those quoted by previous experimental and 

theoretical works [25, 29-31]. The computed energy band gap of 1.85 eV is in 

reasonable accordance with the experimental optical band gap of 1.80 eV [25]. 

It was previously reported that the pure MoSSe bulk material has an indirect 

band gap transition of 1.5 eV through the G-K direction [31]. Hence, a transition 

emerges from the indirect gap to the direct gap when going from the MoSSe 

bulk material to the janus monolayer. According to previous theoretical works 

[13, 16], the bulk MoS2 semiconductor also possesses an indirect band gap of 

approximately 1.2 eV. The semiconducting bulk MoSSe is made up of a van der 

Waals type bonding between S-Mo-Se units [18-26]. Each of these stable 

structural cells is composed of two hexagonal upper and lower planes of S and 

Se atoms and of the medium hexagonal plane of Mo atoms that have a 

coordination of covalent bonding with both S and Se atoms in a trigonal 

prismatic pattern (see Fig. 5.1). Note that, for the bulk system, the VBM shifts 

from halfway along the Γ-K line towards K. By applying a zone-folding effect, 

we can generate the 2D electronic states of the janus MoSSe monolayer from a 

subset of the bulk band structure with quantized in-plane momenta. It means 

that the momenta are positioned in planes orthogonal to the Γ-K or K-M 

directions in the Brillouin zone. The pristine janus 2H-MoSSe monolayer with 

a 3×3 supercell undergoes a crossover to a direct band gap semiconductor. For 

janus MoSSe monolayer with a 3×3 unit cell, the band structure had a quantum 

confinement that induces an alteration from the indirect gap of a bulk value of 

1.48 eV to a direct one of 1.85 eV for monolayer [25]. Thus, MoSSe bulk crystal 

undergoes a crossover through an indirect gap to a direct gap semiconductor 

in the monolayer limit.   

 

 

https://www.sciencedirect.com/topics/materials-science/semiconductor-materials
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Fig. 5.2: Band structures of a 2H-MoSSe 3x3 supercell janus- monolayer and its codoping S and 

Se sites with (C, Si, N, P, As, and F). The electronic structures show a shift of the upper valence 

bands above EF for C/Si, N/P, N/As, P/As substituted instead of S/Se anion atoms in a MoSSe-

janus-monolayer leading to a p-type conductive system. In contrast, the impact of halogen F 

atom instead of S/Se atoms substituting the host material MoSSe-janus monolayer, induces a 

shift of the lower conduction bands downward EF leading to a n-type conductive material. The 

MoSSe-janus-monolayer exhibits a semiconducting character with a direct band gap of 1.85 eV 

between the downward conduction band and the upward valence band. Note that the direct 

band gap transition is due to the zone-folding along the Γ- Γ-direction. 
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To reveal the alteration of the band structures of the janus 2H-MoSSe 

monolayer co-doping S and Se sites with a p-type ((C, Si), (N, P), (N, As) and 

(P,As)) and an n-type (F, F) elements, we analyzed in detail the nature of the 

electronic band structures. We then examined the viability of p-type doping 

acquired by substituting the S/Se anion atoms with elements from groups IV 

and V of the periodic table, namely, C, Si, N, P, and As, respectively. In contrast, 

for n-type character, the F atom was chosen as the replacement instead of the 

S/Se atoms. The band structures of all 2D materials under study, such as the 

pristine janus 2H-MoSSe monolayer with a 3×3 supercell and its counterparts 

co-doped with non-metallic elements (such as MoSSe-CSi, MoSSe-NP, MoSSe-

NAs, MoSSe-PAs, and MoSSeF2), are induced chiefly from the 4d orbitals of Mo 

and from the 3p or 4p states of S or Se in the janus MoSSe monolayer, as 

depicted in Fig. 5.2. The states of the pristine monolayer can be hybridized with 

the sp states of co-doped non-metallic elements near the VBM and the CBM 

above and below EF. This is reflected as the hybridization between the 2p/3sp/4p 

states of the C, N, Si, P, and As elements and S/Se-3p/4p states as well as the 

4d/5s-orbitals of Mo atoms in the monolayer. This can however create covalent 

bonding between the non-metallic elements (C, Si, N, P, As, S, and Se) and Mo 

in-plane. As shown in Fig. 5.2, the shift of the VBM upward EF for the co-doping 

S and Se sites with C, Si, N, P, and As in the janus 2H-MoSSe monolayer having 

3x3 supercell, was a result of the charge transfer between the S (C, Si, N, P, and 

As) and the Mo atoms (C-S, Si-Se, N-Mo, P-Mo, and Mo-As bonding). This 

could then induce breaking the degeneracy of the CBM and VBM at the 

Brillouin zone of the hexagonal structure. For F element substituted by S and 

Se atoms in the janus MoSSe monolayer, an n-type is present in the janus MoSSe 

monolayer. This is because a F atom has one supplementary p electron 

compared with S or Se atoms. It is well known that the p-type atom affects the 

displacement of the upper valence states above EF and the n-type doping atom 

affects the shift of the lower conduction states beneath EF level (see Fig. 5.2).  

It is notable that the upper valence bands were pulled upward EF along the M-

K-direction, leading to a janus MoSSe monolayer with a p-type character, 

whereas the CBM shifted downward EF with an n-type character in the janus 

MoSSe monolayer (see Fig. 5.2).  Accordingly, the C, N, Si, P, As, and F atoms 

form covalent bonding with the S or Se atom in the janus 2H-MoSSe monolayer. 

The symmetric structure is broken, leading to a p-type or an n-type character 

for the doping of the MoSSe monolayer depending on the doping effect [46-51]. 

The bands close to EF have rather a flat shape, as anticipated via the d-orbitals 

of the Mo electrons at those energies. Apparently, the degeneracy of both the 

upper valence states and the lower conduction states was lifted in the region of 
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EF in both the 𝚪 -M and the M-K direction. This can result in the enhancement 

of the overlap between the S/Se-3p/4p and the C-, N, Si-, P-, and F-p orbitals 

above and underneath EF. Note that the electrons were conveyed via the C, N, 

Si, P, and F atoms to the Mo atom, confirming the strong localization of the 

electrons in-plane. The increase in the supercell of the janus MoSSe monolayer 

in-plane can be associated with the quantum confinement impact, besides the 

covalency and charge transfer, which can vary between the Mo and S/Se 

elements and the co-doped non-metallic elements, compared with those of the 

host material. As clearly noted, the 4d states of the Mo atom degenerated into a 

bulk structure [26], whereas a small separation occurred in the janus 

monolayer.  This type of behavior, emerging from the 4d-states interaction in 

the janus MoSSe monolayer, may also occur in other layered TMDCs. 

The origin of the electronic band structure can be discerned via the density of 

states (DOS) under the co-doping effect on the janus MoSSe monolayer. 

