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Abstract

In this thesis, I present the study of artificially generated defects by ion irradiation on the surface of Transition Metal Dichalcogenides (TMDC), more specifically of tungsten disulphide (WS 2 ) and tungsten diselenide (WSe 2 ) crystals. I also present the structural analysis of WS 2 films grown by Reactive Magnetron Sputtering (RMS) and compare the observed structural defects to the artifically generated defects on the bulk crystals This thesis is composed of six chapters. In the first chapter, an introduction to the transition metal dichalcogenide structure and properties is discussed, followed by a discussion of previous studies about the defect generation by ion irradiation. Recent developments in the fabrication methods of TMDC thin-films such as reactive magnetron sputtering are also discussed.

In chapter 2 I describe in detail the experimental techniques and the analysis methods used to characterize the TMDC materials and in chapter 3 I describe the methods used for numerical simulation of ion irradiation of TMDCs.

In chapter 4, I present my work on the design of the experiments and the calibration of a ion source which was later used to produce low energy ions to artificially generate defects on TMDCs surfaces.

Chapter 5 I present my characterization results of WS 2 films grown by RMS, which were grown in Uppsala by the team of Tomas Nyberg.

In chapter 6 I present the artificial generation of defects on TMDC surfaces using the ion source described in chapter 4. Furthermore, I present the molecular dynamics studies which were performed to have an understanding of the defect production mechanism in TMDCs by ion irradiation. v CHAPTER 0. ABSTRACT vi

Resumé

Dans cette thèse, je présente l'étude de défauts générés artificiellement par irradiation ionique à la surface de dichalcogénures de métaux de transition (TMDC), plus particulièrement de cristaux de disulfure de tungstène (WS 2 ) et de diséléniure de tungstène (WSe 2 ). Je présente également l'analyse structurelle des films WS 2 obtenus par pulvérisation magnétron réactive (RMS) et je compare les défauts structurels observés aux défauts générés artificiellement sur les cristaux en volume. Cette thèse est composée de six chapitres. Dans le premier chapitre, une introduction à la structure et aux propriétés des dichalcogénures de métaux de transition est présentée, suivie d'une discussion des études précédentes sur la génération de défauts par irradiation ionique.

Les développements récents dans les méthodes de fabrication de couches minces de TMDC, comme la pulvérisation magnétron réactive, sont également abordés.

Dans le chapitre 2, je décris en détail les techniques expérimentales et les méthodes d'analyse utilisées pour caractériser les matériaux TMDC et dans le chapitre 3, je décris les méthodes utilisées pour la simulation numérique de l'irradiation ionique des TMDC.

Dans le chapitre 4, je présente mon travail sur la conception des expériences et la calibration d'une source d'ions qui a ensuite été utilisée pour produire des ions de faible énergie afin de générer artificiellement des défauts sur les surfaces des TMDCs.

Dans le chapitre 5, je présente mes résultats de caractérisation des films WS 2 synthétisés par RMS, qui ont été obtenus à Uppsala par l'équipe de Tomas Nyberg.

Dans le chapitre 6, je présente la génération artificielle de défauts sur les surfaces de TMDCs en utilisant la source d'ions décrite dans le chapitre 4. En outre, je présente les études de dynamique moléculaire que j'ai réalisées pour comprendre le mécanisme de production de défauts dans les TMDC par irradiation ionique.

Les dichalcogénures de métaux de transition (TMDCs) sont une grande famille de matériaux lamellaires couvrant une large gamme de propriétés électroniques, chimiques vii CHAPTER 0. RESUMÉ et physiques. Ils peuvent être métalliques, semi-conducteurs ou semi-métalliques. Ces matériaux sont composés de feuilles constitués d'une tricouche de formule MX 2 (où M un métal de transition, X un atome de chalcogène, c'est-à-dire S, Se ou Te) et ont un réseau atomique hexagonal comme le montre la figure figure 1a). Ces matériaux sont connus depuis des dizaines d'années sous leur forme brute. Ce n'est qu'après la découverte du graphène qu'ils ont commencé à susciter un intérêt croissant, sous forme de matériaux 2D. Les TMDC 2D semi-conducteurs ont été intensivement étudiés en raison de leurs propriétés optoélectroniques uniques. [START_REF] Manzeli | 2D transition metal dichalcogenides[END_REF][START_REF] Butler | Progress, Challenges, and Opportunities in Two-Dimensional Materials Beyond Graphene[END_REF] Leur épaisseur subnanométrique en fait des candidats idéaux pour les dispositifs électroniques basés sur l'empilement d'hétérostructures, [START_REF] Georgiou | Vertical field-effect transistor based on graphene-WS2 heterostructures for flexible and transparent electronics[END_REF][START_REF] Li | Heterostructures based on two-dimensional layered materials and their potential applications[END_REF], ce qui explique l'intérêt scientifique et industriel croissant pour la production de monocouches de TMDCs de grande qualité. Comme leurs propriétés électroniques sont souvent dépendantes du nombre de couches présentes dans le matériau [START_REF] Mak | Atomically Thin MoS 2 : A New Direct-Gap Semiconductor[END_REF] (par exemple, bande interdite directe ou indirecte), le développement de méthodes de fabrication permettant de produire des monocouches, des bicouches, etc. fait l'objet d'une attention particulière. Actuellement, les films TMDC produits contiennent souvent des lacunes, des adatomes, des viii CHAPTER 0. RESUMÉ joints de grains et des impuretés de substitution qui ont des effets néfastes sur les propriétés électroniques, comme la diminution de la mobilité des porteurs [START_REF] Li | Why Chemical Vapor Deposition Grown MoS 2 Samples Outperform Physical Vapor Deposition Samples: Time-Domain ab Initio Analysis[END_REF]. L'étude des défauts est donc cruciale si l'on souhaite comprendre et contrôler leur effet sur les propriétés du TMDC. [START_REF] Hu | Two-dimensional transition metal dichalcogenides: interface and defect engineering[END_REF] La fabrication de TMDCs en couches minces par une méthode PVD appelée pulvérisation magnétron réactive (RMS) est l'un des objectifs de cette thèse, plus précisément, l'accent est mis sur la caractérisation structurelle des films synthétisés par RMS par l'équipe de Tomas Nyberg à Uppsala. Les images AFM d'un des premiers films synthétisés sont présentées dans la figure 2, où la surface est d'abord composée de nanostructures triangulaires avec des tailles latérales allant de 50 nm à 150 nm et avec une hauteur de l'ordre de 2 à 5 nm. La surface contient également des structures beaucoup plus grandes, comme indiqué par les flèches bleues dans la figure 2b), de 20 nm à 60 nm de hauteur et de 50 nm à 200 nm de diamètre, qui ont été attribuées à la croissance des couches WS 2 perpendiculaires ix CHAPTER 0. RESUMÉ au substrat (croissance verticale de WS 2 ). Les images de microscopie électronique à transmission (TEM) dans la figure 2c) montrent les couches WS 2 horizontales avec les couches WS 2 qui ont commencé à croître verticalement. L'objectif étant de synthétiser des films à couches horizontales, nous considérons la croissance verticale comme indésirable. En synthétisant divers films avec différentes conditions de traitement et en mesurant leur structure, on peut trouver les conditions optimales pour la croissance de films WS 2 horizontaux avec les meilleures stoechiométrie et qualité cristallographique. Pour déterminer la composition, la structure et les défauts présents dans ces films, j'ai utilisé les techniques expérimentales de la diffraction des rayons X (XRD), de la microscopie à force atomique (AFM) et de la spectrométrie de rétrodiffusion Rutherford (RBS) et les résultats détaillés sont présentés dans le chapitre 5. Les paramètres de traitement qui permettent d'obtenir le film le plus stoechiométrique et le plus cristallin sont une température de substrat élevée, une pression de dépôt élevée et un pourcentage de H 2 S de 20 à 60 % dans un mélange Argon/H 2 S, comme le montre l'augmentation du rapport [S]/[W] en fonction de ces paramètres en figure 4. La température élevée du substrat entraîne une forte diffusion des adatomes à la surface, ce qui permet de recuire efficacement le film, tandis qu'une augmentation de la pression de traitement entraîne un libre parcours moyen plus court des particules énergétiques, ce qui réduit le risque de générer un défaut lors de l'impact sur le film. Après avoir établi les meilleurs paramètres de traitement, des films minces allant d'une monocouche WS 2 à x CHAPTER 0. RESUMÉ huit couches ont été déposés sur un substrat SiO 2 /Si(100) et caractérisés par XRD, AFM, RBS. Il est conclu que le dépôt par RMS est capable de produire des couches minces WS 2 de bonne qualité, ce qui constitue la preuve de principe d'une nouvelle voie de synthèse de couches minces de TMDC. Néanmoins, il y a toujours des lacunes de soufre présentes ainsi qu'une certaine quantité de croissance verticale. La compréhension du mécanisme de formation de ces défauts est cruciale car ces défauts peuvent avoir des effets néfastes s'ils sont incorporés dans des futures applications optoélectroniques.

Pour comprendre la génération de défauts sur les surfaces TMDC par irradiation ionique, une source d'ions commerciale a été calibrée afin d'obtenir la fluence ionique et un électro-aimant a été utilisé pour sélectionner l'état de charge 1+ des ions Ar.

Les détails de cette calibration sont présentés dans le chapitre 4. Des cristaux de WS 2 , WSe 2 et WTe 2 ont été collés sur une plaque d'échantillon, recuits sous ultravide (UHV), clivés mécaniquement à l'aide d'un scotch ordinaire et réinsérés dans la chambre UHV pour être analysés par STM. Les images STM montrent que les surfaces clivées ont une très faible densité de défauts natifs et composées de grandes terrasses plates.

Néanmoins, 3 types de défauts sont encore identifiés comme indiqué dans la figure 5 : • Le type A, indiqué par un cercle bleu, se présente sous la forme d'une protrusion brillante entourée d'une dépression sombre.

• Le type B, indiqué par un cercle rouge, se présente sous la forme d'une concavité sombre et d'une dépression.

• Le type C, marqué par des cercles verts, apparaît comme une dépression plus petite à l'échelle atomique.

xi CHAPTER 0. RESUMÉ Le rendement de pulvérisation simulé en fonction de l'énergie Ar + est comparé à la courbe expérimentale et les simulations suggèrent que les défauts observés expérimentalement sont composés de lacunes de tungstène, de lacunes de soufre multiples ou d'un mélange de lacunes de tungstène et de lacunes de soufre multiples. Je propose ensuite que la différence entre les deux types de défauts observés expérimentalement découle du rapport entre les lacunes de W et les lacunes de S.

En conclusion, il existe une faible probabilité pour que le dépôt par RMS génère des ions impactant la surface avec une énergie égale ou supérieure à 50 eV. Cependant, l'impact de tels ions conduits à des défauts sur la surface qui peuvent être à l'origine d'effets non souhaités lors de la croissance comme des changement d'épitaxie.

xv CHAPTER 0. RESUMÉ Figure 9: Rendement de pulvérisation en fonction de l'énergie des ions Ar + obtenu à partir : des expériences (carrés bleus pour les nanostructures totales [type A + type B]), carrés verts pour les défauts de type A et carrés noirs pour les défauts de type B ; et du meilleur ajustement à partir des simulations du système 4L. Le meilleur ajustement pour les défauts totaux (ligne verte) correspond aux groupes de défauts dans lesquels (V Stop + V Stop ) ≥ 2 ou V W ≥ 1). Le meilleur ajustement pour les défauts de type

Introduction

Transition metal dichalcogenides (TMDCs) are a large family of layered materials covering a broad range of electronic, optical and magnetic properties, as they can be semiconductors or semimetallic and a few of them can be superconducting or ferromagnetic. These materials are composed of atomic sheets 3 atoms thick with the formula of MX2 (M a transition metal, X a chalcogen atom S, Se or Te) and have various crystallographic structures, depending on the local organisation of the chalcogens around the metal atoms and the stacking between the layers. Some of these materials, such as MoS 2 , have been known for decades in their bulk form, and it was only in the last decade that they started to attract a strong scientific interest, as it was demonstrated by the discovery of graphene by Novoselov et al. [START_REF] Novoselov | Electric Field Effect in Atomically Thin Carbon Films[END_REF] that it is possible to isolate a single sheet of a layered crystal to create a 2D material. Semiconducting 2D TMDCs have been intensively studied due to their unique optoelectronic properties [START_REF] Manzeli | 2D transition metal dichalcogenides[END_REF][START_REF] Butler | Progress, Challenges, and Opportunities in Two-Dimensional Materials Beyond Graphene[END_REF] and due to being almost at the limit of material thickness. This makes them ideal candidates for electronic devices based on the stacking of heterostructures, [START_REF] Georgiou | Vertical field-effect transistor based on graphene-WS2 heterostructures for flexible and transparent electronics[END_REF][START_REF] Li | Heterostructures based on two-dimensional layered materials and their potential applications[END_REF], which is why there is an increasing scientific and industrial interest in producing large monolayers of TMDCs. As their electronic properties are often dependent on the number of layers present in the material [START_REF] Mak | Atomically Thin MoS 2 : A New Direct-Gap Semiconductor[END_REF] (e.g. direct or indirect bandgap), there is an enormous focus on the development of fabrication methods to yield pristine monolayers, bi-layers, ... etc, with large sizes. Currently, the produced TMDC films often contain vacancies, adatoms, grain boundaries, and substitutional impurities which have detrimental effects on the electronic properties, such as decreasing the carrier mobility [START_REF] Li | Why Chemical Vapor Deposition Grown MoS 2 Samples Outperform Physical Vapor Deposition Samples: Time-Domain ab Initio Analysis[END_REF]. Therefore the study of defects is crucial if one wishes to understand and control their effect on the TMDC properties. [START_REF] Hu | Two-dimensional transition metal dichalcogenides: interface and defect engineering[END_REF] In this thesis, I present the study of defects artificially generated by ion irradiation on the surface of tungsten disulphide (WS 2 ) and tungsten diselenide (WSe 2 ) crystals. I also present the structural analysis of WS 2 films grown by Reactive Magnetron Sputterxvii CHAPTER 0. INTRODUCTION ing (RMS) and compare the observed structural defects of these films to the artificially generated defects on the surface of bulk crystals.

In chapter 1, an introduction to the transition metal dichalcogenide structure and properties is discussed, including future applications of 2D semiconducting TMDC materials. Then, I discuss the recent developments in the fabrication methods of TMDC thin-films. Previous efforts have been concentrated on the fabrication of monolayers by chemical vapor deposition (CVD) [START_REF] Li | Why Chemical Vapor Deposition Grown MoS 2 Samples Outperform Physical Vapor Deposition Samples: Time-Domain ab Initio Analysis[END_REF], as it achieves crystalline and defect-free materials with larger flake sizes as compared with other fabrication methods. Physical vapor deposition (PVD) methods are also described as they remain an attractive route to synthesize high-purity TMDC thin-films. Moreover, these methods are compatible with the high standards of current industrial electronic device fabrication industry. The results of the growth of WS Layered materials are defined as crystalline materials consisting of planes of atoms, in which the in-plane interatomic interactions are much stronger than those along the stacking direction of the layers. In fact, the inter-layer interactions are characterized by weak van der Waals forces (vdW), leading to the easy removal of layers from these materials. This process of removing a few-layers layers from 2D materials, called exfoliation was used by Nosovelov et al. [START_REF] Novoselov | Electric Field Effect in Atomically Thin Carbon Films[END_REF] for the isolation and electronic study of graphene, a single-layer of graphite. The thinning of a layered crystal down to a 2D material (one layer) changes it's 1 CHAPTER 1. STATE OF THE ART physical properties and potentially allows for a wide number of device applications which exploit the potentialities of these atom-thick materials. For example, graphene exhibits a high carrier mobility, while also being at the limit of material thickness which makes it ideal for nanoelectronic applications. [START_REF] Schwierz | Graphene transistors[END_REF] The large bidimensional area and transparency would also make it suitable for large-scale integration in devices. [START_REF] Bae | Roll-to-roll production of 30-inch graphene films for transparent electrodes[END_REF] Graphene exhibits peculiar electronic properties due to it's 2D crystal structure, where the π-bonds of each atom are hybridized together to form bonding and antibonding π-bands, which form a dirac point at the K (K') points of the Brillouin zone. As the electrons are confined in two dimensions, quantum Hall effects arise [START_REF] Bolotin | Observation of the fractional quantum Hall effect in graphene[END_REF] with the presence of strong magnetic fields, which can be observed even at room temperature [START_REF] Novoselov | Room-Temperature Quantum Hall Effect in Graphene[END_REF]. These results demonstrated that the nature of charge carriers in 2D graphene is different from other 3D systems, as the carriers behave as massless dirac particles. [START_REF] Novoselov | Two-dimensional gas of massless Dirac fermions in graphene[END_REF] The success of graphene then paved the way for the isolation of other 2D materials and their research. These materials include synthetic graphene analogues from group-IV such as germanene and silicene [START_REF] Balendhran | Elemental Analogues of Graphene: Silicene, Germanene, Stanene, and Phosphorene[END_REF], hexagonal boron nitride (insulating isomorph of graphene with boron and nitrogen atoms) [START_REF] Zhang | Two dimensional hexagonal boron nitride (2D-hBN): synthesis, properties and applications[END_REF] and transition metal dichalcogenides while WTe 2 tends to adopt the 1T' structure. [START_REF] Duerloo | Structural phase transitions in two-dimensional Moand W-dichalcogenide monolayers[END_REF] For these group VIB TMDCs, the 1T phase is metallic [START_REF] Ouyang | Phase engineering of monolayer transition-metal dichalcogenide through coupled electron doping and lattice deformation[END_REF] while 2H and 3R phases are semiconducting [START_REF] Toh | 3R phase of MoS 2 and WS 2 outperforms the corresponding 2H phase for hydrogen evolution[END_REF], which depends on the on the filling of the d-orbitals (the 2H and 1T phase have different splittings of the d orbital). [START_REF] Kim | Phase Transformation of Two-Dimensional Transition Metal Dichalcogenides[END_REF] The focus of this thesis is on the 2H-WS 

Properties and Applications of TMDC thin-films

Monolayer and few-layer TMDC crystals are of wide interest as they present a relatively high carrier mobility and a tunable bandgap. [START_REF] Mak | Atomically Thin MoS 2 : A New Direct-Gap Semiconductor[END_REF][START_REF] Yun | Thickness and strain effects on electronic structures of transition metal dichalcogenides: 2H-M X 2 semiconductors ( M = Mo, W; X = S, Se, Te)[END_REF] Perhaps the most prominent feature of the group VIB TMDCs is the layer-dependent band structure tunability.