Furthermore, we discuss the codoping S and Se anions of the host MoSSe 

monolayer with non-metallic elements (such as MoSSe-CSi, MoSSe-NP, 

MoSSe-NAs, MoSSe-PAs, and MoSSeF2) having sp states. The codoping effects 

on the janus MoSSe monolayer are elucidated from the variation of the number 

of states close to EF, as depicted in Fig. 5.3. This can play a major role in the 

alteration of the VBM and CBM close to EF. Note that the number of states in 

the total and atomic project DOS of janus MoSSe monolayer is modified by 

inserting in the host material some selected non-metallic elements of the 

periodic table, from column IV to column VIII. The total DOS of the pristine 

janus MoSSe monolayer and the extrinsic semiconductors with a p- or an n-

type character are depicted in Fig. 5.3. The electronic DOS can be separated into 

three sets of states, disjoined by a band gap for the freestanding janus MoSSe 

monolayer, as seen in Fig. 5.3. In the first section, the electronic states of the 

DOS around -6 eV are essentially due to the set of states composed of 3p/4p 

orbitals of S/Se atoms as well as 4p orbitals of Mo atom and are together 

strongly hybridized. In the next set above EF, the main participation of the CBM 

arises from the 4d/5s states of Mo atom. It is separated by a band gap from the 

second group of VBM below EF for the pristine janus 2H-MoSSe monolayer 

having a 3×3 supercell. The DOS shows that the Mo-4d and S/Se-3p/4p states 

contribute predominantly to the DOS around EF, in addition to the S or Se sites 

that are replaced in the janus MoSSe monolayer by C, Si, N, P, As, and F 

elements. It is also clearly observed that the CBMs are shifted below EF when 

(F, F) are replaced by S and Se atoms as compared to the pristine monolayer. 

This is due mainly to the addition of one or more electrons in a F atom in 

comparison with S/Se atoms, yielding to n-type doping nature.  Note that the 
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lower valence bands are changed and their energy levels were split in the range 

of -6 to 0 eV. This can be related to the effect of the C, N, Si, P, As, and F elements 

codoped into the janus MoSSe monolayer, in comparison with the DOS of the 

host material, namely, the freestanding janus MoSSe monolayer (see Figs. 5.2 

and 5.3). 

The total and atomic projected DOS plots of the C, Si, N, P, and As atoms doped 

into the pure janus MoSSe monolayer show a displacement of the upper 

valence states above EF (see Fig. 5.3). This can be caused by the increase in the 

valence electrons of the doped atoms in the host system, and, thereby, the 

concomitant electronic states were relocated above EF. This is a good indicator 

of an induced p-type janus MoSSe monolayer. The valence band located at -4.9 

eV to 1.7 eV originated from the S-3p, Mo-4d, C-2p, N-2p, P-3p, and Si-3p states 

that were shifted above EF for conduction band to a p-type character based on 

the janus MoSSe monolayer. In the conduction band, the region from 2.0 eV to 

4.5 eV consisted of hybridized states composed of Mo-5s, S/Se-s, and C, N, P, 

As, and Si s/p orbitals.  Clearly, several sharp peaks appeared in the DOS near 

EF at (-3.8, -2.5, and 1.5 eV), (-3.6, -2.7, -1.8, and 0.6 eV), (-4.1, -3.7, -1.5, and 0.4 

eV), and (-5.8, -3.1, -2.7, and -0.6 eV) for the janus MoSSe monolayer doped with 

C, N, P, As, and Si atoms, respectively. We note that the first peak located below 

the EF came from the p states of C, N, P, As, and Si atoms between -2.7 and -0. 

6 eV, respectively. It was clearly observed that feature peaks are located above 

EF for the DOS near 0.4-3.5 eV in the janus MoSSe monolayer co-doped with C, 

N, P, As and Si atoms, respectively. This is caused by the mixture between the 

p states of C, N, P, Si, As, S, and Se atoms. In addition, the occupied p-orbital 

electrons of C, N, P, As, and Si cause a shift in the VBM above EF. From a 

theoretical perspective, the replacement of the S or Se atoms with C, Si, N, P, 

and As atoms will alter the total number of electrons. In comparison with 

previous theoretical data, the DOS of the janus 2H-MoSSe monolayer showed 

an upward shift for the VBM above EF as compared with the pristine case, 

which was characteristic of p-type behavior [25]. Fig. 5.3 shows close to EF that 

the number of states increases and splits because of the increase in the number 

of valence electrons in outer-shell of F atom irrespective with S or Se atoms. The 

VBM located from -6 to -2.5 eV originates from the mixture of the Mo-4p, S/Se-

3p/4p, and F-2p states. The CBM positioned between -1 and 2.5 eV is composed 

of Mo-4d and S/Se-3p/4p states as well as a few contributions from the F-2p state. 

These conduction states are originally shifted downward EF, whereas the 

conduction band arising from 2.8 to 3.5 eV consist of the hybridization between 

the Mo-5s, S/Se-3p/4p, and F-2p orbitals. 
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Fig. 5.3: Total and atomic projected density of states on C, Si, N, P, As, and F for 2H-MoSSe 3x3 

supercell janus- monolayer and its co-doping S and Se sites with C, Si, N, P, As, and F elements.  

 

To understand the distribution of molecular orbitals of both pristine and doped 

MoSSe janus monolayer, we analyzed their charge density. The localization of 

HOMO-LUMO charge density for a pristine MoSSe janus monolayer and 

localization of molecular orbitals close to EF of a MoSSe single-layer doped with 

F, C/Si, N/P, N/As, and P/ As elements instead of S/Se are displayed in Fig. 5.4 

(a)-(g). The HOMO and LUMO orbitals of pure MoSSe single layer are 

covalently bonded via sp2 hybridization between S-Mo-Se atoms.  It is clearly 
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seen from Fig. 5.4 (c) that the electrons are transferred from Mo to F atom 

because of the different electronegativity of F and Mo atoms. Thus, the 

localization of the electron in this n-type semiconductor has covalent character 

between the F-Mo bonding. Further examination of the localization charge 

density near EF for C/Si, N/P, N/As, and P/As elements that replace S/Se atoms 

of MoSSe janus free-standing layer are shown in Figs. 5.4(d)-(g). The 

localization of the electrons is significant in the case of C/Si doped into MoSSe 

janus monolayer compared to the other remaining systems. This is mainly due 

to the strong covalent character in the region of C-Mo-Si bonding that can 

render the system to be a p-type extrinsic semiconductor. A similar behavior is 

present for other systems, as shown in Fig. 5.4 (e)-(g). It is obvious that 

codoping with N, P, As instead of S/Se atoms leads to a deficiency of a single 

electron in S or Se. Thus, a small localization of charge close to S/Se and bump 

of charges on foreigner codoped elements in MoSSe monolayer, yields a p-type 

extrinsic semiconductor.  

 

 

(a) 

 

(b) 

 

(c) 
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(d) 

 

(e) 

 

(f) 

 

(g) 

Fig. 5.4: Localization of charge density (a) HOMO- MoSSe janus monolayer, (b) LUMO-MoSSe 

janus monolayer, (c) charge density of fluorine doped into MoSSe near EF, (d), (e), (f), (g) charge 

density near EF of MoSSe janus free-standing layer where S/Se elements are replaced by C/Si, 

N/P, N/As, and P/As atoms, respectively. 
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5.3.3     Optical properties of the janus MoSSe monolayer and its counterpart 

co-doped with non-metallic elements (C, Si, N, P, As, and F) 

Information regarding the optical properties is provided from the interaction 

of electromagnetic radiation with a material, which can be described via an 

important key component, the so-called dielectric function. This component is 

connected to the electronic band structures of a solid, and it can be examined 

using optical spectroscopy. In this case, the dielectric function is composed of 

two terms, namely, the real and imaginary parts. The relation 휀(w) = 휀1(𝜔)+ 

i휀2(𝜔) is expressed via the response of a material to the photon spectrum.  

The real part of the dielectric function of the considered systems is given by: 

휀1(𝜔) = 1 +
2

𝜋
𝑃 ∫

�́� 2(�́�)

�́�2−𝜔2

∞

0
𝑑�́�, (5.2) 

the imaginary part of 휀(w) is calculated as follows:  

𝐼𝑚[휀𝑗𝑗(𝜔)] =
𝑒2ℏ2

𝜋𝑚2𝜔2
∑ |⟨𝜓𝑐|𝑒�̂�. 𝑃|𝜓𝑣⟩|

2
𝛿(𝐸𝑐 − 𝐸𝑣 − ℏ𝜔)𝑣,𝑐 , (5.3) 

where, the unitary vector 𝒆�̂�   is related to the direction of the external 

electromagnetic field of energy ℏω. The vacant and filled eigenfunctions states 

of the material are denoted by 𝜓𝑣  and 𝜓𝑐 , respectively, while 𝐸𝑣  and 𝐸𝑐 

describe the associated energies. 𝒆 and 𝒎 indicate the charge and mass of the 

bare electron, respectively, whereas the momentum operator is characterized 

by �̂�. Based on the optical spectra of the real and imaginary terms of 휀(w), other 

optical spectra can be evaluated, the so-called absorption coefficient, 

reflectivity, and energy loss function [42]. In our case, all optical spectra of the 

hexagonal structures are computed in plane (xx direction) and out of plane (zz 

direction). The optical absorption coefficient is written by the relationship of 

the imaginary part of the dielectric function (5.3). 

The reflectivity R(w) as a function of the photon energy is provided using the 

optical parameters, as the refractive index n(w) and the extinction coefficient 

k(w), as denoted by the following expression: 

𝑅(𝜔) = |
ñ−1

ñ+1
| =

(𝑛−1)2+𝑘2

(𝑛+1)2+𝑘2
= |

√ (𝜔)−1

√ (𝜔)+1
|
2

, (5.4) 

The energy loss function L(w) is expressed by: 

𝐿(𝜔) = −Im(
1
) = 2(𝜔)

1
2(𝜔) + 2

2(𝜔)2
, (5.5) 

Examination of the optical absorption coefficient provides a clear elucidation 

of the electronic structures of the systems under study. The optical spectra 

calculations of the pristine janus MoSSe monolayer and its counterparts co-
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doping S and Se sites with sp-elements (such as MoSSe-CSi, MoSSe-NP, MoSSe-

NAs, MoSSe-PAs, and MoSSeF2) are evaluated via the real and imaginary parts 

of the dielectric functions. The optical absorption coefficient of the pristine and 

co-doped janus MoSSe monolayer are computed in the photon energy regime 

of 0-20 eV. Thus, to understand the behavior of the pure janus 2H-MoSSe 

monolayer and its counterpart co-doping S and Se sites with sp- anion 

elements, we calculated the optical absorption spectra with polarization vectors 

parallel 𝐸∥  and perpendicular (E⊥) to the xy-plane, which will provide the 

optical absorption spectra 𝛼∥(w)  and 𝛼⊥(w) , respectively. Remarkably, the 

shapes of the optical absorption spectra of the in-plane 𝐸∥ and perpendicular-

to-plane (E⊥) polarization vectors are dissimilar at low photon energy for both 

pure and co-doped janus MoSSe monolayers. Hence, the optical absorption 

coefficient spectra between the in-plane 𝐸∥ and the out-of-plane polarization 

component (E⊥) are anisotropic for all the materials under study at photon 

energies less than 11.5 eV, whereas their shapes became isotropic above 13 eV, 

as depicted in Fig. 5.5.  The optical absorption spectra for all systems in the in-

plane 𝐸∥ and out-of-plane (E⊥) polarization vectors display quite comparable 

spectral dispersion at high photon energies (see Fig. 5.5).  

The initial optical absorption response of a janus MoSSe monolayer is indicated 

at a photon energy of the direct band-gap transition of 2 eV. However, an 

alteration from the visible to the UV is assigned at low photon energy with an 

insignificant blue shift of the resonances (Fig. 5.5). The positions and magnitude 

of the spectral optical peaks of the janus MoSSe monolayer are ∼2, and 7.5 eV, 

respectively, in the in-plane polarization vector (E∥). Also, the positions of the 

two feature peaks in the out-of-plane polarization vector (E⊥) are close to 10.2 

and 11.8 eV, exhibiting an inter-band transition. Note that the highest peak 

located at 10.2 eV is due to the strong excitonic effect at the uncommon larger 

energies (see Fig. 5.5). The absorption peaks at 2.5 and 5.2 eV in both the in-

plane and the out-of-plane vector coincide with the two absorption resonances 

and are assigned to the direct-gap material. The transitions resulting from the 

valence states below EF to the conduction states above EF are in accordance with 

the preceding theoretical works [48]. These features suggest that the janus 

MoSSe monolayer has a direct-gap semiconductor compared with the bulk 

state [25], which has an indirect band gap. As discussed previously, it is 

attributed to the direct-gap luminescence [25]. As mentioned previously, the 

computed optical absorption spectra of the in-plane and out-of-plane 

polarization vectors for the MoSSe system [26] were significantly anisotropic in 

their underneath-energy span (less than 10 eV) and became isotropic in their 

upper-energy interval, which is quite analogous to our results.  Moreover, the 
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strong absorption power of these materials is inferred in the near infrared and 

visible energy ranges.  

From the analysis of the optical spectra, a janus MoSSe monolayer co-doped 

with C, N, Si, P, As, and F atoms, shows a lower absorption peak that shifts 

systematically to lower energies, and is weak compared with the pure 

monolayer (see Fig. 5.5). The optical absorption for the janus MoSSe monolayer 

codoped with p-type (C, N, Si, P, and As) and n-type (F) elements at S and Se 

sites, clearly illustrates a metallic behavior and the absorption starts from zero 

photon energy.  The first spectral peaks are due to the electron transition from 

S or Se 3p/4p (valence band) to C, N, Si, P, As, and F-sp (conduction band) in 

addition to the Mo 4d/5s states. Remarkably, the shapes of the optical 

absorption spectra for the in-plane (E∥) and perpendicular-to-plane (E⊥) 

polarization vectors are almost alike for the codoping with (C, N, Si, P, and As) 

and act as p-type conducting (see Fig. 5.5). This situation can be attributed to 

the bonding interactions between these codoped sp-elements in the janus 

MoSSe monolayer. However, the situation is reversed for the pristine janus 

MoSSe monolayer that composes the atomically thin material and represents a 

practical light-emitter (see Fig. 5.5). As a result, we conclude that an alteration 