When the number of layers is reduced, the electronic band structure changes from and indirect to a direct bandgap. [START_REF] Roldán | Electronic properties of single-layer and multilayer transition metal dichalcogenides MX 2 ( M = Mo, W and X = S, Se): Electronic properties of TMDs[END_REF] Bulk WS 2 and WSe 2 exhibit an indirect bandgap of 1.32 eV and 1.21 eV, respectively while monolayer WS 2 and WSe 2 exhibit a direct bandgap of 1.98 eV and 1.66 eV, respectively. [START_REF] Gusakova | Electronic Properties of Bulk and Monolayer TMDs: Theoretical Study Within DFT Framework (GVJ-2e Method)[END_REF] The result of this band structure evolution is that the photoluminescense emission is increased in monolayers as electronhole pairs easily recombine radiatively, whereas for the bulk material, the recombination has to be phonon-assisted. [START_REF] Zhao | Evolution of Electronic Structure in Atomically Thin Sheets of WS 2 and WSe 2[END_REF] Therefore, the direct gap and strong photoluminescense makes TMDC monolayers candidate materials for constructing highly efficient thin-film photovoltaics. [START_REF] Li | Engineering graphene and TMDs based van der Waals heterostructures for photovoltaic and photoelectrochemical solar energy conversion[END_REF] TMDC materials also possess unique mechanical properties such as a high Young's modulus, high breaking strength and elastic behaviour [START_REF] Bertolazzi | Stretching and Breaking of Ultrathin MoS 2[END_REF]. Furthermore, it has also been shown that the bandgap transitions change from direct to indirect gap with increasing compressive strain. [START_REF] Conley | Bandgap Engineering of Strained Monolayer and Bilayer MoS 2[END_REF] The extraordinary mechanical properties and bandgap tunability make TMDCs candidates for flexible electronics. [START_REF] Gant | A strain tunable single-layer MoS2 photodetector[END_REF] The atomic scale thickness of these materials also allows the fabrication of heterostructures based devices by assembling different 2D materials together. Such is the case of Tunneling Field Effect Transistors (FFET) transistors where WS 2 layers are inserted between graphene layers, acting as an atomically thin barrier. The device showed good TFET behaviour achieving high ON/OFF ratios. [START_REF] Georgiou | Vertical field-effect transistor based on graphene-WS2 heterostructures for flexible and transparent electronics[END_REF] Multiple other possible applications of 2D heterostructures such as solar cells and biosensors show great promise in fabricating nanoelectronic devices differently from current device layouts. [START_REF] Li | Heterostructures based on two-dimensional layered materials and their potential applications[END_REF] 1.4 Methods of Production of TMDC thin-films

Thin-film production is highly present in the world industry, from non-semiconducting thin-films which have applications as protective coatings by changing the surface properties such as the transmission, reflection, corrosion resistance or electrical behaviour of a solid [START_REF]Handbook of Thin-Film Technology[END_REF], to semiconducting thin-films which have a wide use of applications in the electronic devices industry, from data storage to photovoltaics. [START_REF] Arul | Two Dimensional Transition Metal Dichalcogenides: Synthesis, Properties, and Applications[END_REF] The interest in nano-structured thin films for solar cells is due to their light weight and their flexibility, which can fit to variety of surfaces to generate energy. TMDCs such as WS 2 , WSe 2 , MoS 2 and MoSe 2 have been proposed as photovoltaic materials for more than 30 years. [START_REF] Tributsch | ELECTROCHEMISTRY AND PHOTOCHEMISTRY OF MoS2 LAYER CRYSTALS. I[END_REF] The TMDC materials generate the electron-hole pairs, and due to their wide range of bandgaps, a fuller spectral absorption could theoretically be achieved by CHAPTER 1. STATE OF THE ART assembling together different TMDC materials. [START_REF] Zhang | Two-dimensional heterostructures and their device applications: progress, challenges and opportunities-review[END_REF] Therefore, there is a great interest in improving the deposition methods of thin-films and research the deposition of new materials.

Two-dimensional thin-film materials can be fabricated using different methods:

The top-down method consists of taking a bulk crystal and exfoliating it into fewlayers. These methods include mechanical cleaving using the scotch-tape method, chemical exfoliation with ultrasonification and intercalation with ions in the vdW gaps.

The bottom-up method consists of growing thin crystals by using methods such as chemical vapor deposition (CVD) or physical vapor deposition methods (PVD). PVD methods such as sputtering deposition, are widely used in the industry due to their flexibility scalability to deposit thin-films/coatings of large areas. [START_REF] Wasa | Handbook of sputter deposition technology: fundamentals and applications for functional thin films[END_REF].

Top-down Methods

Mechanical exfoliation with Scotch-tape remains a cheap and easy method to obtain thin films of TMDCs down to the monolayer. One or few layers of the crystal attached to the scotch-tape can then be deposited onto a substrate by pressing the crystals down on the substrate. [START_REF] Tang | Nanomechanical cleavage of molybdenum disulphide atomic layers[END_REF] Chemical exfoliation utilizes ultrasonification of TMDC crystal powder in a solvent to disperse the crystal into films. [START_REF] Coleman | Two-Dimensional Nanosheets Produced by Liquid Exfoliation of Layered Materials[END_REF] The exfoliated nanosheets have to be stabilized against re-aggregation either by solvation or by steric or electrostatic repulsion due to the adsorption of molecules from solution. [START_REF] Kolobov | Two-Dimensional Transition-Metal Dichalcogenides[END_REF] Afterwards the solution can be deposited on a substrate by spraying, for example.

Both methods usually lead to TMDC flakes of various sizes ,shapes and thicknesses.

For a large-scale production and control of film thickness, bottom-up methods of fabrication such as Chemical Vapor Deposition (CVD) and Physical Vapor Deposition (PVD) are better suited.

Chemical Vapor Deposition

The CVD deposition of large-area, uniform layers of graphene was a breakthrough [START_REF] Li | Large-Area Synthesis of High-Quality and Uniform Graphene Films on Copper Foils[END_REF] in 2D materials science as the production of wafer-scale semiconducting or metallic thin-film layers is highly important for future electronic device applications. [START_REF] Chen | Wafer-scale integration of two-dimensional materials in high-density memristive crossbar arrays for artificial neural networks[END_REF] As CVD was the first method to realiably produce large-area layers of 2D materials, most of the research of TMDC growth focused on the CVD growth of MoS 2 . The CVD method consists of depositing the TMDC crystal from precursor Metal and Chalcogen powders which are heated to high temperatures (500 to 1000 °C) and react in the gas phase to form TMDC crystal flakes at the substrate. For WS 2 and WSe 2 , the precursors usually used are WO 3 while sulfurization or selenization is performed with sulphur and selenium powders. [START_REF] Xu | CVD controlled growth of large-scale WS 2 monolayers[END_REF][START_REF] Liu | Chemical Vapor Deposition Growth of Monolayer WSe 2 with Tunable Device Characteristics and Growth Mechanism Study[END_REF] Another widely used approach is to have a metallic W/WO 3 film already grown on the substrate and perform post-sulfurization or post-selenization. Interestingly, vertically aligned TMDC layers instead of horizontally aligned can be produced with this method if the sulfurization/selenization process is fast enough. [START_REF] Kong | Synthesis of MoS 2 and MoSe 2 Films with Vertically Aligned Layers[END_REF] The CVD process remains the most widely used method to synthesize 2D materials [START_REF] Zavabeti | Two-Dimensional Materials in Large-Areas: Synthesis, Properties and Applications[END_REF] as, at the moment, it achieves better control in thickness, crystallinity and produces more defect-free materials, three factors which are highly influential in the optical and electronic properties of TMDCs, as discussed previously.

Physical Vapor Deposition

Physical Vapor Deposition methods consist of evaporating or sputtering of a material which will be directly deposited onto a substrate to form a thin-film. These methods include Molecular Beam Epitaxy (MBE) and sputtering deposition. PVD methods are performed in high vacuum environments which makes it easier to employ in-situ characterization techniques such as electron diffraction, scanning tunneling microscopy and X-ray photoelectron spectroscopy, unlike in the lower vacuum environments of CVD methods. Furthermore, the high vacuum aids in synthetizing high purity films.

[47] Despite the fact that CVD produced TMDCs tend to outperform PVD produced ones in terms electronic and optical properties, owing to the higher density of defects in PVD grown layers [START_REF] Li | Why Chemical Vapor Deposition Grown MoS 2 Samples Outperform Physical Vapor Deposition Samples: Time-Domain ab Initio Analysis[END_REF][START_REF] Hong | Exploring atomic defects in molybdenum disulphide monolayers[END_REF], the PVD methods remain attractive as it is a widely used fabrication method in the semiconductor industry. This is why it is important to further develop TMDC growth by PVD techniques, as it is compatible with the current methods of fabrication of electronic devices.

The PVD technique called Reactive Magnetron Sputtering is the one used within the characterization results of this thesis (chapter 5) and will therefore be more thoroughly discussed.

Reactive Magnetron Sputtering (RMS) deposition Sputtering deposition consists of bombarding a target material with energetic ions which will dislodge atoms from the target which is the process called sputtering. The energetic ions (usually argon) CHAPTER 1. STATE OF THE ART are generated and accelerated onto the cathode from the glow-discharge plasma by applying a large voltage between the target (cathode) and the substrate (anode).

Reactive Magnetron Sputtering (RMS) extends the sputtering depositon by employing magnetic fields to increase the deposition rate and a reactive gas to synthesize different films. Magnetrons are added to the cathode to induce a magnetic field in order to trap electrons in a closed loop which increases further collisions of electrons with atoms. The atoms are ionized by electron irradiation which maintains the plasma, increasing the sputtering rate of the target material. During deposition, a reactive gas can be injected into the chamber to achieve a reaction product between target material and the reactive gas. A further description of the RMS system used in this thesis is given in chapter 5.

To synthesize WS 2 solely by sputter deposition without a reactive gas, it is possible to sputter from a WS 2 crystal target in a pure argon plasma, as the crystal already contains the necessary material to grow WS 2 films. However the films produced with this method by Regula et al. were found to be strongly sulphur deficient. [START_REF] Regula | Growth and Electrical Properties of Reactively Sputtered WS x Thin Films[END_REF] In that case, an additional sulfurization process is required to possibly obtain stoichiometric WS 2 , which can be provided through the use of a reactive gas (H 2 S) or from an additional evaporation source of sulphur. Investigations of RMS sputtering of WS 2 using a WS 2 target and H 2 S/noble gas plasma were carried out in the 90's [START_REF] Regula | Structural, chemical, and electrical characterisation of reactively sputtered WSx thin films[END_REF][START_REF] Ballif | Nanoscopic trigonal pyramidal crystallites in WS2-x sputtered thin films: a scanning tunnelling microscopy study of initial growth[END_REF][START_REF] Regula | Growth and Electrical Properties of Reactively Sputtered WS x Thin Films[END_REF], where films deposited at lower temperatures were found to be more stoichiometric. However, this higher stoichiometry was later found to be due to the formation of sulphur-rich phases of WS 3 or WS 5 which are stable at low temperatures. [START_REF] Ellmer | Deposition of ci-oriented tungsten disulfide (WS2)films by reactive DC magnetron sputtering from a W-target in Ar/HzS[END_REF]. Later, the group of Ellmer et al. extensively studied RMS deposition of WS 2 using a W target and H 2 S/noble gas plasma. [START_REF] Ellmer | Reactive magnetron sputtering of highly (001)-textured WS2x films: Influence of Ne + , Ar + and Xe + ion bombardment on the film growth[END_REF][START_REF] Weiß | Reactive magnetron sputtering of tungsten disulfide (WS2-x) films: Influence of deposition parameters on texture, microstructure, and stoichiometry[END_REF][START_REF] Ellmer | Preparation routes based on magnetron sputtering for tungsten disulfide (WS 2 ) films for thin-film solar cells[END_REF] All of these works studied the effect of processing pressure, processing temperature and the processing gas ratio on the film structure.

The use of H 2 S in the sputtering gas was found to slightly increase the stoichiometry ratio [S]/[W] but its effect on the film structure was not obvious. In these later studies, higher pressure and high temperatures were found to be beneficial for the crystalline Defective films grown by RMS As explained above, TMDC films produced by PVD techniques have a higher density of defects. [START_REF] Li | Why Chemical Vapor Deposition Grown MoS 2 Samples Outperform Physical Vapor Deposition Samples: Time-Domain ab Initio Analysis[END_REF] In fact, this is often attributed to energetic sputtering particles which change the TMDC film structure during deposition. [START_REF] Rossnagel | Energetic particle bombardment of films during magnetron sputtering[END_REF] This energetic bombardment can be beneficial for the growing film, as the energetic bombardment of the film has been shown to increase nucleation rates and film density [START_REF] Petrov | Microstructural evolution during film growth[END_REF] or detrimental for the film if the energetic particles have too high energy as they will induce defects and disturb the film growth. [START_REF] Ellmer | Reactive magnetron sputtering of transparent conductive oxide thin films: Role of energetic particle (ion) bombardment[END_REF] As RMS employs electronegative gases, there are negative ions which are generated in magnetron discharges and accelerated toward the growing films. The influence of these energetic species on the film structure depends on the substrate temperature, target to substrate distance and chamber pressure. A further discussion is given in the conclusion in chapter 7.

Intrinsic Defects of group VIB TMDCs

As with every other crystalline material, the large-scale growth of TMDC films will inevitably induce various crystalline defects such as dislocations, grain boundaries, atomic vacancies and interstitial atoms. These defects are detrimental to electronic applications, while for other applications these defects can be the main attraction, which is why it is vital to research and fully understand the electronic and mechanical properties induced by defects of TMDCs. For example, electron mobility in monolayer WS 2 is theoretically predicted at 1100 cm 2 V -1 s -1 [START_REF] Zhang | Two-dimensional semiconductors with possible high room temperature mobility[END_REF] while experimentally, the highest measured electron mobility doesn't surpass the 100 cm 2 V -1 s -1 . [START_REF] Cui | High-Performance Monolayer WS 2 Field-Effect Transistors on High-κ Dielectrics[END_REF] This lower experimental mobility is often attributed to chalcogenide vacancies, which behave as charged impurities (CI) and are the major influence in lowering electron mobility. [START_REF] Yu | Analyzing the Carrier Mobility in Transition-Metal Dichalcogenide MoS 2 Field-Effect Transistors[END_REF] These chalcogenide vacancies can be passivated by thiol or oxygen adsorption, which leads to an enhancement of the conductivity. [START_REF] Cui | High-Performance Monolayer WS 2 Field-Effect Transistors on High-κ Dielectrics[END_REF][START_REF] Lu | Atomic Healing of Defects in Transition Metal Dichalcogenides[END_REF] Single S vacancies V S were the most common defect observed, which also has the lowest formation energy (≈ 2 eV) [START_REF] Komsa | Native defects in bulk and monolayer MoS 2 from first principles[END_REF][START_REF] Hong | Exploring atomic defects in molybdenum disulphide monolayers[END_REF], while larger complex defects such as V M oS3

and V M oS6 vacancies were more rare as they have a higher formation energy. protrusion surrounded by a depression when imaged at negative sample bias. [START_REF] Bampoulis | Defect Dominated Charge Transport and Fermi Level Pinning in MoS 2 /Metal Contacts[END_REF] The density of these features was found to be in the 10 10 cm -2 to 10 11 cm -2 range.

Similar results were found for bulk WS 2 and WSe 2 by Sothewes et al. [START_REF] Sotthewes | Universal Fermi-Level Pinning in Transition-Metal Dichalcogenides[END_REF] and in other studies [START_REF] Addou | Surface Defects on Natural MoS 2 $[END_REF][START_REF] Addou | Surface Analysis of WSe 2 Crystals: Spatial and Electronic Variability[END_REF][START_REF] Lu | Bandgap, Mid-Gap States, and Gating Effects in MoS 2[END_REF][START_REF] Mcdonnell | Defect-Dominated Doping and Contact Resistance in MoS 2[END_REF] which proves that sulphur vacancies and the bright protrusion defects are intrinsic defects due to the natural or synthetic growth process of TMDCs. Recently, Barja et al. have shown that these previously identified chalcogenide vacancies could also be oxygen substitutional defects. [START_REF] Barja | Identifying substitutional oxygen as a prolific point defect in monolayer transition metal dichalcogenides[END_REF] and Vancsó et al. found a larger density of sulphur vacancies than the one found in other studies, which could be an effect of the specific method of mechanical exfoliation used by them.

[80, 81] figure 1.4 shows various images obtained from these previous STM studies.

The dark regions bordering the bright defects can be explained as a local bandbending effect due to Coloumb repulsion of the negatively charged defect, generating the circular electrion depletion zone. [START_REF] Sengoku | Investigations of Electronic Structures of Defects Introduced by Ar Ion Bombardments on MoS 2 by Scanning Tunneling Microscopy[END_REF][START_REF] Inoue | Atomic-scale structures and electronic states of defects on Ar+-ion irradiated MoS2[END_REF] The atomic structure responsible for this bias dependant defect (from now on called defect of type A) has been attributed to multiple causes and remains a theme for debate.

Lin et al. showed that annealing WSe 2 with H 2 Se gas at 800 °C [START_REF] Lin | Realizing Large-Scale, Electronic-Grade Two-Dimensional Semiconductors[END_REF] removes the bright defects from the surface.

The electronic structure of the defects appear to change when STM studies are performed on monolayers, as the interactions between the monolayer and the substrate will generate different electronic structures than defects in bulk TMDCs. [START_REF] Schuler | Large Spin-Orbit Splitting of Deep In-Gap Defect States of Engineered Sulfur Vacancies in Monolayer WS 2[END_REF][START_REF] Liu | Point Defects and Grain Boundaries in Rotationally Commensurate MoS 2 on Epitaxial Graphene[END_REF][START_REF] Lin | Realizing Large-Scale, Electronic-Grade Two-Dimensional Semiconductors[END_REF][START_REF] Zhang | Defect Structure of Localized Excitons in a WSe 2 Monolayer[END_REF] 

TMDC Defect Engineering by Irradiation

Due to the reduced dimensionality of 2D materials, defects play important roles in the material properties and are often detrimental for future device performance. On the other hand, there are applications in which defects and foreign atoms are the key feature of the application, for example, the doping of semiconductor materials to tune electric properties [START_REF] Iqbal | Chemical doping of transition metal dichalcogenides (TMDCs) based field effect transistors: A review[END_REF], generation of nanopores for efficient membranes [START_REF] Dervin | 2D nanostructures for water purification: graphene and beyond[END_REF] and the increased catalytic activity for the Hydrogen Evolution reaction [START_REF] Li | All The Catalytic Active Sites of MoS 2 for Hydrogen Evolution[END_REF] from induced vacancies. A precise control and understanding of the influence of defects and foreign atoms on these materials is thus scientifically important.

The irradiation of 2D materials with energetic particles such as ions or electrons will give rise to atomic defects or the implantation of foreign atoms. Therefore, defect engineering by means of charged particle irradiation could play a significant role in the study and functionalization of 2D materials in the future. Furthermore, the study of artificially generated defects can provide us with a understading of the defect formation mechanisms which occur during the growth of TMDCs by reactive magnetron sputtering. A brief description of the state of the art on irradiation studies of TMDCs is discussed in the sections below.

Electron Irradiation

Defect production by electron radiation in 2D MoS 2 was studied by Komsa et al. [START_REF] Komsa | Two-Dimensional Transition Metal Dichalcogenides under Electron Irradiation: Defect Production and Doping[END_REF] It was found that sulphur vacancies are the most common defect observed after 80 keV electron irradiation. Through first principles atomistic simulations, they found that the energy required to remove a sulphur from it's site is 6.9 eV while this value reaches 20 eV for Mo. The electron energy required to transfer such energy as estimated by the binary collision formula corresponds to 90 keV for sulphur and 560 keV for Mo, making metal vacancy formation under STEM electron irradiation unlikely. If the electron irradiation fluence is extended, the sulphur vacancies were shown to form lines or double lines of vacancies as shown in figure 1.5 [START_REF] Komsa | From point to extended defects in two-dimensional MoS 2 : Evolution of atomic structure under electron irradiation[END_REF].

Therefore, the study of defects by STEM is challenging as the use of the electron beam to scan the surface promotes further sulphur vacancies, thereby changing the morphology of the surface while scanning. Nonetheless, a great deal of information can be found from electron irradiation experiments.

Parkin et al. studied by energy dispersive x-ray spectroscopy the stoichiometry [START_REF] Bae | Defect-Induced Vibration Modes of Ar + -Irradiated MoS 2[END_REF] and were able to identify that along the sulphur generated vacancies, there were indeed transition metal single vacancies and MoS 6 cluster vacancies generated from argon ion irradiation. [START_REF] He | Defect Engineering in Single-Layer MoS 2 Using Heavy Ion Irradiation[END_REF] As mentioned previously, defects and vacancies affect the band gap of TMDC layers as additional states appear inside the band gap while also changing the gap value. [START_REF] Karmakar | Optimal electron irradiation as a tool for functionalization of MoS 2 : Theoretical and experimental investigation[END_REF] Multiple other ion irradiation studies have shown that the produced transition metal or chalcogenide vacancies improve electrocatalytic activity of the Hydrogen Evolution Reaction [START_REF] Xia | Ar 2+ Beam Irradiation-Induced Multivancancies in MoSe 2 Nanosheet for Enhanced Electrochemical Hydrogen Evolution[END_REF], or reduce the conductivity of the The STS measurements show that defect A at point A has metallic characteristics as observed in figure 1.6(a) and is consistent with the midgap states originated from the removal of large quantities of chalcogenide atoms. [START_REF] Kodama | Electronic State Formation by Surface Atom Removal on a MoS$_{2}$ Surface[END_REF] These arguments along with the preferential sputtering of chalcogenide atoms from argon ion impacts were the basis for the conclusion that the bright defects are formed by removal of ≈ 200 sulfur atoms from the topmost surface, as it exposed dangling bonds of the Mo 4d orbital which appears as a state in the bandgap, however, this is in disagreement with the removal of 0.03 sulphur atoms per Ar + impact from ref: [START_REF] Ma | Controlled argon beam-induced desulfurization of monolayer molybdenum disulfide[END_REF] Defects of type A have also been observed in other STM studies of noble gas irradiation of bulk TMDCs [START_REF] Schimmel | Atomically resolved STM imaging of ion-bombarded WSe2[END_REF]. Sengoku et al. [START_REF] Sengoku | Investigations of Electronic Structures of Defects Introduced by Ar Ion Bombardments on MoS 2 by Scanning Tunneling Microscopy[END_REF] Quantum mechanical methods such as Density Functional Theory (DFT) and Tight

Binding model (TB) will provide a more accurate description of the stability and properties of the defects formed by irradiation, however, these methods are computationallly very demanding which limits the number of atoms and the timescale of the simulation.

They are thus not suitable to study irradiation effects with large statistics. [START_REF] Nordlund | Historical review of computer simulation of radiation effects in materials[END_REF] Therefore, MD was chosen to simulate the irradiation defects on TMDCs. A brief description of the state of the art of simulated ion irradiation on TMDCs using MD is discussed below.

MD Studies

To correctly model defect production in TMDCs, a potential which correctly describes the binding energy of the elements is required. The Reactive-Empirical-Bond-Order potential (REBO) [START_REF] Brenner | A second-generation reactive empirical bond order (REBO) potential energy expression for hydrocarbons[END_REF] was used with a two-body Lennard-Jones potential there is more or less sputtering of the top or bottom sulphur layers depending on the noble ion incidence angle. Similar results were reported in another study. [START_REF] Yin | Generating Sub-nanometer Pores in Single-Layer MoS 2 by Heavy-Ion Bombardment for Gas Separation: A Theoretical Perspective[END_REF] Kretschmer et al. extended the previous work by simulating the defect production when the monolayer is supported over a SiO 2 substrate. [START_REF] Kretschmer | Supported Two-Dimensional Materials under Ion Irradiation: The Substrate Governs Defect Production[END_REF] The substrate was modelled as a repulsive potential to assess the contributions to sputtering of MoS 2 from backscattered ions and atoms from the substrate, as shown in figure 1.9(a). The choice of using a repulsive potential to model the substrate is due to the fact that simulating the substrate atoms by classical MD would extend the computing time greatly. The results show that the substrate influences the spatial distribution of the defects as the backscattered ions produce defects in a wider region with respect to the first ion impact location. Furthermore, the substrate supresses defect production for lower energies, as atoms sputtered away from the MoS 2 layer will have a large probability to be backscattered and recombine again into the vacancy, as shown in figure 1.9(b). On the other hand, for higher ion energies, there was more sputtering yield for the monolayer with a substrate than for the free-standing layer. This result is in-line with experimental results He ion irradiatied MoS Chapter 2

Experimental methods for Sample

Analysis

In this section I will present the experimental techniques used during the course of this thesis. Instruments such as X-Ray Diffraction, Atomic Force Microscopy and Rutherford Backscattering Specrometry were used for the structural characterization of the TMDC thin-films grown by the Uppsala Team, while the Scanning Tunneling Microscopy (STM) technique was mostly used for the study of ion irradiation of bulk TMDCs.

Scanning Probe Microscopy (SPM)

Near Field Microscopy is a powerful surface analysis technique widely used in surface science as it provides nano or even atomic resolution images of material surfaces. The images obtained from SPM techniques are based on scanning a probe (a very sharp tip) over the surface of study and measuring the interactions between tip and material.

Depending on the type of SPM, the obtained images can be a direct measurement of the surface morphology, electronic structure or other local properties of the material, allowing for a much deeper understanding of the material of study. Piezoelectric materials, which contract and expand depending on the voltage applied, are used as actuators to position the tip in the three dimensions, which allows one to scan the sample along the x and y directions parallel to the sample surface, and control the tip-surface distance in the z direction.

Atomic Force Microscopy (AFM)

The concept of AFM is to measure the interacting forces between the surface and the scanning tip. The sharp tip is mounted at the end of a cantilever which bends depending on the tip-sample interactions. These interactions consist of various longrange and short-range forces. In particular, the most common long-range force are van der Waals forces which originate from electrostatic interactions. They include London dispersion forces and induction forces. These forces are attractive and scale as 1/d 6 and are generally the largest force at play for tip-sample distances larger than 1 nm. As for the short-range forces, these arise from the overlap of the electron wave functions of the valence shell between the atoms of the tip and surface. These forces can be attractive or repulsive depending on the tip-sample distance and on the chemical nature of the tip and sample. As the tip approaches the surface, some kind of attractive interaction could occur, but at some point, for even shorter distances, repulsive interactions will dominate as the repulsion between the inner electron shells becomes important. A simple Lennard-Jones model of the potential energy felt by an approaching tip is shown

in figure 2.1a).
The AFM can be operated in different modes, in which the cantilever can be static or dynamic, and the interaction regime can be attractive or net-repulsive. The cantilever can be static and the tip-sample distance operates in the repulsive or attractive part of the interaction regime. In the dynamic modes of operation, the cantilever is oscillating at a certain frequency, and the changes in the vibrational properties (shift of the resonant frequency or change in the vibrational amplitude) of the cantilever due to the tip-sample interactions are recorded.

Therefore, the forces felt by the tip will bend the cantilever or change the cantilever oscillating frequency/amplitude, depending on the mode of operation of the AFM.

This change is detected measured using a laser beam which is focused at the end of the cantilever which is then reflected and recorded by a photodiode, as shown in [119] As explained above, it is maintained constant during the scan. When a positive bias voltage is applied between the needle and surface, electrons will tunnel through the vacuum barrier, from the tip of the needle to the orbitals of the atoms of the surface underneath. This tunneling current varies exponentially with the tip-sample distance, which can be used to control the tip-sample distance very precisely and therefore access the topography of the sample. In a traditional STM setup, the tip is mounted on three mutually perpendicular piezoelectric actuators. When a voltage is applied on one of the actuators, the piezoelectric effect takes place, expanding or contracting the actuator in that direction, allowing for a very fine control of the tip in three dimensions. The tip can be controlled in different modes, where the most commonly used is the constant current mode. In this mode, a feedback loop system is used to maintain the tunneling current constant, by changing the voltage of the Z-dimension piezoelectric actuator (tip-sample distance) to respond to changes in the surface topography. By recording this Z-piezo voltage (height of the tip) while scanning the surface in the x and y dimension, a high resolution spatial map of the electronic structure of the surface is obtained. If the imaged surface contains structural defects or impurities which affect the local electronic structure, then the tip-sample distance will be adjusted to maintain the tunneling current set point. This way, the STM does not measure the real topography of the surface, but instead probes the local density of states. In general for all SPM methods including AFM and STM, the SPM image is a convolution of the tip shape with the intermixing of structural and electronic effects of the sample surface, which will be further explained in the following chapter. As a consequence, surface features will appear enlarged in the SPM images, due to the tip width, as illustrated in figure 2.2 b).

Quantum Tunneling

The flow of current through a vacuum barrier is explained by the quantum-mechanical theory of particles. Indeed, due to their probabilistic nature, the probability to transmit (tunnel) an electron through a vacuum barrier of a larger potential is non zero.

To better illustrate this phenomena, I shall take the case of a simple wave function of energy E (the electron) penetrating a square energy barrier (vacuum) of height U 0 > E and tunneling to the other side (sample) as an analogy to the tunneling phenomena in we obtain the wavevector k, as:

k(r) = 2m h2 [E -U (r)] (2.2) 
Inside the barrier, k becomes imaginary as

E -U 0 < 0. If we define κ as k = iκ: κ = 2m h2 [U 0 -E] (2.3)
Taking into account the reflected wave which travels in the opposite direction, e -ik(r)r , the final Schrödinger equation is a linear combination of both waves and takes the form of:

Ψ(r) =         
e ik(r)r + Ae -ik(r)r for r < 0

Be κr + Ce -κr for 0 < r < a

De ik(r)r for r > a (2.4)
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To calculate the A,B,C and D coefficients, we use the fact that the wave function and it's derivative have to be continuous at r = 0 and r = a. Solutions for this system can be calculated using a computer algebra system, and are out of scope for this thesis. The amplitude of the wavefunction after the barrier, D, can be calculated.

The absolute square of this amplitude is the probability of finding an electron at the end of the potential barrier.This quantity is represented by the transmission factor, T , which is also the measured tunneling current:

T (E, a) = |D| 2 ∝ e -2aκ (2.5) 
Therefore the measured tunneling current decreases exponentially with the barrier width a, which, in our case, corresponds to the tip-surface distance.

Quantum tunneling on metal and semiconductor surfaces

The concept of tunneling through a vacuum barrier presented in the last section is now applied to electrons tunneling from the metallic tip to a metal surface. figure 2.4 a)

shows each electrode before electric contact, where due to their different work functions, Φ 1 and Φ 2 , the electrodes will have different Fermi levels, E f,1 and E f,2 .

As the electrodes approach each other, the wavefunctions of both electrodes will leak into the vacuum barrier, creating an electric contact. Their Fermi levels will shift in order to achieve thermodynamic equilibrium E f,1 =E f,2 , (see figure 2.4b). If we now apply a bias voltage V gap , a flow of current will take place. (see figure 2.4c) and d).