in the optical absorption spectra emerges under the doping effect in-plane with 

the janus MoSSe monolayer. Clearly, the optical spectra of the in-plane 

polarization vector had two peaks for all codoped systems. The first consisted 

of a sharp, well-defined peak around 0.5-3 eV, and the second peak is around 

3.5-6 eV for these systems. There is no absorption in the range of 15-20 eV 

because the energy of the incident photons is insignificant. The optical 

absorption spectra of the out-of-plane polarization vector had two sharp peaks 

in all materials located between 5 and 9.5 eV. The starting value for the in-plane 

polarization vector was ∼0.5 eV in the janus MoSSe monolayer co-doped with 

C, Si, N, P, As, and F atoms. It is notable that the optical spectra of the out-of-

plane polarization vector shifted to high photon energy when going from the 

janus MoSSe monolayer doped with C to F atoms. The optical absorption of the 

out-of-plane polarization vector exhibited a red shift for the janus MoSSe 

monolayer co-doped with C, N, Si, P, As, and F atoms. This red shift in the 

optical absorption corresponded to either the p-type or the n-type character of 

the janus MoSSe monolayer, and this depended on the type of doping element.  

The results showed that tunable optical properties could be achieved by 

altering the codoping C, N, Si, P, As, and F elements at S and Se sites of the 

janus MoSSe monolayer. Unlike those in previous works [26, 32, 33], the 

absorption spectra for the monolayers MoS2, MoSe2, and WS2 are split into a 

lower energy span, which is governed by excitonic transitions with a nearly 
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weak absorption. Our results corroborate previous photoemission 

measurements [26]. In addition, the optical absorption spectra of the MoS2, 

MoSe2, WS2, and WSe2 monolayers were found to have a low absorption at low 

energy owing to the excitonic transitions and significant absorption at higher 

energies was observed in the MoS2 monolayer [47]. The computed results are 

consistent with X-ray photoemission measurements [49], where five peaks 

showed strong S/Se3p/4p-Mo4d hybridization. Thus, a strong transition due to 

the Mo 4p band can lead to absorption around 14 eV [26,33].  

 

Fig. 5.5: Optical absorption coefficient of a 2H-MoSSe 3x3 supercell janus- monolayer and its 

co-doping S and Se sites with C, Si, N, P, As, and F elements. 
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Reflectivity is a feature that provides insight into the optical behavior of 

materials.  Normal incident reflectivity R(ω) reveals the linear optical response 

between the maximum valence states and the lower conduction states. The 

reflectivity spectral features within the photon energy regime of 0-20 eV are 

displayed in Fig. 5.6. The reflectivity spectra of the in-plane (E∥) and out-of-

plane (E⊥) polarization vectors showed analogous spectral dispersion for larger 

energies for all systems (see Fig. 5.6). Apparently, the reflectivity was 

approximately 0.1 and 0.2 for both the parallel and perpendicular polarization 

vectors at zero photon energy for the janus MoSSe monolayer, as illustrated in 

Fig. 5.6. Furthermore, a pronounced reflectivity is detected in the moderate 

visible-UV regime (0→7.5 eV). It is worth nothing that spectral peaks of 

reflectivity emerged in the UV light regime (9.5→14.5 eV). The reduced 

reflectivity developed in the range of 15→20 eV for the pristine janus MoSSe 

monolayer. Importantly, upon doping with non-metallic elements (C, Si, N, P, 

As, and F), the reflectivity exhibited a pronounced peak in the energy interval 

between 10 and 14.5 eV. This may be due to the p-type or n-type extrinsic 

semiconductor nature of these 2D materials. A diminished reflectivity spectral 

peak is found in the UV regime (5→12.5 eV) for all doped systems (see Fig. 5.6). 

Note that the reflectivity was recorded at zero photon energy for both parallel 

polarization (0.1, 0.17, 0.2, 0.25, 0.17, and 0.15) and perpendicular polarization 

vector (0.2, 0.52, 0.5, 0.45, 0.49, 0.47, 0.51, and 0.44) of the pure and co-doped 

systems, such as the MoSSe, MoSSe-NP, MoSSe-NAs, MoSSe-PAs, MoSSe-CSi, 

and MoSSe-F2 materials, respectively. A drop in the reflectivity spectral peak 

was exhibited in the high photon energy. Interestingly, the transitions 

principally emerged from the chalcogen S/Se p states and Mo-4d/5s states 

mixed with the sp states of codoped elements. The prominent spectral 

reflectivity at a photon energy less than 1.5 eV indicates the conducting 

behavior of the janus MoSSe monolayer co-doped with C, Si, N, P, As, and F 

atoms in the low photon energy regime. From a Drude-type inspection [37], 

these co-doped systems showed a conductive behavior with either a p-type or 

an n-type character acquired in the near infrared and visible reflectivity spectra 

at low energy regimes. However, the reflectivity spectra of the pristine janus 

MoSSe monolayer were approximately analogous to those of the MoS2 

monolayer [47], which was confirmed from the UV and vacuum UV regions 

[33].  
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Fig. 5.6: Reflectivity of a 2H-MoSSe 3x3 supercell janus- monolayer and its co-doping S and Se 

sites with C, Si, N, P, As, and F atoms. 

 

The electron energy loss function L(ω), that is depicted in Fig. 5.7, was 

employed to obtain the energy loss of a fast electron travelling the medium. 

The L(ω) spectra exhibited peaks due to the plasma resonance at the plasma 

frequency ωP. In the case of the codoped elements (C, Si, N, P, As, and F) 

substituting S and Se atoms in the janus MoSSe monolayer, the first peak of the 

energy loss function is weak at low photon energy compared with the pure 

janus MoSSe monolayer, whereas the loss function emerged around 12.5 eV for 

the pure monolayer. It can clearly be seen that the first weak plasmon peaks 

L(ω) are between 2.5 and 5.5 eV for the in-plane polarization vector for both the 

pure janus MoSSe monolayer and its co-doped counterpart with C, Si, N, P, As, 

and F atoms at S and Se sites. As illustrated in Fig. 5.7, the second intense sharp 
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peaks of the energy loss function are located between 11 and 13 eV for both 

parallel and perpendicular polarization of light for these 2D materials. A strong 

anisotropy occurred for all systems in this photon energy regime. However, the 

energy loss vanished around the photon energy regime of 15-18 eV. By 

analyzing the variations in the electron energy loss function of the janus MoSSe 

monolayer, we obtained a result that showed a shift of the plasmon peak at 15.3 

eV [48, 49]. The electron energy loss function shifted to a lower energy after the 

janus MoSSe monolayer was co-doped with C, Si, N, P, As, and F elements. The 

tailoring of the physical properties indicates that these two-dimensional 

materials can be promising in the fabrication of enhanced electronic devices. 

 

Fig. 5.7: The energy loss function of a 2H-MoSSe 3x3 supercell janus- monolayer and its co-

doping S and Se sites with C, Si, N, P, As, and F non-metal elements. 
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5.4     Conclusion  

In this chapter, the computed electronic structures and physical behaviors of a 

pristine janus 2H-MoSSe monolayer, having a 3×3 supercell, and its co-doping 

S and Se sites with C, Si, N, P, As, and F atoms, are carried out using a plane-

wave pseudopotential method. The electronic band structures and their 

corresponding DOS indicated that the free-standing janus MoSSe monolayer 

has a semiconducting nature, with a discernible direct band gap transition. 

Moreover, the upper valence and lower conduction bands of the DOS exhibited 

a significant contribution from Mo-4d and S/Se-3p/4p close to EF. A 

hybridization between the sp states of the substituted C, Si, N, P, As, and F 

anion elements at S/Se sites and the 4d orbitals of Mo yielded covalent bonding 

in the janus monolayer.  From the calculated DOS, a shift in the upper valence 

band and lower conduction band was found and this depends on the type of 

co-doping element introduced into the janus MoSSe monolayer. It was 

concluded that the replacement of S/Se atoms with sp-non-metallic elements 

enables the tailoring of the electronic properties of a janus MoSSe monolayer 

with either p-type or n-type conductivity. The resulting electronic structures 

illustrated that C, Si, N, P and As atoms co-doped into S and Se host atoms of 

a janus MoSSe monolayer, may shift the valence band maximum above EF. This 

can hence indicate an extrinsic p-type semiconductor. The displacement of the 

conduction band minimum below EF, by co-doping S and Se anion sites of the 

pristine janus MoSSe monolayer with (F, F atoms), exhibited n-type behavior. 

Note that co-doping S and Se anion atoms with sp-elements significantly 

affected the electronic structure of the MoSSe monolayer because of charge 

transfer between the substituted anion elements and Mo atom of the free-

standing monolayer. From the analysis of the optical spectra, it was found that 

absorption starts from zero photon energy in a janus MoSSe monolayer 

substituted with C, Si, N, P, As, and F atoms at S and Se sites, leading to p-type 

or n-type character. The peak positions and their intensity in the optical spectra 

of the janus MoSSe monolayer were determined for both in-plane and out-of-

plane polarization directions. It was determined that the shapes of the optical 

spectra are anisotropic in the two polarization directions. The optical 

absorption for the polarization parallel to the x-y plane illustrated that the janus 

MoSSe monolayer could vary spectrally from the visible to the UV at low 

photon energy range. Moreover, the reflectivity spectra showed an increase at 

zero photon energy due to the impact on the pure janus MoSSe monolayer of 

co-doping with sp-anion elements. Interestingly, a substantial reflectivity was 

developed at low-energy window from 0 up to 12.5 eV. It is surmised that the 

energy loss function has a pronounced plasmon peak L(ω) appearing around 
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13 eV. The present calculations illustrate that the replacement of S/Se atoms 

with sp anion elements is suitable for tailoring the electronic and optical 

behavior of a janus MoSSe monolayer. From our theoretical work, the 

distinctive electronic features of a janus MoSSe monolayer, may enable 

extensive applications of such atomically thin materials. This could provide 

new technological solutions in catalysis, energy storage, sensors and field 

transistor effect devices for 2D materials.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



116 

 

References 

1. K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, Y. Zhang, S. V. 

Dubonos, I. V. Grigorieva, and A. A. Firsov, Science 2004, 306, 666. 

2. D. Jariwala, V. K. Sangwan, L. J. Lauhon, T. J. Marks, and M. C. Hersam, 

ACS Nano 2014, 8, 1102.  

3. G. R. Bhimanapati, Z. Lin, V. Meunier, Y. Jung, J. Gha, S. Das, D. Xiao, 

Y. Son, M. S. Strano, V. R. Cooper, L. Liang, S. G. Louie, E. Ringe, W. 

Zhou, S. S. Kim, R. R. Naik, B. G. Sumpter, H. Terrones, F. Xia, Y. Wang, 

J. Zhu, D. Akinwande, N. Alem, J. A. Schuller, R. E. Schaak, M. 

Terrones, and J. A. Robinson, ACS Nano 2015, 9, 11509. 

4. B. W. H. Baugher, H. O. H. Churchill, Y. Yang, and P. Jarillo-Herrero, 

Nature Nanotechnology 2014, 9, 262. 

5. A. Pospischil, M. M. Furchi, and T. Mueller, Nature Nanotechnology 2014, 

9, 257.  

6. N. R. Pradhan, D. Rhodes, S. Memaran, J. M. Poumirol, D. Smirnov, S. 

Talapatra, S. Feng, N. Perea-Lopez, A. L. Elias, M. Terrones, P. M. 

Ajayan, and L. Balicas, Scientific Reports 2015, 5, 8979.  

7. J. E. Padilha, H. Peelaers, A. Janotti, and C. G. Van de Walle, Physical 

Review B 2014, 90, 205420. 

8. X. Fan, Y. Yang, P. Xiao, and W. Lau, Journal of Materials Chemistry A 

2014, 2, 20545. 

9. D. Chen, S. Lu, H. Li, C. Li, L. Li, Y. Gong, L. Niu, X. Liu, and T. Wang, 

Materials Research Express 2017, 4, 035908. 

10. S. S. Chou, B. Kaehr, J. Kim, B. M. Foley, M. De, P. E. Hopkins, J. Huang, 

C. J. Brinker, and V. P. Dravid, Angewandte Chemie 2013, 52, 4160. 

11. X. Yang, J. Li, T. Liang, C. Ma, Y. Zhang, H. Chen, N. Hanagata, H. Su, 

and M. Xu, Nanoscale 2014, 6, 10126. 

12. X. Zhang, L. Qiao, L. Chai, J. Xu, L. Shi, and P. Wang, Surface and Coating 

Technology 2016, 296, 185. 

13. S. Xu, X. Gao, M. Hu, D. Wang, D. Jiang, J. Sun, F. Zhou, L. Weng, and 

W. Liu, Tribology Letters 2014, 55, 1.  

14. J. Xu, L. Chai, L. Qiao, T. He, and P. Wang, Applied Surface Science 2016, 

364, 249.  



117 

 

15. B. Sachs, L. Britnell, T. O. Wehling, A. Eckmann, R. Jalil, B. D. Belle, A. 

I. Lichtenstein, M. I. Katsnelson, and K. S. Novoselov, Applied Physics 

Letters 2013, 103, 251607. 

16. Q. Yue, S. Chang, S. Qin and J. Li, Physics Letters A 2013, 377, 1362. 

17. Y. Hang, Q. Li, W. Luo, Y. He, X. Zhang, and G. Peng, Nano 2016, 11, 

1650082. 

18. H. Nam, B. Oh, P. Chen, M. Chen, S. Wi, W. Wan, K. Kurabayashi, and 

X. Liang, Scientific Reports 2015, 5, 10546. 

19. H. S. Khare and D. L. Burris, Tribology Letters 2014, 53, 329.  

20. L. Gu, P. Ke, Y. Zou, X. Li, and A. Wang, Applied Surface Science 2015, 

33, 166. 

21. P. Mutafov, M. Evaristo, A. Cavaleiro and T. Polcar, Surface and Coatings 

Technology 2015, 261, 7.  

22. F. Gustavsson, S. Jacobson, A. Cavaleiro and T. Polcar, Surface and 

Coatings Technology 2013, 232, 541. 