If we consider that for tunneling to occur, for positive V gap , an electron initially from an occupied state of the electrode 1, Ψ 1 , must be transferred to an unnocupied state of the electrode 2, Ψ 2 , and vice-versa for negative V gap . Consequentely, if one assumes the Tersoff-Hamman model for electron tunneling [START_REF] Tersoff | Theory of the scanning tunneling microscope[END_REF], transitions with conservation of energy can only occur within the V gap window (for a low-temperature case), as only horizontal transitions (without loss of energy) are considered in this model. The tunneling current I T is depends on the density of states of the electrodes, ρ 1 , ρ 2 , integrated over the bias voltage window. [START_REF] Selloni | Voltage-dependent scanning-tunneling microscopy of a crystal surface: Graphite[END_REF]:

I T ∝ E f,2 +Vgap E f,2 ρ 1 (r, E + V gap )ρ 2 (r, E)T (r, E, V gap ) dE (2.6)
For the low-temperature case above, the levels below the Fermi level have been as completely empty. However, for a finite temperature case, the energy levels above and below the Fermi level have a degree of occupation. This degree of occupation is given by the Fermi-Dirac distribution f(E -E f ) gives the occupation number of filled states at the energy level E -E f and temperature T:

f (E -E f ) = 1 1 + exp[E -E f ]/k B T (2.7) By substituting f (E -E f ) into E in equation (2.6
) we obtain the tunneling current for a finite temperature case.

For undoped semiconductors, there is a forbidden bandgap in which no electron tunneling can take place. Therefore, the V gap applied while STM imaging should be large enough to ensure that there is electron tunneling to the conduction band, E c , or from the valence band,E v . figure 2.5a illustrates this process for a negative sample bias tunneling. The electrons tunnel from the filled states of the valence band to For doped semiconductors, allowed energy states appear within the band gap. Tunneling current through these states can thus be obtained with a bias smaller than for the undoped semiconductor. This is illustrated in figure 2.5. 

STM on Layered materials

Layered materials can easily be cleaved, leaving large atomically flat surfaces, which is advantegeous for STM studies. However, due to their weak van-der-Waals bonding, 

STM Tip prepation

The shape of the tip will define the resolution of the STM and the quality of the images, where the ideal tip would be very sharp with an atomic radius apex. This minimizes the contribution of the tip shape to the final STM image, which is especially important to properly characterize small protrusions or depressions on the surface. To fabricate such a tip, the most common procedure is to electro-chemically etch a tungsten wire [START_REF] Ibe | On the electrochemical etching of tips for scanning tunneling microscopy[END_REF]. A tungsten wire of 0.25 mm is put into a solution of 2M NaOH and kept at a positive potential with respect to a circular metal electrode, as seen in figure 2 

STM Image Analysis

Measured STM images contain the value of the vertical position of the piezodrive as function of the lateral position of the tip. Images correspond thus to the integrated density of states of the surface but, due to the external vibrations and sample misalignement with the z-direction, there is noise and artifacts which need to be corrected. In order to correct these imperfections and analyze the images, the Gwyddion software was used to treat these images . Gwyddion includes built-in functions for the treatment of STM images which will be described below. [START_REF] Nečas | Gwyddion: an open-source software for SPM data analysis[END_REF] Another very common problem is the disorientation of the surface with respect to the z-direction. This disorientation, if not properly treated, is usually so important that it makes disappear, in perspective, all the other features of the surface, as shown in figure 2.11a). Using the level plane built-in function, a plane is computed from all the image points and is subtracted from the data, leaving a flatter surface as shown in figure 2.11b) This data leveling was applied on every STM image presented in this thesis. In some of the images, there was some periodic noise present as exemplified by the diagonal stripes in figure 2.11b) and figure 2.11c). One way of removing frequency based noise from an image is to use Fourier filtering. First, the Fourier transform of the image is calculated. Next, a filter is applied to this transform to remove the selected frequencies. Finally, the inverse transform is applied to obtain a filtered image, as shown in figure 2.11d). Gwyddion uses the Fast Fourier Transform (FFT) to make this intensive calculation much faster.

Furthermore, the dimensions of the measured STM images, including the z dimension, must be precisely calibrated. By measuring an atomic resolution surface with a well known lattice such as the Ag [START_REF] Stewart | Atomistic simulations of nanoindentation on the basal plane of crystalline molybdenum disulfide (MoS 2 )[END_REF] surface, it is possible to calculate the mismatch and calibrate the STM images. These corrections were applied to all STM images presented in this thesis.

X-Ray Diffraction (XRD)

X-ray Diffraction experiments consist of placing a sample X-ray beam and measuring the diffracted beams that are scattered from the crystal. The electrons bound to the atoms of the crystal will scatter X-rays in all directions, which will arrive at the detector with a phase shift. At a long distance, these electromagnetic waves will create constuctive interference only for specific directions, which is known as diffraction. As the incident and reflected wave-vectors are known, it is possible to deduce the relative atomic positions of the crystal. Thus, XRD experiments are a great tool to have access to the structural information of films. The Rigaku Smartlab diffractomer was employed for XRD characterization. It operates with a Cu rotating anode, and a monochromator to select Cu K α1 radiation (1.5406 Å)

Basic principles of X-ray diffraction

I will now introduce the intensity of x-rays as diffracted by an electron, by an atom and by a crystal. It is treated in the kinematic approximation as the cross section of X-rays with electrons is weak, which means that the intensity of the diffracted beam is negligible with respect to the one of the incident beam.

The electric field of the X-ray exerts a force on a charged particle which will set it into oscillatory motion around it's average position, r. This oscillatory motion of the electron will in turn will emit an electromagnetic wave in all directions also called scattering. The scattering of X-rays by a free electron is given by the Thomson scat-CHAPTER 2. EXPERIMENTAL METHODS FOR SAMPLE ANALYSIS tering formula. [START_REF] Feidenhans'l | Surface structure determination by X-ray diffraction[END_REF] If E e e -i k f r is the scattered wave, with wavevector k f and the incident wave is E 0 e -i k f r with wavevector k i , then the amplitude of the scattered electromegnetic wave, E e as observed at distance R is given by:

E e = E 0 e 2 mc 2 R 1 + cos 2 (2θ) 2 1/2 (2.8)
where c is the speed of light in vacuum, m and e are the electron mass and charge, respectively.

( 1+cos 2 (2θ)
2

) is called the polarization factor which accounts for the polarization of the incoming wave. It shows that the amplitude of the scattered beam depends on the angle between the scattering angle 2θ. The scattering plane is defined by the k i and k f vectors and 2θ is the angle between them. q is the momentum transfer or scattering vector and is defined as q = k f -k i Equation (2.8) also shows that the scattered amplitude decreases with increasing observer (or detector) distance, R from the scattering electron, as expected. Equation (2.8) is the basis for calculating the scattering from a crystal. We simply have to sum up the contribution from each electron. We start with the atoms. The number of electrons , Z, are distributed around the nucleus with an electron density ρ a ( r). The amplitude of the scattering field from the atom, E a , is then [START_REF] Feidenhans'l | Surface structure determination by X-ray diffraction[END_REF]:

E a = E e ρ a ( r)dV = E 0 e 2 mc 2 R 1 + cos 2 (2θ) 2 1/2
ρ a ( r)e iq r dV (2.9)

This quantity, ρ a ( r)e i q r dV , is called the structure factor, f and accounts for the effect of destructive and constructive interference from all the electrons in the atom. If q = 0 all electrons in the atom scatter in phase and the structure factor is equal to Z, as q changes the electrons will scatter out of phase and the structure factor decreases.

For a crystal lattice, the periodic arrangement of atoms in a crystal also influences the coherent scattering directions. The directions of these diffraction beams are given by Bragg's law (further discussed below). The atoms in the crystal are arranged in a three-dimensional lattice described by the lattice vectors a 1 , a 2 and a 3 . The position of each atom is therefore given by, R j1,j2,j3 : R j1,j2,j3 = j 1 a 1 + j 2 a 2 + j 3 a 3 + r j (2.10)

E c = E 0 e 2 mc 2 R 1 + cos 2 (2θ) 2 1/2 n 1 -1 j 1 =0 n 2 -1 j 2 =0 n 3 -1 j 3 =0 f ( q)e i q R j1,j2,j3
(2.11)

E c = E 0 e 2 mc 2 R 1 + cos 2 (2θ) 2 1/2 F ( q) n 1 -1 j 1 =0 n 2 -1 j 2 =0 n 3 -1 j 3 =0 e i q R j1,j2,j3 (2.12) 
Where n 1 ,n 2 and n 3 represent the number of unit cells in the crystal in the three dimensions and F ( q) = J f j ( q)e i q r j is the sum of the contributions from scattering of each atom from the unit cell.

The intensity measured in diffraction experiments, I(q) ,is obtained by squaring the scattered amplitude by the crystal E c given in equation (2.14) [START_REF] Feidenhans'l | Surface structure determination by X-ray diffraction[END_REF]:

I( q) = |E 0 | 2 e 2 mc 2 R 2 P |F ( q)| 2 sin 2 (n 1 q a 1 /2) sin 2 ( q a 1 /2) sin 2 (n 2 q a 2 /2) sin 2 ( q a 2 /2) sin 2 (n 3 q a 3 /2) sin 2 ( q a 3 /2) (2.13)
Therefore the intensity peaks if the following conditions are met, called Laue conditions:

q a 1 = 2πh q a 1 = 2πk qa 1 = 2πl (2.14)
where h, k, l are integer numbers, called Miller indices. q is a point in the reciprocal lattice of the original lattice ( a 1 , a 2 , a 3 ). We denote the basis vectors in reciprocal space as b 1 ,b 2 and b 3 .

q = h b 1 + k b 2 + l b 3 (2.15)
Therefore, only for certain directions of q, related to the Miller indices of the unit cell (hkl), the Laue condition is met and diffraction occurs. q hkl represents the scattering vectors which diffract.

The distance between the planes (hkl) is given by:

d hkl = 2π/| q hkl | (2.16)
From figure 2.12 we can geometrically see that the modulus of the scattering vector 

q hkl , | q hkl | = 2| k f |sinθ
λ = 2d hkl sin θ (2.17)
Which is a simpler equation relating the interplanar (hkl) spacing to the observer (detector) angle θ

Out-of-plane and In-Plane Diffraction

The Bragg-Bentano Geometry (θ/2θ), is used to measure the Bragg reflections of the horizontal planes of atoms as shown in figure 2.13 a). On the other hand, if we wish to measure the film's lattice planes in the x and y directions. In this case, the inplane geometry is used. By placing the sample roughly parallel (0.5°) to the incident and diffracted x-rays, and moving the detector in the θ x figure 2.13 b), it is possible to measure the distance between the perpendicular lattice planes (or the a lattice parameter), producing an in-plane diffractogram. As the films are quite thin, the inplane diffractograms recorded in this thesis where acquired without monochromator.

Indeed, the use of a monochromator reduces noticeably the intensity of the desired emission ray. As a result, for in-plane measurements, other diffraction peaks may be present, which is the case for large peak intensities (Si substrate peaks for example).

In that case, one observes extra diffraction peaks which correspond to, the Cu Kα1 

Scherrer's Law

A crystallite is defined as a homogeneous volume in which there is no change in the periodic arrangement of atoms. The theoretical Dirac peak arising from the Bragg reflection is only the product of a perfect crystal with an infinite amount of unit cells.

Most crystals however, are assembled of groups of smaller crystallites and have therefore a limit to the repeating number of atomic planes. Under these conditions, finite size effects will start to arise and the the peak profiles are broadened with reducing crystallite size. On top of this, instrument factors also influence the broadening of the diffracted peaks.

The analysis of the peak profile can give us information regarding the particle size.

In 1918 Scherrer related the peak profile width to a mean crystallite size equation (2.18)

[130]. = Kλ (F W HM )cosθ (2.18)
Where K is the Scherrer constant, calculated for different crystallite shapes. For spherical crystallites, K is usually taken as 1.07 [START_REF] Langford | Scherrer after sixty years: A survey and some new results in the determination of crystallite size[END_REF]. The scherrer constant for cilindrical crystallites can be calculated using a complex formula [START_REF] Langford | Diffraction line profiles and Scherrer constants for materials with cylindrical crystallites[END_REF], however this calculation was not performed for the analyzed samples in this thesis as the value of K will not change appreciably from the value for spherical crystallites of 1.07 for the aspect ratio of the crystallite measured. However, there are a number of complex and diverse imperfections that could be at the origin of the line broadening for each specific sample, for example, non-uniform strain of the crystal or lattice constant. Therefore, in this work, the Scherrer equation is mostly used as a qualitative tool for the crystallite size.

XRD Data Analysis

The Bragg's law, relates the detector angle 2θ to the spacing between the diffracting planes of atoms, d hkl

λ = 2d hkl sin θ (2.19)
Where λ is the wavelength of the incident X-rays.

For layered materials with a hexagonal unitcell, d hkl is related to the (hkl) Miller indices by equation (2.20) [START_REF] Cullity | Elements of X-Ray Diffraction[END_REF]:

d hkl = 4 3 h 2 + k 2 + hk a 2 + l c 2 -1/2
(2.20)

The diffractogram shows the detector angles 2θ for which diffraction occurs. The diffracting planes (hkl) corresponding to each diffraction peak were identified by trial and error using equations equations (2. [START_REF] Vazirisereshk | Solid Lubrication with MoS2: A Review[END_REF]) and (2.20)

The peaks of the diffractograms were fit by the least squares method with Gaussian functions and the parameters of the fit were extracted. The peak center parameter provides the diffraction angle θ which is used to calculate the lattice parameter a (from in-plane diffractogram) and the lattice parameter c (from the out-of-plane diffractogram) using equations equations (2. [START_REF] Vazirisereshk | Solid Lubrication with MoS2: A Review[END_REF]) and (2.20). The uncertainties relating to the parameters a and c arise from the error propagation using the standard deviation of the peak center of Gaussian fits of Si(220) diffraction peaks from various diffractograms.

The FWHM of the fitted peak is deconvolved by the instrumental width of around 0.1 °calculated from the FWHM of a Gaussian fitted Si(220) peak. This corrected FWHM is used in the Scherrer equation equation (2.18) to obtain the crystallite size.

The uncertainty of the crystallite size comes from propagation of the uncertainty in the FWHM of the Gaussian fits.

Rutherford Backscattering Specroscopy (RBS)

RBS is an Ion Beam Analysis technique widely used in the characterization of thinfilms, since it provides quantitative measurements of film properties such as layer thickness, elemental quantities and the depth profile. The working principle is to accelerate charged particles (usually protons or 4 He + ions with energies in the 100 keV -2 MeV range) into the sample and detect the deflected particles from the elastic collision events with the nuclei, as seen in figure 2 However, as the projectile penetrates deeper into the sample, electron and nuclei collisions will slow down the projectile, losing energy. Similar energy lost is obtained for the backscattering particles during their escape from the crystal. As a result, instead of CHAPTER 2. EXPERIMENTAL METHODS FOR SAMPLE ANALYSIS measuring a narrow peak in the energy spectrum of the scattered particles, a broader peak is detected for thin films or a plateau for bulk crystals.

E 1 = M 2 2 -M 2 1 sin 2 θ + M 1 cosθ M 1 + M 2 E 0 (2.21)
How frequently a detected backscattering event actually occurs (height of the peak) is given by the the differential cross section dσ/dΩ, which takes into account the Rutherford scattering cross section, σ, and the detector angle Ω.

dσ dΩ ≈ ( Z 1 Z 2 q 2 4E 1 ) 2 1 sin 4 ( θ 2 ) (2.22)
Finally, the total number of detected particles (Y d ) is expressed as [START_REF] Wandelt | Surface and Interface Science Volume 1: Concepts and Methods[END_REF]:

Y d = N i N t dσ dΩ t ∆Ω (2.23)
where N t is the number of target atoms in the sample per unit area and ∆Ω is the 

Spectrum Analysis

At the INSP Lab, the beamline of the 2.5 MeV Van de Graaff electrostatic accelerator of SAFIR (Système d'Analyse par Faisceaux d'Ions Rapides) platform was employed for our measurement. 4 He + projectiles accelerated to 1.8 MeV were used to obtain the RBS spectra of WS 2 samples grown by Reactive Magnetron Sputtering.

A few RBS spectra were fit using the SIMNRA program, however due to the large number of samples to analyze, a simpler method of net integration of the S and W signals was used to determine the [S]/[W] stoichiometry ratio and to obtain the thickness of the WS 2 films.