23. L. Isaeva, J. Sundberg, S. Mukherjee, C. J. Pelliccione, A. Lindblad, C. U. 

Segre, U. Jansson, D. D. Sarma, O. Eriksson, and K. Kadas, Acta 

Materialia 2015, 82, 84.  

24. R. K. Joshi, S. Shukla, S. Saxena, G. H. Lee, V. Sahajwalla and S. 

Alwarappan, AIP Advances 2016, 6, 015315. 

25. K. Chang, X. Hai, H. Pang, H. Zhang, L. Shi, G. Liu, H. Liu, G. Zhao, M. 

Li, and J. Ye, Advanced Materials 2016, 28, 10033. 

26. C. Jin,   X. Tang, X. Tan, S. C. Smith,   Y. Dai and L. Kou, Journal of 

Materials Chemistry A 2019, 7, 1099. 

27. J. Zhang, S. Jia, I. Kholmanov, L. Dong, D. Er, W. Chen, H. Guo, Z. Jin, 

V. B. Shenoy, L. Shi, and J. Lou, ACS Nano 2017, 11, 8192. 

28. C. Wu, T. W. Kim, J. H. Park, H. An, J. Shao, X. Chen, and Z. L. Wang, 

ACS Nano 2017, 11, 8356. 

29. J. Liu, A. Goswami, K. Jiang, F. Khan, S. Kim, R. McGee, Z. Li, Z. Hu, J. 

Lee, and T. Thundat, Nature Nanotechnology 2018, 13, 112. 

30. A. Lu, H. Zhu, J. Xiao, C. Chuu, Y. Han, M. Chiu, C. Cheng, C. Yang, K. 

Wei, Y. Yang, Y. Wang, D. Sokaras, D. Nordlund, P. Yang, D. A. Muller, 

M. Chou, X. Zhang, and L. Li, Nature Nanotechnology 2017, 12, 744. 

https://pubs.rsc.org/en/results?searchtext=Author%3ACui%20Jin
https://pubs.rsc.org/en/results?searchtext=Author%3AXiao%20Tang
https://pubs.rsc.org/en/results?searchtext=Author%3AXin%20Tan
https://pubs.rsc.org/en/results?searchtext=Author%3ASean%20C.%20Smith
https://pubs.rsc.org/en/results?searchtext=Author%3AYing%20Dai
https://pubs.rsc.org/en/results?searchtext=Author%3ALiangzhi%20Kou


118 

 

31. L. Dong, J. Lou, and V. B. Shenoy, ACS Nano 2017, 11, 8242. 

32. F. Li, W. Wei, P. Zhao, B. Huang, and Y. Dai, The Journal of Physical 

Chemistry Letters 2017, 8, 5959. 

33. W. Yin, B. Wen, G. Nie, X. Wei, and L. Liu, Journal of Materials Chemistry 

C 2018, 6, 1693. 

34. W. G. Song, H. Kwon, J. Park, J. Yeo, M. Kim, S. Park, S. Yun, K. Kyung, 

C. P. Grigoropoulos, S. Kim, and Y. K. Hong, Advanced Functional 

Materials 2016, 26, 2426. 

35. E. S. Kadantsev and P. Hawrylak, Solid State Communications 2012, 152, 

909. 

36. A. Kumar and P. K. Ahluwalia, The European Physical Journal B 2012, 85, 

186. 

37. A. Kumar and P. K. Ahluwalia, Materials Chemistry and Physics 2012, 135, 

755. 

38. C. Ataca, H. Shahin, E. Aktruk, and S. Ciraci, The Journal of Physical 

Chemistry C 2011, 115, 3934. 

39. X. Fan, C. H. Chang, W. T. Zheng, J. Kuo, and D. J. Singh, The Journal of 

Physical Chemistry C 2015, 119, 10189. 

40. X. Dou, K. Ding, D. Jiang, X. Fan, and B. Sun, ACS Nano 2016, 10, 1619.  

41. J. P. Perdew, K. Burke, and M. Ernzerhof, Physical Review Letters 1996, 

77, 3865. 

42. G. Kresse and J. Furthmüller, Physical Review B 1996, 54, 11169. 

43. P. E. Blöchl, Physical Review B 1994, 50, 17953. 

44. J. Klimeš, D. R Bowler, and A. Michaelides, Journal of Physics Condensed 

Matter 2009, 22, 022201. 

45. H. J. Monkhorst and J. D. Pack, Physical Review B 1976, 13, 5188.  

46. C. Jung, S. M. Kim, H. Moon, G. Han, J. Kwon, Y. K. Hong, I. Omkaram, 

Y. Yoon, S. Kim, and J. Park, Scientific Reports 2015, 5, 15313. 

47. W. Gao, M. Wang, C. Ran, and L. Li, Chemical Communications 2015, 51, 

1709. 



119 

 

48. O. Lehtinen, H. Komsa, A. Pulkin, M. B. Whitwick, M. Chen, T. Lehnert, 

M. J. Mohn, O. V. Yazyev, A. Kis, U. Kaiser, and A. V. Krasheninnikov, 

ACS Nano 2015, 9, 3274. 

49. H. Li, C. Tsai, A. L. Koh, L. Cai, A. W. Contryman, A. H. Fragapane, J. 

Zhao, H. S. Han, H. C. Manoharan, F. Abild-Pedersen, J. K. Norskov, 

and X. Zheng, Nature Materials 2016, 15, 48. 

50. X. Tang, Z. Wei, Q. Liu, and J. Ma, Journal of Energy Chemistry 2019, 33, 

155. 

51. J. Liu, Z. Wei, Y. Dou, Y. Feng, and J. Ma, Rare Metals 2020, 39, 874.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



120 

 

Summary 

 

Recently, 2D-thin-layered TMDCs have been designed that could be beneficial 

in the miniaturization of electronic components applicable in advanced 

technologies. One of the 2D-TMDC materials that has emerged as a contender 

for next-generation electronic devices is atomically thin layered MoS2. This 2D- 

material exhibits many distinctive features, including its structural, 

mechanical, high carrier mobility, strong photoluminescence, electronic, and 

optical properties. This is due to the tunable band gap of the MoS2 bulk 

semiconductor from the indirect transition (1.2 eV) to the direct transition (1.8 

eV) for a monolayer structure.  

 

In this thesis, both experimental and theoretical methods were employed to 

systematically analyze different properties of 2D-MoS2 films under various 

controlled conditions. The structural, morphological, electrical, and optical 

properties of 2D-MoS2 films were inspected experimentally. From a theoretical 

perspective, various physical properties of janus MoSSe pure monolayer were 

revealed under the co-doping effect of some selected anion sp-elements on the 

host 2D-material.  

 

The experimental investigation presented in Chapter 4, dealt with the 

deposition of laser ablated layered MoS2 films on SiO2/Si wafers using PLD. The 

structural, morphological surface, and optical properties of MoS2 films grown 

on SiO2/Si substrates are characterized from a MoS2 target solid using PLD 

under the influence of argon gas pressure. Both high-resolution FE-SEM and 

AFM mappings revealed the variation in structural morphology and 

nanoparticle size of MoS2 films that have flake-like shapes, as the deposition 

gas pressure increases. A 2H-phase is detected from XRD patterns for all 

samples synthesized under various deposition gas pressures. Also, XPS 

fingerprint analysis revealed the variation in the valence states of Mo and S of 

MoS2 films under the variation of deposition gas pressure, showing a low 

density of defects. The photoluminescence spectra exhibited an alteration in the 

intensity of emission band spectra of 2D-MoS2 films, yielding a variation from 

the visible to NIR regime with increasing deposition gas pressure. The FTIR 

spectra indicated interactions between MoS2 thin films and the SiO2 substrate, 

leading to defective structures of sulfur in the PLD-grown MoS2 films. In order 
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to support the experimental observations, different physical behaviors of the 

MoS2 monolayer were examined under the effect of point vacancy defects by 

employing first-principle calculations. From the electronic band structure 

calculations of MoS2 monolayers, the generation of sulfur-monovacancy and 

sulfur-divacancy point defect species into MoS2 sheets induced a band gap 

reduction. The filled defect levels in the band structures are anticipated to 

appear when either sulfur-monovacancy or sulfur-divacancy type native point 

defects are inserted into MoS2 sheets. The electronic density of states illustrated 

that deep acceptor states arise in this defective layered material, yielding a p-

type semiconductor. The point defects effect on the optical features in terms of 

absorption coefficient, and energy loss function spectra, were analyzed to 

acquire a deep physical insight into MoS2 monolayer with the increase in 

number of sulfur-vacancy contents in the host sheets. A pronounced plasmon 

peak is confirmed in the energy loss function of the host 2D-material which is 

displaced to lower photon energy as the sulfur-vacancy defect contents 

increase. A shift is detected in the optical energy gap of the optical spectra 

which is altered from the visible to NIR regime, when the sulfur-vacancy 

number is increased in single-layer MoS2. This would give rise to favored 

optical transitions necessary for further exploitation of photovoltaic energy 

conversion at higher wavelengths. PLD is a flexible technique which can easily 

synthesize more complicated 2D-films composed from other TMDCs to offer a 

new insight for their application in high performance nanoelectronics and 

optoelectronics. Additionally, the experimental and theoretical results are 

useful for the generation of light emission in defective layered MoS2 materials, 

which could be promising for ultimate functionalities, such as infrared 

detectors and solar cell devices with higher efficiency.  

 

In the theoretical investigations presented in Chapter 5, DFT calculations based 

on a plane-wave pseudopotential method were conducted to explore the 

electronic structures and optical features of pristine janus 2H-MoSSe 

monolayer and its co-doping with halogen and sp-atoms (C, Si, N, P, As, and 

F) instead of S/Se atomic sites. The electronic structures of the free-standing 

janus MoSSe monolayer exhibited a semiconductor behavior with a direct band 

transition. Subsequently, the change in both upper valence states and lower 

conduction states are affected according to the type of co-doping elements 

when replacing S/Se anion atomic sites of the host 2D-material with sp-

elements (C/Si, N/P, P/As, and F/F). A relocation in the lower conduction states 

arises below the Fermi level in the janus MoSSe sheet with the substitution of 

both S and Se elements with two F atoms, leading to n-type semiconductor. 
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Conversely, the upper valence states are displaced above Fermi level because 

of the co-doped C, Si, N, P, and As atoms, respectively, instead of S/Se anion 

sites into the janus MoSSe sheet, while the system turned into a semiconductor 

with p-type character. The crucial characteristics of the optical spectra, such as 

the optical absorption, reflectivity, and electron loss functions of both pure and 

co-doped janus MoSSe single-layers are examined. It was found that the optical 

absorption commences at zero photon energy for janus MoSSe single sheets, 

when the S/Se anion sites are replaced with C/Si, N/P, P/As, and F/F atoms, 

respectively. The relocation of the position and intensity of peaks of the optical 

spectra of janus MoSSe monolayer are revealed in both a-b-plane and c-axis 

directions under the co-doping effect on the host 2D-material. Moreover, the 

optical absorption spectra revealed an anisotropic character in two directions 

(parallel to the a-b plane and along c-direction) for all systems. The optical 

absorption exhibited by the janus MoSSe sheet could alter spectrally between 

the visible and the UV at low-lying photon energy regime. Additionally, the 

reflectivity spectra exhibited an enhancement at zero electromagnetic-radiation 

energy under the co-doping effect of sp-anion atoms on the free-standing janus 

MoSSe single-layer. Also, the optical absorption decreases and the reflectivity 

increases at low-lying photon energy as the janus MoSSe single-layer is co-

doped with (C, Si), (N, P), (P, As), and (F, F) atomic species, respectively instead 

of (S and Se) chalcogen anion sites. It was inferred that the energy loss function 

possesses a substantial plasmon peak which moves to lower photon energy as 

the S/Se sites are replaced with sp elements. According to the theoretical works, 

the peculiar electronic characteristics of janus MoSSe sheets, may allow further 

experimental realizations for such atomically thin 2D-materials. Eventually, 

these 2D-materials could pave the way for advanced technological applications 

in nano-electronic devices, energy storage, and field transistor effect devices.  
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Samenvatting 

 

Recentelijk zijn er 2D-dungelaagde TMDCs ontworpen die nuttig kunnen zijn 

bij de miniaturisatie van elektronische componenten voor geavanceerdere 

technologieën. Één van de 2D-TMDC materialen die als kansrijk is voor de 

volgende generatie elektronische apparaten is atomair dun gelaagd MoS2. Dit 

2D materiaal vertoont veel kenmerkende eigenschappen, waaronder hoge 

drager beweeglijkheid, sterke fotoluminescentie, sterke structurele, 

mechanische, elektronische en optische eigenschappen. Dit komt door de 

afstelbare bandafstand tussen de indirecte overgang (1,2 eV) van de MoS2 

bulkhalfgeleider en de directe overgang (1,8 eV) voor de monolaag structuur. 

  

In dit proefschrift werden zowel experimentele als theoretische methoden 

toegepast om de eigenschappen van 2D MoS2-lagen systematisch te analyseren 

onder verschillende gecontroleerde omstandigheden. De structurele, 

morfologische, elektrische en optische eigenschappen van 2D-MoS2-lagen 

werden experimenteel onderzocht. Vanuit een theoretisch perspectief werden 

verschillende fysische eigenschappen van de zuivere monolaag van janus 

MoSSe onthuld door het co- doteren effect van enkele anion sp-elementen die 

op het 2D basismateriaal zijn geselecteerd.  