Therefore, using equation (2.23) for S and W, the ratio [S]/[W] in the sample is given by:

dσ dΩ S dσ dΩ W = N W N S Y S Y W (2.24) 
where N S,W corresponds to the areal density of the target S and W, and Y S,W to the experimental yield (net area under the peak).

This statistics of the number of detected particles follows a Poisson distribution, since the probability, cross section, is small and the events are independent. Therefore, 

the

Equations of motion

In the MD simulations performed in the present work, the simulated system is composed of N atoms/ions interacting with each other. First, the initial coordinates of the particles are chosen in accordance with the material structure that we wish to simulate. Afterwards, they are treated as point particles, the forces acting on each individual atom/ion are computed, and the trajectories and velocities of each individual atom/ion are calculated by solving Newton's equations of motion.

F = - ∇V ( r) ∇ r (3.1) 
F = ∇ p dt (3.2)
The potential energy of the system, V ( r), (dependant on the force fields used) governs the forces interacting on each particle and is, in the present case, a function of the atomic coordinates r = [r 1 , ..., r N ]. The relative positions between each pair of particles i and j must be computed so that the force can be calculated from equation (4.1).

With all forces between the particles already calculated, a numerical integrator must be chosen to integrate equation (3.2).

The one used in this thesis is the commonly used Velocity-Verlet al gorithm [START_REF] Kamberaj | Molecular Dynamics Simulations in Statistical Physics: Theory and Applications, ser. Scientific Computation[END_REF],

which updates the positions and velocities in a "leapfrog" method. It starts by calculating the velocities of particle i, v i , at half time step, ∆t/2 by first evaluating the forces from the potential function V ( r):

v i (t + ∆t 2 ) = v i (t) + ∆t 2 
F i (t) m i (3.3) 
The atomic positions at time t + ∆t are updated, defining the trajectory of the system:

r i (t + ∆t) = r i (t) + v i (t)∆t + ∆t 2 2 
F i (t) m i (3.4)
The forces are evaluated again for time t+∆t, which is used to update the velocities at t + ∆t and to calculate the half time step velocities in the next integration cycle:

v i (t + ∆t) = v i (t + ∆t 2 ) + ∆t 2 
F i (t + ∆t) m i (3.5)
The system is integrated over time for as many time-steps as desired. It can also be coupled to a thermal bath in order to adjust the temperature of the system.

Neighbhor Lists

The force evaluation step is by far the most time consuming aspect of MD, as the computing time increases proportionally to N 2 with increasing total number of atoms, N . For the simplest two-body potential, obtaining the force applied on atom i requires the calculation of the relative distance with every other atom in the system, even for atoms far away whose contribution is negligible. A widely used technique to reduce computing time is the use of neighbor lists. Every particle j which is inside a chosen cut-off radius r cut from particle i, will be recorded as a neighbor of particle i. All other particles which are not present in the list will not be accounted for in the force evaluation step, greatly reducing the number of calculated interactions fromN to only those present in the neighbor list (usually less than 10 atom pairs). As most potentials employ a cut-off r cut-of f , where for r ij > r cut-of f the force is zero, calculating the interactions between atoms at distances larger than r cut-of f just wastes computing time. Thus the use of neighbor lists does not necessarily induce an approximation to the force evaluation step. The Neighbour list must be regularly updated to take into account the system evolution.

Periodic Boundary Conditions

The simulation takes place inside a certain region called a box. If the walls of this box are regarded as rigid walls interacting with the atoms inside, then edge effects will start to rise up, where the interaction between edge atoms and the wall will outweigh the interactions between inner atoms. On the other hand, if we designed the simulation so the atoms are far away from the walls, interactions of the atoms with the vacuum will appear.

Thankfully, a pseudo infinite system can be simulated by using periodic boundary conditions (PBC). Figure 3.1 shows PBC for a 2D material, where the main simulation box is replicated in the x and y directions. This way it is possible to simulate an infinite layer, as the atoms from one edge interact with the same atoms from the opposite edge, eliminating edge effects. For the force calculation step and building of neighbhor lists, the periodic images are taken into account. To avoid a doubling of the interaction between the original atom and its periodic image, the length of the box should be more than double of the neighbor list radius cut-off used. 

Force fields

A force field is one or multiple mathematical expressions which describe the dependence of the energy of the system U as a function of the coordinates of its N particles U (r 1 , r 2 , ..., r N ). Usually, it consists of an expression with a set of parameters which define the m-body interactions. These parameters can be obtained from theoretical calculations, other simulations or fitted to experimental data (phonon spectrum, unit cell lattice, etc.). Ultimately, a complex force field equation could describe in classical terms all quantum-mechanical effects and atom-atom electronic contributions, but this would make the force evaluation step extraordinarily long and not a viable option.

Because of this, some systems remain a challenge to simulate efficiently in an acceptable, human timeframe as simulating a system for a number of nanoseconds could take months or years of computing power. The choice and development of force fields be-comes most often a trade-off between its simplicity (faster computing time) and the accuracy in the description of the properties of the system. A short description of the force fields used in the MD simulations of this thesis are presented below.

Ziegler-Biersack-Littmark potential (ZBL)

To study the irradiation of Ar + on WS 2 , we need a potential which models atomic collisions. The ZBL potential is commonly used to describe the stopping power of ions in matter [START_REF] Ziegler | SRIM -The Stopping Range of Ions in Matter[END_REF]. It is a repulsive interatomic potential which models the collision of an ion with a target atom by a short-range repulsive coulombic potential 1 r . It is multiplied by an electron field screening function, Φ U , to account for screening effects. For short distances, the interactions between two nuclei could be seen as pure coulombic, but as the distance increases, the electrons start to take part in the interaction by "screening" the nucleic charge. The ZBL potential takes the form of:

E ZBL ij = 1 4π 0 Z i Z j e 2 r ij Φ U (x) (3.6) 
Where e is the electron charge, r ij is the distance between the nuclei, 0 is the electrical permittivity of vacuum, Z i and Z j are the nuclear charges of atoms i and j.

The reduced distance, x, is given by x = r ij /a and a is the screening length defined by:

a = 0.46850 Z 0.23 i + Z 0.23 j (3.7)
This parameter a defines the radial spread of the electronic effects around the nucleus, and the reduced radius, x allows for describing the rate of change of the potential for different sized atoms. By using these reduced coordinates, it is possible to calculate a screening function which is a function of the atomic number. After calculations for hundreds of atom pairs, Ziegler et al. arrived at the following universal screening function:

Φ U (r ij /a) = 0.18175e -3.19980r ij /a + 0.50986e -0.94229r ij /a (3.8) + 0.28022e -0.40290r ij /a + 0.02817e -0.20162r ij /a
The ZBL universal repulsive potential can accurately describe the binary interac-tions at short distances (collision distances) and is widely used in molecular dynamics simulations. The potential energy as a function of interatomic distance, r ij is shown in figure 3.2 for argon, sulphur and tungsten interactions. It also shows that there is a still a non-negligible interaction for interatomic distances close to 2.44 Å which is the W-S equilibrium distance. Therefore it is clear that a cut-off will have to be applied to the ZBL potential if one needs to simulate both the structure and energetic collisions in WS 2 . This is further explained in section 3.5 

Reactive Empirical Bond-Order (REBO)

The ZBL potential is well adapted to model the ion-atom collision but it is not suitable 

E b = 1 2 i =j f C ij (r ij ) V R (r ij ) -b ij V A (r ij ) (3.9) V R (r ij ) = Ae -αr ij (3.10) V A (r ij ) = B A e -βr ij (3.11)
Where A, α, B and β are fitted parameters, r ij is the interatomic distance between atoms i and j, V R (r ij ) is the repulsive interaction and V A (r ij ) is the attractive interaction. Using the linear combination of atomic orbitals (LCAO) parametrization method (closely related to the tight binding model), Abell argued that the bond order and therefore the bond strength depends on the coordination number N . The parameter responsible for the bond order is b ij which scales ∝ N -1/2 . [139] Therefore, equation (3.9) predicts an increase in bond length and a decrease in individual bond energies as the coordination number increases, which is consistent with well known chemical trends.

The REBO potential, originally developed by Brenner [START_REF] Brenner | Empirical potential for hydrocarbons for use in simulating the chemical vapor deposition of diamond films[END_REF][START_REF] Brenner | A second-generation reactive empirical bond order (REBO) potential energy expression for hydrocarbons[END_REF] was built on top of the Abell-Tersoff potential, as a first step towards the MD study of hydrocarbon molecules, diamond and graphite lattices. The potential then changes from equation (3.9) to:

E REBO b = 1 2 i =j f C ij (r ij ) (1 + Q r ij )Ae -αr ij -b ij B A e -βr ij (3.12)
The repulsive part of the potential now has the term Q/r i j which goes to infinity as the interatomic distance goes to zero. The bond-order term, b ij was also modified to account for the chemical reactions that take place in these complex hydrocarbon systems [START_REF] Brenner | A second-generation reactive empirical bond order (REBO) potential energy expression for hydrocarbons[END_REF]. A bond angle term, G, was added, which modulates the interaction with each nearest neighbour according to the angles of the bonds between the two atoms and a third neighbour. The coordination term, P is a spline numerically fitted as a function of the coordination number, N . This term provides sufficient freedom to capture the chemical reactions that take place in this complex system. The final bond-order function is:

CHAPTER 3. NUMERICAL SIMULATIONS METHODS b ij = 1 + k =ij f C ik (r ij )Gcos(θikj) + P (N i ) -1/2 (3.13)
where the coordination function P (N i ) is given as:

P (N i ) = -a 0 (N i -1) -a 1 e -a 2 N i + a 3 (3.14)
where N i is the number of neighbour atoms of atom i. f C ij is the cutoff function which scales the potential by a value between 0 and 1 over the range of interatomic

distance R min ij to R max ij . f C ij =          1 r ij < R min ij {1 + cos[(r ij -R min ij )π/(R max ij -R min ij )]}/2 R min ij < r ij < R max ij 0 r ij > R max ij (3.15)

REBO for MoS 2 (REBOMO)

The Rebomo force field is an extension of the REBO potential for the Mo-S system, parametrized using a database from density-functional theory (DFT) calculations by As explained above, the strength of the interactions depends on the number of neighbors, due the term b ij which is a function of the number of neighbors, N . N is independent of the neighbor atom type (if it is W or S), but it depends on the cut-off distance used, R max ij . The cut-off and number of neighbors for W-W, S-S and W-S interactions for a pristine WS 2 layer are:

• W-W: R max W W = 3.8 Å, which gives 12 neighbors (the first neighbouring 6 S atoms and the first 6 neighbouring W atoms).

• S-S: R max SS = 2.9 Å, which gives 3 neighbors (the first neighbouring 3 W atoms).

• The best solution would be to choose a radius cut-off, r cut , such that for distances shorter than r cut , W and S interactions are modelled only by the ZBL potential, while for distances longer than r cut , only the REBO model contributes to W and S interactions. However, such implementation, of cutting off a potential for distances shorter than a r cut is not present in LAMMPs (changing the LAMMPs code is a possibility, but was out of the scope of this thesis). This means that REBO interactions are always present. As the ZBL potential is a two-body potential, a work-around was found by creating a file called an interpolation table which contains the ZBL potential energy values as a function of interatomic distance for W-W, W-S, and S-S interactions. Interpolation tables are analogous to a two-body pairwise potential, except that instead of using an equation to model the forces acting on the particles, the simulation engine just computes the distances between two particles and interpolates from the interpolation table.

With this interpolation table method, it is possible to subtract the REBO potential energy to the ZBL potential energy, which leaves us with a third potential to use, ZBL -REBO . Then, if the W and S interactions are modelled by the ZBL -REBO + REBO potentials, the potential energy for short-range interactions will match the original ZBL potential and no overestimation of repulsive interactions occurs. Nonetheless, it is still necessary to apply a cut-off such that for distances longer than a r cut , the ZBL contribution is negligible. To achieve this, the spline in equation (3.17 

Simulation Procedure

To perform the molecular dynamics simulations, the LAMMPs open source software was used [START_REF] Thompson | LAMMPS -a flexible simulation tool for particle-based materials modeling at the atomic, meso, and continuum scales[END_REF]. LAMMPs is a classical MD engine widely used in the modelling of solidstate materials, as it already implements several potentials for metals, semiconductors, etc. For simulations with the REBOMO potential, the LAMMPS code was compiled with the pair_rebomos.h and pair_rebomos.cpp files obtained from the Spearot's research group website [START_REF] Liang | Parametrization of a reactive many-body potential for Mo-S systems[END_REF][START_REF] Spearot | Rebomos files (rebo for mos 2 )[END_REF] LAMMPS requires various files to start a simulation:

• in.system: This file contains the parameters to start the simulation. The information from the file system.dat and information from the files associated with the force fields is read. It governs the integration algorithm, the simulation ensemble and to which atoms each force field applies.

• system.dat: This file represents the initial frame of the simulation, it contains information about the atom types (integer representing which atom is being modelled [W,S or Ar]), the simulation box parameters, atomic x-y-z-coordinates, atomic mass and atom velocities. The atomic coordinates were generated with a script according to the WS 2 crystalline cell.

After generating these two files the simulation is ready to start. Proper MD simulations usually start by an energy minimization step, followed by an equilibration of the system and finally, the production run (the irradiation of the layers). A short description of these steps is presented below:

Minimization and Equilibration of the system First, one performs a minimization of the system, also called geometry optimization. This step is performed in order to minimize the global energy and forces acting on the system, by iteratively adjusting the atom positions. the iterations stop when the stopping criteria is satisfied. The main function of the minimization step is to avoid large forces produced by atoms who are too close to each other. A sucessful minimization ensures that the following equilibration step does not "explode". The equilibration step consists of simulating the system in the isothermal-isobaric NPT ensemble. This step is used to relax the volume of the simulation box allowing the system to change to its minimum energy configuration thereby correcting any geometrical tensions that could have been produced from the CHAPTER 3. NUMERICAL SIMULATIONS METHODS initialization of the atomic coordinates. The temperature chosen for the equilibration runs were of 0.01 Kelvin while a pressure of zero is chosen to allow for the volume of the simulation box to change.

Production Runs After the first equilibration of the WS 2 layers, an Ar + ion is generated above the WS 2 layer with energies ranging from 50 eV to 500 eV and velocity normal to the TMDC layer. For each kinetic energy, 100 production runs were simulated with different initial Ar x and y positions so that the collision happens in different locations of the unit cell.These Ar positions were randomly generated inside of an 10 nm × 10 nm area, 20 nm above the WS 2 layers. These runs were performed for 5 ps (0.1 fs timestep) in the microcanonical (NVE) ensemble. To release the energy from the collision, the system is further relaxed in the canonical (NVT) ensemble for 2 ps.

Chapter 4 Ion Source Calibration

As mentioned in chapter 1, the synthesis of TMDCs by means of reactive magnetron sputtering (RMS) generates highly energetic particles during the deposition process.

[ [START_REF] Johansson | Minimizing sputter-induced damage during deposition of WS 2 onto graphene[END_REF][START_REF] Rossnagel | Energetic particle bombardment of films during magnetron sputtering[END_REF] These particles are usually thermalized before impacting the TMDC film surface. However, the probability that more energetic particles (E > 10 eV) hit the surface and generate defects on the deposited film cannot be neglected.

It is thus important to understand what is the impact of ion beam irradiation on the TMDC crystal structure and to understand to which point these defects are responsible for the subtoichiometric and vertical growth observed in TMDC films grown by RMS.

To perform this experiment, we have conceived and installed a set-up with an ion source which can accelerate ions at low energies (10 eV to 5 keV) and selecting a precise energy and specific charge state. The ion source was then used to generate to generate individual defects on cleaved crystal TMDC surfaces. This chapter explains my works on the design of the ion irradiation experiments and the calibration of the ion source.

General Remarks

The ion source used was the FDG 150 from Focus, GmbH[145], which is ideal for the study of low-energy ion bombardment of TMDC surfaces as it can generate ion beams with very low energy (down to 10 eV). 

Basics of Ion Sources

The circuit and operating scheme of the ion source is shown in figure 4.2, along with it's many controlable parameters.

To obtain an ion beam, one must first generate ions in the ionization chamber, where a tungsten wire (filament) acts as a hot cathode to emit electrons by thermionic emission, while a grid acts as an anode which accelerates the electrons towards it. At the same time, the ionization chamber is being dosed with a sputtering gas which is ionized by electron impact. The ion source parameter V Grid controls the bias between the grid and the tungsten filament. The extractor electrode encloses the entire ionization chamber and is further biased negatively with respect to the grid to prevent the and on the column bias (V col = -500V). After the ion exits the gun, an electrostatic retardation occurs between the gun apex and the sample, due to the bias difference between the gun (V col + V Beam ) and the chamber/sample (V Chamber = 0 ) [START_REF] Brown | The physics and technology of ion sources[END_REF][START_REF] Popova | Construction and performance of a low energy ion gun[END_REF] Therefore, the energy of the ions incident on the sample, E beam , equals the difference in the ion energy generated by (V Beam ) and the UHV chamber:

E beam = (V Beam -V Chamber ) (4.1)
The ion beam is composed of a distribution of mostly positive charged particles, which generate the so called space charge forces. The result is a defocusing effect of the beam due to the repulsive Coloumb interactions. This phenomena is especially evident for lower energy beams, as they take longer to travel to the sample which makes the beam spotsize enlarge appreciably. To counteract this, the gun posesses a Column parameter, in which the entire gun is biased at -500V to further accelerate the ions in the gun column and thereby achieve higher fluency at the end of the gun.

To understand which combination of gun parameters are the most suitable for our applications, a calibration of the beam profile must take place. For this purpose, we have designed a Faraday Cup that could be mounted on the sample holder of the UHV chamber.

Faraday Cup

Whenever an energetic ion impacts on a conductive metal, there is a transfer of energy from the ion to the material, which generates the ejection of secondary electrons [START_REF] Hagstrum | Auger Ejection of Electrons from Tungsten by Noble Gas Ions[END_REF] from the metal. If one uses a simple electrode to measure the ion beam's flux density, each ion impact on the electrode will be neutralized by an electron, but there will also be the emission of secondary electrons. These secondary electrons will overestimate the total beam current and thus overestimate the fluence measurement.

For an accurate measurement of the sputtering fluence it is mandatory to use a Faraday Cup (FC) [START_REF] Ebrahimibasabi | Design and construction of a secondary electron suppressed Faraday Cup for measurement of beam current in an electrostatics proton accelerator[END_REF], the schematics of the one we deisgned are shown in figure 4.3. The FC utilizes an ion collector cup with a very high aspect ratio to solve the issue of the secondariy electrons as the secondary electrons emmited by the Ar + impact will be mostly recollected by the ion collector cup as shown in figure 4.3. The measured current will thus be solely due to the neutralization of each ion and therefore each charge in the current corresponds to a ion impact and the fluence can be calculated.

The green plate in the schematic is a plate with a calibrated hole (= 1 mm or = 3 mm). The ion fluence is calculated with respect to the diameter of the calibrated hole, as every ion which enters this aperture will be accounted for by the Faraday Cup.

Calibration

A calibration of the Ion source is necessary if we wish to have an accurate knowledge of the ion flux density (fluence) impacting the sample. As the source will be used to study the generation of defects on TMDC surfaces, the fluence should be low enough so that the irradiated sample surface remains mostly flat with a small density of defects where lower values of L2 defocus the beam, generating a wider beam. The voltages applied to the lenses are a percentage of the V beam applied and therefore the unit used is % V beam . Lower Ar + pressures and a larger working distance, W D,(distance of apex of the source to sample/Faraday Cup) will also generate less current. The variation of the beam profile with respect to these parameters is shown in figure 4.4.

Because of the space charge forces arising from the repulsive charges in the beam [START_REF] Kawakatsu | Space*charge Effects on Ion Beam Focusing[END_REF][START_REF] Yau | Space charge effects in focused ion beams[END_REF], the beam spotsize becomes larger as it reaches the target as illustrated by the red Ar + trajectories in figure 4.5.

For lower ion kinetic energies, as the ions have a lower velocity, but the space charge force remains the same, the beam profile will be wider when it reaches the sample. This dependence of the beam profile with the kinetic energy is shown in figure 4.6a),b).

Due to this space-charge effect, an issue arises for beam profiles of higher energies: the beam area is not large or homogeneous enough to obtain an equal amount of fluence over the entire sample surface. The crystals we have used in the STM experiments are small, only a few millimeters wide (3-5 mm), however, they are glued on a conductive omicron sample plate which is 15 mm x 18 mm in size. When ion irradiation experiments start in the preparation chamber, the beam current arriving on the omicron sample plate is measured and is what can give us the confirmation that there are ions impacting on the sample plate. Therefore, if this focused ion beam is used, there is the possibility for the beam to not be well focused on the TMDC crystal and no irradiation of TMDC occurs, even though a current is still registered (from the sample holder).

The ideal solution is to have an homogenous beam wide enough to reach the entirity of the omicron sample plate. To achieve this, the gun possesses a Raster Field which is used to obtain a defined rectangular sputter crater. The ion beam is scanned over the sample surface by applying voltages on the x and y deflectors. The total raster-field size can be defined on the power supply along with it's working distance. shows the beam profile for different raster field sizes, where it shows that the raster-field makes the beam profile more homogenous and wider.

We can thus define a raster field area to use for all proceeding calibration measurements. The Faraday Cup was placed on the center of the rasterized beam and the current was recorded as a function of differential pressure for various energies as shown in figure 4.6d), which is the final step of the calibration. This graph allows us to know the sputtering fluence, which was used in STM experiments to compare the number of generated defects, to the total number of ion impacts.

Second Calibration

After the first calibration, the STM experiments showed that the number of defects generated on the TMDC surface were twice the value of the measured ion fluence, which is unexpected. A likely explanation for the extra number of defects is that in addition to the ions that are measured by the Faraday Cup, the beam contains also a fraction of neutral atoms. To test this hypothesis, an electromagnet, which can produce up to 100 mT of magnetic field was implemented on the beam trajectory as shown in figure 4.7. The magnetic zone permits to control the direction of the Ar + beam, as ions are deflected in a different direction from the neutral argon atoms. A second calibration was performed with the magnet implement and the calibrated hole of the Faraday Cup was also widened from 1 mm to 3 mm, to have a better reading of the current for low energy beams. With the magnet installed some calibration was performed to understand how reliable the magnet was for deflection of the beam. As predicted, figure 4.8 shows a 1keV beam profile which is easily deflected depending on the magnetic field applied. As for the neutral species in the beam, figure 4.9b) shows the beam profile for a 50

eV ion beam without a magnetic field (curve in blue) and with 74 mT (curve in orange).

The magnetic field used of 74 mT is so strong that no 50 eV Ar + should reach the Faraday Cup and should instead be be deflected to the chamber walls as illustrated in figure 4.9a), however, a current is nonetheless observed, proving the presence of other species in the beam. This beam profile with the magnetic field applied is the contribution of the other species in the beam and if one subtracts the beam profile with the magnetic field applied to the one without a magnetic field the real contribution of the 50 eV argon ions is obtained. The contribution of the 50 eV ions is represented as the green curve in figure 4.9, and the contribution of the neutrals (from secondary electrons) is the shaded area. The hypothesis of the presence of ions with a much higher energy is most likely invalid as the center and shape of the beam when the magnetic field is on barely changes in the abcissa, which is the expected behaviour of a neutral beam. However, a neutral beam shouldn't produce a current on a Faraday Cup as the cup collects the atoms. One explanation could be from the ejection of secondary electrons from neutral impacts (this wasn't observed before due to the smaller 1 mm hole in the FC).

These neutrals could also have a higher energy than the ion beam if there is some kind of neutralization happening inside the column of the ion source, as the ion could acquire some kinetic energy from the lenses, be neutralized, and then it won't be deaccelerated to the correct energy anymore.

After confirming the presence of neutral argon, it is necessary to supress them since their energy is unknown. One way to achieve this is to change the angle of the gun with respect to the sample so that the neutral beam impacts on the chamber wall. The ion source was mounted at an angle of θ = 29 °, as shown in figure 4 The present chapter is organized as follows. In the first part, there is a brief description of the RMS chamber and of the processing parameters used by the team of Tomas Nyberg at Uppsala to produce WS 2 films. Several thick films (with thicknesses larger than 20 nm) have been grown with diffent process parameters and were characterized by XRD, AFM, RBS and TEM in order to determine which process parameters yield the best crystallographic quality for the films. These films were grown on a SiO 2 /Si(100) substrate.

After establishing the best process parameters, thin-films ranging from a WS 2 monolayer to eight layers were deposited on a Si substrate and characterized using XRD, AFM, RBS (at INSP) and by Raman spectroscopy (Raman experiments were performed by Tomas Nyberg and his team at Uppsala). It is shown that RMS deposition is capable of producing good quality WS 2 thin-films, which is proof-of-principle of a new route to synthetize TMDC thin-films.

Reactive Magnetron Sputtering

Among the various methods for thin-film growth, Physical Vapor Deposition (PVD) methods such as sputtering deposition, are widely used in the industry due to their flexibility and their scalability in depositing thin-films/coatings of large areas. [START_REF] Wasa | Handbook of sputter deposition technology: fundamentals and applications for functional thin films[END_REF] The sputter deposition process consists of a target material being bombarded by energetic ions causing the removal, that is the sputtering, of the target atoms, which will travel and condense on a substrate opposite from the target as shown in figure 5.1. The Ar/H 2 S is ionized by glow discharge and accelerated towards the WS 2 target. The impact of energetic ions causes the sputtering of W and S species (neutral and ionic) that condense on the substrate and on the wall of the chamber. Reactions between sputtered species and decomposition of H 2 S at the film surface lead to the growth of WS x films on the substrate.

The basic sputtering process starts in a low-pressure chamber (usually ranging from 10 -1 Pa to 10 1 Pa) filled with a precursor gas (usually argon), where a plasma is generated by applying a negative potential to the target (glow discharge plasma). The positive ions in this plasma are accelerated onto the target, where they will impact and eject some material from the target. The sputtered particles from the target will travel towards the anode (substrate) where they are deposited and condense as a thin-film.

In reactive sputtering, a reactive gas is introduced in the chamber, which reacts with the sputtered target material and a compound film is formed. The reactive gas also gets ionized and accelerated onto the target. The reaction is thought to occur at the surface of the target or at the surface of the thin-film.

This process has been widely used in the industry to produce thin-films but this simple process is limited by low deposition rates. [START_REF] Wasa | Handbook of sputter deposition technology: fundamentals and applications for functional thin films[END_REF]. One way to increase the sputterrate is to use magnetrons. A magnetic field confines the secondary electrons motion to in the vicinity of the target thus increasing the probability of ionization of the precursor gas. The increased number of ions increases the sputtering of the target atoms and therefore increasing the deposition rates at the substrate. This technique is defined as magnetron sputtering. By employing both the reactive gas and the magnetrons, the process is called Reactive Magnetron Sputtering (RMS).

The group of Tomas Nyberg at the Uppsala University, responsible for building the RMS chamber and the production of WS 2 films, grew WS 2 thick (thicker than 20 nm) and thin (1-8 layers) films by using a WS 2 target and a mixture of H 2 S and argon (H 2 S from 0% to 100%) as the sputtering gas. The sputtering chamber is equiped with a powerful substrate heater in order to reach high annealing temperatures (maximum of 700 °C). This work is novel as high annealing temperatures were not possible in other works. [START_REF] Park | Thickness modulated MoS 2 grown by chemical vapor deposition for transparent and flexible electronic devices[END_REF][START_REF] Tao | Growth of wafer-scale MoS 2 monolayer by magnetron sputtering[END_REF][START_REF] Koçak | Growth Control of WS 2 : From 2D Layer by Layer to 3D Vertical Standing Nanowalls[END_REF] My role in this work was to analyse these films by XRD, RBS and AFM in order to understand the effect of the RMS process parameters on the crystallinity, stoichiometry and morphology of the WS 2 films. Raman spectroscopy and TEM measurements were also performed by the team of Tomas Nyberg and their results are also discussed in this thesis.

First Results

The first synthesized films consisted of thick WS 2 films on SiO 2 /Si(100) substrate, one grown in a pure H 2 S atmosphere (sample name: 100 % H 2 S), and another in a pure argon atmosphere (sample name: 100 % argon). For both samples, the pressure was around 6.66 Pa and the substrate temperature was approximately 700 °C. Deposition times were 0.5 hour for the 100 % Argon sample and 1.5 hours for the 100 % H2S sample.

The samples were characterized by in-plane XRD (which allows us to access diffraction planes normal to the surface plane) and out-of-plane XRD (which allows us to access diffraction planes parallel to the surface plane). Therefore, for a perfect layered material horizontal to the substrate, the in-plane diffractogram would show sharp peaks at the ( 100),( 110) and ( 200) diffraction conditions, which correspond to the WS 2 (intralayer) lattice parameter a, while the out-of-plane diffractogram would show peaks at (002),( 004),( 006) and (008) diffraction conditions, which corresponds to the WS 2

(interlayer) lattice parameter c. The out-of-plane XRD measurements were performed with a monochromator and therefore only CuKα1 X-rays are present. For the in-plane XRD measurements, as the films are quite thin, a monochromator was not employed in order to obtain enough diffraction intensity. Therefore, for large diffraction peaks, instead there will be multiple peaks which correspond to X-rays with wavelengths of Cu Kα1 (wavelength= 1,54056 Å), Cu Kα2 (wavelength= 1,54440 Å), Cu Kβ1 (wavelength= 1,39222 Å).

CHAPTER 5. STRUCTURAL ANALYSIS OF WS 2 GROWN BY RMS

There is also a contamination of W in the anode which results in the emission of x-rays with wavelengths corresponding to Lα1 (wavelength= 1,47602 Å) and Lα2 (wave-length= 1,48707 Å) The lattice parameter c for the 100 % Argon sample and 100 % H 2 S sample is 1.274 nm ±0.001 nm and 1.304 nm ±0.001 nm, respectively. The values match the usual range of values of c for WS 2 (from 1.22 nm to 1.37 nm) [START_REF] Graphene | Hq graphene -ws 2[END_REF][START_REF] Kolobov | Two-Dimensional Transition-Metal Dichalcogenides[END_REF]. The lattice parameter a for the 100 % Argon sample and 100 % H 2 S sample is ≈ 0.3130 nm ±0.0001 and ≈ 0.3132 nm ±0.0001, respectively. These values are slightly lower than the range of expected values for WS 2 of 0.315 nm to 0.316 nm. [START_REF] Graphene | Hq graphene -ws 2[END_REF][START_REF] Kolobov | Two-Dimensional Transition-Metal Dichalcogenides[END_REF].

It is observed from the RBS results in figure 5.5d) that the films have a stoichiometry ). In fact, the triangular shape is one of the standard nucleation geometries observed in TMDCs [START_REF] Xu | CVD controlled growth of large-scale WS 2 monolayers[END_REF].

The surface of both films also contains much larger structures as indicated by the blue arrows, 20 nm to 60 nm in height and 50 nm to 200 nm in diameter which are attributed to the growth of the WS 2 layers perpendicular to the substrate, in good agreement with the TEM observations performed in Uppsala, as shown in figure 5.3

The vertical growth has been observed in other studies. Jung et al. found for WS 2 and MoS 2 synthesis by metal sulfurization, that a critical factor for vertical layer growth is the increase in thickness of the W or Mo starting seed layer, where metal seed films below 3 nm in thickness generate horizontal layers, while thicker films generate vertical alligned TMDC layers. [START_REF] Jung | Metal Seed Layer Thickness-Induced Transition From Vertical to Horizontal Growth of MoS 2 and WS 2[END_REF] The TEM image, figure 5.3, shows that the vertical layers stand on 10 nm of horizontal WS 2 film, which is similar to Jung et al.

results. Another possibility is that vertical growth is faster than the horizontal growth due to a larger diffusion rate of the sulfur/tungsten atoms into the vertical film, as it is easier to transport ions/atoms through the interlayers gaps than across the horizontal layers. [START_REF] Kong | Synthesis of MoS 2 and MoSe 2 Films with Vertically Aligned Layers[END_REF] Therefore the WS 2 films start growing in a layer by layer fashion, with it's basal plane oriented horizontally to the substrate, when due to a structural defect or due to preferable reaction kinetics, the film starts growing vertically. Even though vertically grown TMDCs could have electrochemical applications due to their reactive edge sites [START_REF] Wang | Electrochemical tuning of vertically aligned MoS2 nanofilms and its application in improving hydrogen evolution reaction[END_REF], this is not the focus of this project and we consider films which include vertical growth as being undesirable as the objective of this work is to produce good crystalline quality films with horizontal layers.

Study of RMS process parameters

Reactive Magnetron Sputtering deposition is governed by various processing parameters which influence the thin-film characteristics. A clear understanding of these parameters is needed for a better control of the morphology of the synthetized films.