  

Het experimentele onderzoek in hoofdstuk 4 richtte zich op de depositie van 

lasergeablateerde gelaagde MoS2-lagen op SiO2/Si-wafels met de PLD- 

lasertechniek. De structurele, morfologische oppervlakte en optische 

eigenschappen van MoS2-films gekweekt op SiO2/Si-substraten werden 

gekarakteriseerd op basis van een vast MoS2-doelwit met PLD onder argon 

gasdruk. Zowel de hoge resolutie FE-SEM en AFM-metingen lieten de variatie 

zien in de structurele morfologie en nanodeeltjes grootte van MoS2-lagen 

gevormd uit vlokvormen, naarmate de depositie gasdruk toeneemt. Een 2H- 

fase werd gedetecteerd via XRD-patronen voor alle monsters gesynthetiseerd 

onder verschillende waarden van de depositie gasdruk. Ook onthulden de XPS 

vingerafdrukken de variatie in de valentietoestanden van Mo en S van MoS2- 

lagen door het wisselen van de afzettings gasdruk, hetgeen een lage dichtheid 

van defecten liet zien. De fotoluminescentie spectra vertoonde veranderingen 

van intensiteit in de emissieband spectra van 2D MoS2-lagen, wat 

veranderingen opleverde van waarneembare licht (Vis) tot bijna-infrarode licht 
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(NIR) bij toenemende depositie gasdruk. De FTIR-spectra liet interacties zien 

tussen dunne MoS2-lagen en de SiO2 substraat, wat tot defecte structuren van 

zwavel leidde in de met PLD-gegroeide MoS2-lagen. Om de experimentele 

waarnemingen te ondersteunen werd het effect van de verschillende 

natuurkundige gedragingen van puntvormige vacature rooster defecten op 

MoS2-monolagen theoretisch onderzocht op basis van ab initio berekeningen. 

Uit elektronische bandstructuur berekeningen van MoS2- monolagen blijkt dat 

het ontstaan van zwavel-monovacatures en zwavel- divacatures puntvormige 

roosterdefecten in MoS2-platen tot een vermindering van de bandafstand 

leiden. Er wordt verwacht dat gevulde roosterdefectniveaus in de 

bandstructuur verschijnen wanneer zwavel-monovacature of zwavel-

divacature puntvormige roosterdefecten in de MoS2-platen worden 

toegevoegd. De elektronische toestandsdichtheid liet zien dat er 

acceptortoestanden ontstaan in dit defect gelaagd materiaal, wat een p-type 

halfgeleider oplevert. Het effect van puntvormige roosterdefecten op de 

optische kenmerken betreffende absorptiecoëfficiënt en energieverliesfunctie 

spectra werd ook geanalyseerd om een grondig fysisch inzicht te krijgen in de 

MoS2-monolaag tegenover het aantal S-vacatures in de basisplaten. Een 

duidelijke plasmon piek werd bevestigd in de energieverliesfunctie van het 

basismateriaal dat verplaatst wordt naar de lagere lichtenergie naarmate het 

aantal zwavelvacaturedefecten toeneemt. Een verschuiving werd gedetecteerd 

in de optische energieafstand van de optische spectra dat van het 

waarneembare licht naar het NIR-regime veranderde indien het aantal 

zwavelvacatures in MoS2-monolagen werd verhoogd. Dit zou leiden tot 

gunstige optische overgangen die geschikt zijn voor het benutten van 

fotovoltaïsche energieconversie bij hogere golflengten. PLD is een flexibele 

techniek voor de eenvoudige synthese van complexere 2D-lagen bestaande uit 

andere TMDC’s en biedt nieuw inzicht in hun toepassing in high-performance 

nano- elektronica en opto-elektronica. Bovendien zijn deze experimentele en 

theoretische resultaten nuttig voor het maken van lichtemissie in defect- 

gelaagde MoS2-materialen, wat veelbelovend zou kunnen zijn voor apparaten 

met ultieme functionaliteiten, zoals infrarooddetectoren en zonnecelapparaten 

met hogere efficiëntie.  

  

In ons theoretisch onderzoek in hoodstuk 5 hebben we ab initio DFT- 

berekeningen uitgevoerd op basis van de vlakke-golf pseudopotentiaal 

methode om de elektronische structuren en optische kenmerken van de zuivere 

janus 2H-MoSSe-monolaag en het co-doteren ervan met enkele halogeen- en 

sp-atomen (C, Si, N, P, As en F) die S/Se-atoomplaatsen vervangen. De 
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elektronische structuren van de vrijstaande janus MoSSe monolaag vertoonden 

halfgeleidersgedrag met een directe band transitie. Vervolgens wordt de 

verandering in zowel de bovenste valentietoestanden als de lagere 

geleidingstoestanden beïnvloed door het type co-doterende element wanneer 

S/Se atomaire anion-plaatsen van het gastheer 2D-materiaal worden vervangen 

door sp-elementen (C/Si, N/P , P/A en V/F). Er ontstond een verplaatsing in de 

lagere geleidingstoestanden onder het Fermi-niveau in de janus MoSSe-plaat 

wanneer zowel S- en Se-elementen door twee F-atomen werden vervangen, 

wat tot n-type halfgeleiders leidde. Omgekeerd worden de bovenste 

valentietoestanden boven Fermi-niveau verplaatst vanwege de co- gedoteerde 

C-, Si-, N-, P- en As-atomen, respectievelijk in plaats van S/Se- anionplaatsen in 

de janus MoSSe-plaat, terwijl het systeem in een halfgeleider veranderde met 

p-type karakter. Cruciale kenmerken van de optische spectra, zoals de optische 

absorptie, reflectiviteit en elektronenverliesfuncties van zowel zuivere als co-

gedoteerde janus MoSSe monolagen werden onderzocht. Er werd bevonden 

dat de optische absorptie begint bij het nulpunt van lichtenergie voor janus 

MoSSe met enkele platen, wanneer S- en Se-anionplaatsen worden vervangen 

door respectievelijk C/Si-, N/P-, P/As- en F/F-atomen. De verplaatsing van 

posities en intensiteitspieken van de optische spectra van de janus MoSSe- 

monolaag werden getoond in zowel de a-b-vlak als c-as richtingen onder het 

co-doteren effect in het basismateriaal. Bovendien toonde de optische spectra 

profielen een anisotroop karakter in twee polarisatierichtingen (parallel aan het 

a-b-vlak en langs de c-richting) voor alle systemen. De optische absorptie van 

de janus MoSSe-plaat kon spectraal veranderen tussen het waarneembare licht 

en UV bij laaggelegen lichtenergie regimes. Bovendien toonden de 

reflectiviteits spectra een verbetering van de nul elektromagnetische 

stralingsenergie onder het co-doteren effect van sp- anionatomen op de 

vrijstaande janus MoSSe monolaag. Ook nemen de optische absorptiespectra af 

en nemende reflectiviteitsspectra toe bij laaggelegen lichtenergie regimes, 

aangezien de janus MoSSe monolaag is gedoteerd met (C, Si), (N, P), (P, As), en 

(F, F) atoomsoorten, respectievelijk, in plaats van (S en Se) chalcogeen-

anionplaatsen. Er wordt geconcludeerd dat de energieverlies functie een 

aanzienlijke plasmon piek had die verplaatst werd naar lagere fotonenergie 

wanneer de S/Se-plaatsen vervangen werden door sp- elementen. Volgens het 

theoretische werk kunnen de bijzondere elektronische kenmerken van janus 

MoSSe-platen experimentele betekenis hebben voor dergelijke atomaire dunne 

2D-materialen. Uitendelijk kunnen deze 2D- materialen de weg vrijmaken voor 

geavanceerde technologische toepassingen in nano-elektronische apparaten, 

energieopslag en veld transistor effectapparaten. 
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