Multiple depositions were performed by the Uppsala team with varying substrate temperature and with varying partial and total gas pressures. The films presented here were deposited on a SiO 2 /Si(100) substrate. These films were analyzed by AFM, XRD and RBS where the structure, morphology and composition of the generated films can be studied to conclude which RMS process parameters generate films with stochiometry closer to WS 2 and with the best crystallinity. In the RBS analysis for these films, due to the large amount of data, integration of the raw values with a background subtraction was employed, which is less accurate than by SIMNRA fitting but more efficient. Further Raman Spectroscopy, TEM and out-of-plane XRD measurements were performed by the team of Tomas Nyberg at Uppsala and are also discussed here.

Influence of substrate temperature

To study the influence of the substrate temperature, a series of depositions was carried out at 6.67 Pa in pure Ar atmosphere without substrate heating, and for substrate temperatures of 500 °C, 600 °C, 660 °C and 700 °C.

The films were first analyzed with RBS. figure 5.8 shows the evolution of the stoichiometry and thickness of the films as a function of the substrate temperature. It demonstrates that a higher substrate temperature provides a higher [S]/[W] ratio, up to almost a fully stoichiometric film for 700 °C. Above 500 °C, the thickness of the film decreases with substrate temperature, which could be due to thermal sublimation of WS 2 from the film or to a lower sticking coefficient of the incoming species. Figure 5.9 shows the in-plane and out-of-plane XRD diffractograms for these films.

In the out-of-plane diffractogram,figure 5.9a) , it is clearly observed that the increase in temperature results in a higher crystallinity of the film. The film grown at room temperature contains no diffraction peaks (lack of periodic atomic structure), while as the temperature increases, the expected out-of-plane diffraction peaks (labeled in blue) are present, along with the (100) peak which is related to the vertically grown layers, however, there is also a narrow peak from the Si[002] reflection. At 700 °C, the film presents a lower (100) peak which means that the increased temperature unpromotes vertical growth.

Likewise, for the in-plane diffractogram,figure 5.9b), as the substrate temperature increases, the (002) peak intensity decreases, while the expected in-plane diffraction peaks (labeled in black) intensities increase. For lower temperatures, the in-plane diffractogram also shows that there is an extra unknown peak near 2θ ≈ 62 °, which does not correspond from any reflection from WS 2 . 002) and ( 100) peaks, from the out-of-plane and the in-plane diffractograms, respectively. It shows that the lattice parameter c and a are much closer to the expected values at higher substrate temperatures (average expected value of the order of 1.24 nm and 0.315 nm, respectively). than at lower temperatures. Furthermore, the texture parameter increases as a function of substrate temperature, except for 660 °from the in-plane measurements. Nonetheless, this proves that higher substrate temperature unpromotes vertical growth. The crystallite size also increases as a function of temperature.

Therefore, higher substrate temperature is beneficial to the crystallinity and stoichiometry of the deposited film. An explanation for this trend is that the high substrate CHAPTER 5. STRUCTURAL ANALYSIS OF WS 2 GROWN BY RMS temperature leads to a high adatom diffusion at the surface, and sputtered particles which adsorb onto the surface will migrate to vacancies nearby, effectively reducing the number of crystal defects and dislocations leading to a more ordered crystalline structure with larger grains. This was also observed in other studies [START_REF] Lan | 2D WS2: From Vapor Phase Synthesis to Device Applications[END_REF][START_REF] Ellmer | Preparation routes based on magnetron sputtering for tungsten disulfide (WS 2 ) films for thin-film solar cells[END_REF][START_REF] Yang | Interlayer interactions in 2D WS 2 /MoS 2 heterostructures monolithically grown by in situ physical vapor deposition[END_REF] The same logic is applied to the decrease of vertical growth, as it is observed that annealing the sample unpromotes this kind of growth. 

Influence of processing pressure

To understand the influence of the processing pressure, a series of depositions was carried out in a pure H 2 S atmosphere at 700 °for different processing pressures of 0.67 Pa, 1.33 Pa, 4 Pa, 5.33 Pa and 6.66 Pa.

The films were analyzed with RBS and figure 5.11 shows the stoichiometry and thickness of the films as a function of processing pressure determined from the RBS spectra. It is clear that a higher processing pressure provides a higher [S]/[W] ratio, up to a ratio of 1.8 at 6.67 Pa. The stoichiometry ratio of these films is however lower than the one of the samples grown at various temperature in a pure Ar atmosphere and at 6.66 Pa as shown in figure 5.8. This is due to the different sputtering gas used in the chamber and an analysis of its influence will be discussed bellow.

Figure 5.12 shows the in-plane and out-of-plane XRD diffractograms for these films.

In the out-of-plane diffractogram,figure 5.12a), all expected out-of-plane diffraction The general trend is that the texture parameters increases for increasing H 2 S processing pressure and therefore the amount of vertical growth decreases with an increase in the processing pressure.

The crystallographic parameters of the films on the other hand, appear to be only slightly influenced by the H 2 S processing pressure. The lattice parameter c slightly decreases with increasing H 2 S processing pressure, down to around 1.28 nm at 6.67 Pa, closer to expected values (expected value is around 1.24 nm). The lattice parameter a also increases slightly, up to around 0.314 nm at 6.67 Pa, also closer to expected values (expected value: 0.315 nm). The out-of-plane crystallite size decreases slightly, while the in-plane crystallite size remains similar, with increasing H 2 S processing pressure.

Increasing the processing pressure will lead to a shorter mean free path for the sputtered particles, thereby decreasing their kinetic energy, reducing the probability of generating a defect or vacancy when impacting on the film. These vacancies are undesired as they could become nucleation sites for vertical growth, which explains why the vertical growth is reduced with increasing pressure. Likewise, the films synthetized with a lower chamber pressure present a lower stoichiometry as the chalcogenide atoms of the growing film are preferentially sputtered over the transition metal, [START_REF] Bernède | About the preferential sputtering of chalcogen from transition metal dichalcogenide compounds and the determination of compound stoichiometry from XPS peak positions[END_REF][START_REF] Baker | XPS investigation of preferential sputtering of S from MoS2 and determination of MoSx stoichiometry from Mo and S peak positions[END_REF][START_REF] Ma | Controlled argon beam-induced desulfurization of monolayer molybdenum disulfide[END_REF] due to energetic particle collisions inherent to the sputtering process. Note that TMDCs are known to preserve their crystallographic structure even for [S]/[W] ratios as low as WS 1.5 [START_REF] Seeger | Electrical and optical properties of highly (001) textured WSX films deposited by reactive magnetron sputtering[END_REF][START_REF] Ma | Controlled argon beam-induced desulfurization of monolayer molybdenum disulfide[END_REF]. Nevertheless, a low stoichiometry is undesirable for future device applications as sulphur vacancies result in low carrier mobilities [START_REF] Schmidt | Transport Properties of Monolayer MoS 2 Grown by Chemical Vapor Deposition[END_REF][START_REF] Yu | Analyzing the Carrier Mobility in Transition-Metal Dichalcogenide MoS 2 Field-Effect Transistors[END_REF].

Influence of the gas mixture After concluding that a high processing pressure and a high substrate temperature generate the best crystallography and sotichiometry for a WS 2 film, a series of depositions with varying gas mixtures of Ar/H 2 S was carried out to study the influence of the sputtering gas composition. The processing pressure was kept at 6.67 Pa and the substrate temperature at 700 °C, while the H 2 S content in the series was 0% , 20%, 40%, 60%, 80% and 100%.

The films were analyzed with RBS and figure 5.14 shows the stoichiometry and thickness of the films as a function of the gas composition, as determined from the RBS spectra. It is clear that a gas mixture between 40 % and 60 % of H 2 S presents a higher [S]/[W] ratio, up to a ratio of 1.95 at 40 % H 2 S. Figure 5.15 shows the in-plane and out-of-plane XRD diffractograms for these films.

The diffractograms show that the diffraction peaks are in their expected positions and that the intensity of the diffraction peaks due to the vertically grown layers is low shows the crystallite sizes taken from the FWHM of peak ( 002) and ( 100), from the out-of-plane and the in-plane diffractograms, respectively. The general trend is that the texture parameters increases for gas compositions of 20% to 60% H 2 S, which means that the amount of vertical growth is less prevalent for these H 2 S gas compositions.

The best crystallographic parameters are also achieved for similar gas compositions, as the lattice parameter c has values closer to the expected values for 20 % to 60 % H 2 S (expected value: 1.24 nm), while the lattice parameter a for the film grown with 20 % H 2 S is 0.315 nm, equal to the expected value. No particular trend is observed for the crystallite sizes.

It is unclear as to why the [S]/[W] ratio or the crystallographic quality decreases 93 CHAPTER 5. STRUCTURAL ANALYSIS OF WS 2 GROWN BY RMS with increasing H 2 S content, as one would expect that increasing the total S content of the chamber would increase the S content in the film. An explanation could be that since the H 2 S plasma contains an oxidizing (S) and a reducing agent (H), there is possibility that a higher concentration is detrimental to the WS 2 film, as observed by Ellmer et al. [START_REF] Weiß | Reactive magnetron sputtering of tungsten disulfide (WS2-x) films: Influence of deposition parameters on texture, microstructure, and stoichiometry[END_REF], which observed that a higher H 2 S percentage induced more vertical growth, in agreement with our results. Therefore the relative strenghts between the oxidizing and reducing agent could change as a function of H 2 S percentage, due to the complex and non-linear nature of plasmas, which explains the fact that films synthesized with gas mixtures with H 2 S > 60 % decreases the [S]/[W] ratio of the film and increases the vertical growth. However, other unknown phenomenas are also likely to contribute to the differences in the observed stoichiometry and crystallographic quality, as the reactive sputtering process is quite complex due to an hysteresis effect and to the non-linearity of process parameters present in RMS. This hysteresis effect arises from the fact that RMS process parameters, such as pressure or sputtering rate may change if the reactive gas inflow was recently increased or decreased, which makes the process parameters difficult to control. More information about the hysteresis effect is given in review papers. [START_REF] Berg | Fundamental understanding and modeling of reactive sputtering processes[END_REF]164] The film growth also depends on the "history" of the sputtering process, as previous depositions will form WS x compounds on the chamber walls which may be resputtered during growth.

Few-layer WS 2 deposition.

WS 2 thin-films with thicknesses equal to 1, 2, 4 and 8 layers were grown by RMS at 700 °C, 6.67 Pa and 100% H 2 S on a SiO 2 /Si(100) substrate. By controlling the time of sputtering, the thickness of the film can be controlled. From the previous experiments, the growth rate of WS 2 was estimated as 2 minutes per monolayer. figure 5.17 shows the Raman spectra (measured at Uppsala) measured from 1, 2, 4 and 8 ML samples. The peak positions which correspond to the A 1g , E 2g and 2LA phonon modes are dependant on the number of monolayers present. The differences in peak positions, A 1g -2LA and A 1g -E 2g increase as the number of layers increases and as been observed in other works. [START_REF] Shi | Raman and photoluminescence spectra of two-dimensional nanocrystallites of monolayer WS 2 and WSe 2[END_REF][START_REF] Terrones | New First Order Raman-active Modes in Few Layered Transition Metal Dichalcogenides[END_REF] Therefore, Raman spectroscopy is a good method to determine the thickness of the grown samples.

The peak positions were extracted by multi-peak least squares fit of Lorentzian peaks to the data, and the peak distances are plotted in figure 5.18 as a function of the number of monolayers, which closely matches the results from previous works.

Therefore, the Raman results show that the films have the expected number of layers. was not characterized by XRD and RBS as the film is too thin to give a measurable intensity with a laboratory apparatus.

The expected thickness for a 2 ML, 4 ML and 8 ML WS 2 film are 1.27 nm, 2.54 nm and 5.08 nm, respectively. The RBS results indicate thickness values 40% higher than the expected ones, which means that the films are not composed of the expected number of layers.

A reduction of the employed sputtering time should yield films with the correct thickness. The RBS results also show that the films are understoichiometric and the stoichiometry varies with respect to the number of layers. However no trend is observed.

These samples were also analyzed by AFM. AFM tapping mode topographic images are shown in figure 5.20 along with the corresponding average roughness,σ, calculated from root mean square average of the surface height. The roughness increases slightly with increasing number of layers while the 2ML sample shows a high surface average roughness of 2 nm. Therefore, the grown samples are not actually large monolayers, but are instead composed of grains with 10-20 nm in size for the 1ML, 4ML and 8ML films, while the 2ML film exhibits slightly larger grains with 50 nm in size and varying from 2 nm to 8 nm in height. These grain sizes from the AFM analysis matches well the crystallite sizes calculated from the in-plane XRD measurements shown in figure 5.19b) 

Conclusion

WS 2 films were deposited by RMS from a WS 2 target with a sputtering gas mixture of Ar/H 2 S. The RMS processing parameters were investigated by varying the partial pressure of H 2 S, the substrate temperature and total pressure. The optimal process parameters were found out to be high pressure to thermalize the sputtered particles, high substrate temperature to increase the diffusion of adatoms at the film surface and a mixed ratio of Ar/H 2 S to obtain a more stoichiometric film. It was observed that there are areas where the WS 2 layers will grow vertically aligned rather than horizontally aligned to the substrate, also observed in other PVD and CVD studies [START_REF] Regula | Structural, chemical, and electrical characterisation of reactively sputtered WSx thin films[END_REF][START_REF] Jung | Metal Seed Layer Thickness-Induced Transition From Vertical to Horizontal Growth of MoS 2 and WS 2[END_REF]. The vertical growth was attributed to the inherent energetic particles of the deposition process which will sputter the thin-film, generating defects which could be nucleation sites for the start of this growth mode. Furthermore, by controlling the deposition time, the thickness of the WS 2 films is controlled and few-layer deposition is possible. Four films were deposited equivalent to 1 ML, 2 ML ,4 ML and 8 ML of wafer coverage. The AFM images of these films show that they are composed of grains with differing heights and are not in fact an homogeneous monolayer.

The grown films were always substoichiometric, something which was also observed by other reactive sputtering works. [START_REF] Regula | Structural, chemical, and electrical characterisation of reactively sputtered WSx thin films[END_REF][START_REF] Ellmer | Deposition of ci-oriented tungsten disulfide (WS2)films by reactive DC magnetron sputtering from a W-target in Ar/HzS[END_REF][START_REF] Weiß | Reactive magnetron sputtering of tungsten disulfide (WS2-x) films: Influence of deposition parameters on texture, microstructure, and stoichiometry[END_REF] The substoichiometry is most likely caused by a disturbed film growth induced by the energetic bombardment during deposition, as there is preferential sputtering of the chalcogenide over the transition metal.

The stoichiometry could also be dependent on the processing parameters of previous depositions, as there are sulphur molecules in the chamber which will sulfurize film after deposition while the substrate is cooling.

Due to this always present substoichiometry of RMS grown films, it was concluded that for a future project, an evaporation source of elemental sulphur will be added to the sputtering chamber to post-sulfurize the films in an effort to obtain fully stoichiometric films. Post-annealing the film in a H 2 S environment should also improve the stoichiometry. Nonetheless, this work shows the promising viability of TMDC growth by RMS, a scalable and cost-effective way of synthesizing thin-films for future integration into electronic devices.

Chapter 6

Generation of defects at the surface of bulk TMDCs

The chapter is organized as follows: In the first part, I describe the experimental results of low-energy Ar + ion irradiation of WS 2 , WSe 2 and WTe 2 crystals. Two types of defects are found for WS 2 and WSe 2 , a protrusion defect and a concave defect, as already reported before. [START_REF] Inoue | Atomic-scale structures and electronic states of defects on Ar+-ion irradiated MoS2[END_REF][START_REF] Schimmel | Atomically resolved STM imaging of ion-bombarded WSe2[END_REF][START_REF] Sengoku | Investigations of Electronic Structures of Defects Introduced by Ar Ion Bombardments on MoS 2 by Scanning Tunneling Microscopy[END_REF] The precise comparison of the surfaces before and after irradiation allows me to determine the sputtering yield for each kind of defect as a function of the ion energy. In the second part, I present the results of molecular dynamics simulations that I have performed in order to obtain an atomistic view of the irradiation process and to identify the atomic structure of the defects. From the comparison between the experimental and the simulated sputtering yield curves, I propose that the bright protrusions correspond to defect structures in which more sulphur has been sputtered than tungsten, while the concave defects correspond to defect structures in which more tungsten was sputtered than sulphur.

Experimental ion irradiation defects

For the irradiation experiments, we found that the most convenient way to obtain the same irradiation dose for all different samples was to mount simultaneously all crystals in the same sample plate holder. Figure 6.1 shows an Omicron type steel sample plate on which WS 2 , WSe 2 and WTe 2 single crystals have been pasted with a silver epoxy (EPO-TEK H20E), as shown in figure 6.1 The samples were introduced into the STM CHAPTER 6. GENERATION OF DEFECTS AT THE SURFACE OF BULK TMDCS prep chamber and were first annealed at 250 °C for 1 hour. After annealing, the samples were returned to the load lock chamber where all crystals are mechanically cleaved using the conventional scotch tape method under nitrogen flux. As the annealing procedure promotes the diffusion of impurities up to the surface, the cleaving process, by removing a few layers from the crystal, should leave a clean surface exposed. The sample plate is then transfered into the analysis chamber where the crystal surfaces are characterized by STM. Three main defect types were identified in the STM images of freshly cleaved WS 2 and WSe 2 surfaces. Figure 6.3a) shows a large scale STM image of a WS 2 surface scanned at negative bias voltage where the defects types can be observed. bias the defects turn into indistinguishable depressions with 0.05 nm to 0.1 nm in depth. This proves that the bright protrusion in type A defect does not correspond to atoms on top of the surface, but to an increase of the electron density of states for this sample bias. The height of the protrusion increases with decreasing negative voltage bias as evidenced in other works [START_REF] Sengoku | Investigations of Electronic Structures of Defects Introduced by Ar Ion Bombardments on MoS 2 by Scanning Tunneling Microscopy[END_REF][START_REF] Inoue | Atomic-scale structures and electronic states of defects on Ar+-ion irradiated MoS2[END_REF][START_REF] Park | Scanning tunneling microscopy investigation of nanostructures produced by Ar+ and He+ bombardment of MoS2 surfaces[END_REF]. The depression circling the protrusion does not correspond to the modification of the atomic positions near the center of the defect, but is instead an electron depleted region due to the band-bending caused by the electronic states in the bright region. Thus, most of our STM work on WS 2 and WSe 2 focused on scannning the surface with a negative voltage bias, as the defects can be easily discriminated in this condition.

The structure of defects of type A and type B remains highly debated in the literature. Both defects were found in concentrations of 1 × 10 -5 nm -2 to 4 × 10 -5 nm -2 at the surface of our cleaved WS 2 and WSe 2 , which is one to two orders of magnitude lower than the concentrations reported on MoS 2 and MoSe 2 which range from 10 -4 nm -2 to 10 -3 nm -2 [START_REF] Bampoulis | Defect Dominated Charge Transport and Fermi Level Pinning in MoS 2 /Metal Contacts[END_REF][START_REF] Sotthewes | Universal Fermi-Level Pinning in Transition-Metal Dichalcogenides[END_REF]. Both transition-metal and chalcogenide vacancies are known to create additional states in the band-gap, which makes it difficult to assign a clear origin for the bright spot of the type A defect. [START_REF] Guo | Chalcogen vacancies in monolayer transition metal dichalcogenides and Fermi level pinning at contacts[END_REF][START_REF] Zhou | Intrinsic Structural Defects in Monolayer Molybdenum Disulfide[END_REF] This is why type A defect has been attributed to a large number of various structures, from transition-metal vacancies [START_REF] Sotthewes | Universal Fermi-Level Pinning in Transition-Metal Dichalcogenides[END_REF], to impurities such as Re, [START_REF] Murata | Scanning tunneling microscope images of locally modulated structures in layered materials, MoS2(0001) and MoSe2[END_REF] and Co [175] segregated on top of the TMDC surface, to cluster-like metal formed from the absence of sulfur atoms [START_REF] Addou | Surface Defects on Natural MoS 2 $[END_REF], to ionized S-rich complexes. [START_REF] Sengoku | Investigations of Electronic Structures of Defects Introduced by Ar Ion Bombardments on MoS 2 by Scanning Tunneling Microscopy[END_REF] It has been widely observed as a product of noble gas irradiation [START_REF] Inoue | Atomic-scale structures and electronic states of defects on Ar+-ion irradiated MoS2[END_REF][START_REF] Sengoku | Investigations of Electronic Structures of Defects Introduced by Ar Ion Bombardments on MoS 2 by Scanning Tunneling Microscopy[END_REF][START_REF] Lu | Defect engineering on MoS2 surface with argon ion bombardments and thermal annealing[END_REF]101,[START_REF] Schimmel | Atomically resolved STM imaging of ion-bombarded WSe2[END_REF][START_REF] Park | Scanning tunneling microscopy investigation of nanostructures produced by Ar+ and He+ bombardment of MoS2 surfaces[END_REF], which will be further discussed in the following subchapter. The type B defect has been attributed to a TMDC layer fragment [START_REF] Inoue | Atomic-scale structures and electronic states of defects on Ar+-ion irradiated MoS2[END_REF], because of its depth of 0.6 nm which matches that of a WS 2 or WSe 2 step edge (c/2).

Our STM measurements at negative voltage show a depth of 0.2 nm to 0.4 nm (see figure 6.4, which is lower than the interlayer spacing. However, we cannot exclude the fact that the measured depth of the defect is reduced due to the convolution with the tip shape.

The atomic defect circled in green in figure 6.3(d) is attributed to sulphur vacancies or oxygen substitutional atoms [START_REF] Barja | Identifying substitutional oxygen as a prolific point defect in monolayer transition metal dichalcogenides[END_REF] and is the most common defect observed at the surface of freshly cleaved TMDCs. As atomic-resolution images were often not achievable, the number of STM images where the type C defects can be unambiguously distinguished is rather low, which doesn't allow for a statistical study with a great precision. However, when atomic-resolution was possible, type C defects were found TMDCS in concentrations of 10 -3 nm -2 to 10 -2 nm -2 , one to two orders of magnitude higher than type A and type B defects. Chalcogenide vacancies have a lower formation energy than tungsten vacancies [START_REF] Guo | Chalcogen vacancies in monolayer transition metal dichalcogenides and Fermi level pinning at contacts[END_REF] which agrees with the higher defect density for type C and agrees with the high density of defects in the 10 -1 nm -2 range found in other studies [START_REF] Bampoulis | Defect Dominated Charge Transport and Fermi Level Pinning in MoS 2 /Metal Contacts[END_REF][START_REF] Vancsó | The intrinsic defect structure of exfoliated MoS2 single layers revealed by Scanning Tunneling Microscopy[END_REF][START_REF] Qiu | Hopping transport through defect-induced localized states in molybdenum disulphide[END_REF][START_REF] Addou | Surface Defects on Natural MoS 2 $[END_REF]. Sulfur vacancies have been found to diffuse and agglomerate together into an extended line or double line of S vacancies [START_REF] Komsa | From point to extended defects in two-dimensional MoS 2 : Evolution of atomic structure under electron irradiation[END_REF], but such defects were not observed in our samples. Cleaved TMDCs present a wide number of intrinsic crystalline defects. [START_REF] Zhou | Intrinsic Structural Defects in Monolayer Molybdenum Disulfide[END_REF][START_REF] Kc | Impact of intrinsic atomic defects on the electronic structure of MoS 2 monolayers[END_REF] Common point defects observed by STEM are single-sulfur vacancies V S , double-sulfur vacancies V S2 , vacancy complexes of transition metal and three or V M oS3 six sulfur atoms V M oS6 . It is likely that these defects correspond to the type A defect or type B defect observed in STM images. Note that these previous results in other studies were observed for MoS 2 but since WS 2 and WSe 2 have the same atomic structure, similar cohesive energies (15.31 eV, 17.28 eV and 15.45 eV per unit cell,respectively) [START_REF] Hu | Modulating the phase transition between metallic and semiconducting single-layer MoS 2 and WS 2 through size effects[END_REF][START_REF] Kang | Band offsets and heterostructures of two-dimensional semiconductors[END_REF] and are semiconductors these defects are also expected for our materials.

Cleaved WTe 2

WTe 2 differs from WS 2 and WSe 2 structure because its minimum energy configuration is a distorted 1T structure (or Td structure) as shown in figure 6.5, which results in semi-metallic behaviour instead of semiconducting behaviour. [START_REF] Lee | Tungsten Ditelluride: a layered semimetal[END_REF] When viewed from the top the unit cell is composed of two surface tungsten atoms, which make zig-zag rows along the a direction figure 6.6a) shows a large scale typical STM image of the cleaved surface of the WTe 2 crystal. It is composed of an atomically flat large area with a few bright protrusions.

As WTe 2 is a semimetal, the defects don't show much variation when scanned at different voltages or when the polarity is inversed. These defects have been identified as Te vacancies as they are similar to the ones observed in other WTe 2 studies [START_REF] Kwon | Quasiparticle interference and impurity resonances on WTe2[END_REF][START_REF] Pan | Invited) Physical Properties of Novel 2D Semimetal WTe2: From Microscopic Study to Devices[END_REF].

DFT calculations from these studies showed that bottom or top Te vacancies increase de local density of states which is why the defect appears as a bright protrusion. figure 6.6b) shows a close-up of the Te vacancy. The measured lattice parameters were a = 0.341 nm and b = 0.649 nm in agreement with the bulk WTe 2 structure. [START_REF] Pan | Invited) Physical Properties of Novel 2D Semimetal WTe2: From Microscopic Study to Devices[END_REF] The defect density found in our cleaved samples was of 2.86 × 10 -3 nm -2 , which is in the same order of magnitude as in other cleaved WTe 2 studies [START_REF] Kwon | Quasiparticle interference and impurity resonances on WTe2[END_REF][START_REF] Pan | Invited) Physical Properties of Novel 2D Semimetal WTe2: From Microscopic Study to Devices[END_REF]. The 3 TMDC samples were pasted onto the same sample holder as shown in figure 6.1 so that a direct comparison of ion irradiation defects between the TMDCs can be performed, as the 3 TMDCs will be irradiated with the same ion fluence. vacancies was not possible, as it was often difficult to identify atomic-scale defects due to the limited resolution. The same logic applies to the study of WTe 2 defects, as the total number of defects was often difficult to distinguish, so a comprehensive study on this material was not possible.

The study of defect formation for different Ar + energies was also performed. For higher Ar + ion energies the sputtering yield of type A defects increases slowly and the yield for type B defects defects remains constant. This means that there is a energy threshold for the generation of type A defect and of type B defects which is somewhere in between 50 eV and 100 eV.

The structure of defects of type A observed after ion irradiation has been debated eV Ar + on a cleaved MoS 2 surface and performed scanning tunneling spectroscopy (STS) measurements. [START_REF] Inoue | Atomic-scale structures and electronic states of defects on Ar+-ion irradiated MoS2[END_REF] The dI/dV curves are compatible with a group of sulphur vacancies [START_REF] Kodama | Electronic State Formation by Surface Atom Removal on a MoS$_{2}$ Surface[END_REF]. Their density of states calculations confirm that as the number of sulphur vacancies increases, there is a transition from a series of localized states towards a continuous distribution of states, leading to the metallic feature. Therefore, they argued that type A defect arises from the removal of 200 sulphur atoms from the top layer (number of sulphur atoms equivalent to the area of the bright protrusion).

In contrast to the high sputtering yield of the previous study, Ma et al found a sputtering yield of 0.03 sulphur atoms per 500 eV Ar + impact on monolayer MoS 2 grown on a SiO 2 substrate. [START_REF] Ma | Controlled argon beam-induced desulfurization of monolayer molybdenum disulfide[END_REF] This discrepancy in the sputtering yield for the previous studies likely arises from the lack of calibration of the ion source fluence with a Faraday Cup.

More recently, Lu et al. irradiated 50 eV Ar + on a cleaved MoS 2 surface and found that there were defects imaged as an hexagonal ring at positive bias and 1 nm in diameter. [START_REF] Lu | Defect engineering on MoS2 surface with argon ion bombardments and thermal annealing[END_REF] The structure attributed to this defect was a sulphur vacancy, however, the clear double STM tip effect in the images presented raises doubts on the interpretation. From our experiments, the observed sputtering efficiency of type A defect for 50 eV of 3 % could be due to some residual neutral atom impacts which are present in the beam of the ion source. If such is the case, our results agree with the ones from Lu et al. as they also did not observe defects of type A or of type B for 50

eV Ar + irradiation.

Mitterreiter et al. also observed an hexagonal ring feature at positive bias on 30 keV He + irradiated MoS 2 monolayer on graphene and attributed it to a point defect.

[101] As the scanning voltages used were the inverse polarity of our results, it is difficult to make a comparison of type A defect and of type B defect. The difference, however, could be attributed to the different sputtering gas used, as the mass and radius of He + is smaller, and therefore the potential energy from a binary collision is smaller when compared to a Ar + ion collision. The defects generated from Ar + bombardment could be larger than the defects produced by an He + ion, which explains why Mitterreiter et al. did not observe a large defect such as type A defect. The surface sputtered with nitrogen shows an increase in the number of type A defects and type B defects just like the argon sputtered surface. In terms of sputtering yield, the number of newly generated type A defects and type B defects per ion impact is also similar with both sputtering gases (200 eV argon on WS 2 : 51% ± 5.6% vs 200 eV nitrogen on WS 2 : 45%).

It could be argued that at 200 eV of ion energy, the N + (and Ar + ) ions penetrate and are implanted deep into the atomic layers underneath the surface due to the high ion energy. This likely means that, at these energies, the bonding of nitrogen with WS 2 occurs deep into the material and cannot be imaged by STM, which could explain why there are no obvious differences between Ar + and N + irradiation. To investigate if that is the case, a cleaved surface was first irradiated with 100 eV N + with a fluence of study of the atomic-scale structure of these nitrogen substitutionals, but their STM images suggest that nitrogen preferentially binds to the TMDC edges, which are known to be more reactive than the basal plane. Therefore, it is comprehensible that nitrogen substitution was not observed in our STM images as it is an atomic-scale defect and TMDCS the STM resolution was not good enough to perform such study.

Supression of neutral argon.

From the discussion in chapter 4, it was discussed that there is a quantity of neutral particles which were not accounted for in the first calibration. The main proof of this comes from STM images of Ar + ion bombardment of a WS 2 surface with the ion source in a curved geometry (with electromagnet deflection) and in the straight geometry in the line of sight of the sample (refer to chapter Ion Source for more information).

The generated defects on the WS 2 surface are individually resolved, so it is safe to assume that each defect is the product of a single ion impact. However for the straight geometry, the number of defects on the surface outnumberered the expected number of ion impacts as measured with the Faraday Cup, which is impossible.

The STM images of thesample surface before and after 5 seconds of 25 eV Ar + irradiation with the straight geometry are shown in figure 6.13a),b). The sputtered surface contains a total number of 209 defects when the expected fluence for that area was of 67 Ar + impacts (310 % sputtering efficiency), which is impossible if we assume that a single defect is generated by a single ion impact. After this experiment, a calibration of the ion fluence was again performed with the ion source assembled in the curved geometry, already discussed in chapter Ion Source. With this curved geometry, a cleaved WS 2 sample was again irradiated with 25 eV Ar + for 40 seconds.

STM images of the surface before and after are shown in figure 6.13c),d), where the sputtered surface shows less new defects than the total ion influence (5 % sputtering yield), evidencing that these structures are generated by only some of the ion impacts.

Due to this reduction in the sputtering efficiency we thus conclude that most of the neutral particles do not collide with the sample when the curved geometry is employed. 

Initial setup

To have a better microscopic understanding of the defect production, MD simulations of Ar + ion irradiation on WS 2 were performed, which consist of simulating the collision of an energetic Ar + ion at normal incidence into WS 2 layers and following the evolution of the system after the argon-WS 2 interaction. To obtain an insight on the energy dependence of defect production, multiple simulations were performed on pristine WS 2

where the Ar + ion was accelerated to have a kinetic energy of 50 eV, 100 eV, 200 eV and 500 eV. For each energy, a total of 100 simulations were carried out where the argon ion impact points were randomly generated at the center of the WS 2 layer inside a 10 nm by 10 nm region as shown in figure 6.14 and 20 Å of distance in the z direction.

To understand the differences in defect production between "bulk" WS 2 and monolayer WS 2 , the ion irradiation was simulated for 4 WS 2 layers and for a WS 2 monolayer.

A single layer of a WS 2 structure was generated with a python script and consists of a box with periodic boundary conditions 69 × 80 Å 2 in size, equivalent to 576 WS 2 unit cells for a total of 1728 atoms. The choice of the system dimensions in MD must be made as a compromise between efficiency and accuracy, as a larger system will take After the bombardment runs, the system is relaxed in the nvt ensemble for 2 ps, which was enough time for the system to reach it's minimum energy configuration and to drain the kinetic energy transfered from the Ar + ion. The final frame is shown in figure 6.16c), where it can be observed that the layers recover a planar configuration.

To identify the defects formed, the atomic positons of the final configuration were compared with the atomic positions of the initial configuration with the use of a python script. The atoms are identified by a unique number, and those which had moved more than 1.2 Å from their original lattice position were considered as being sputtered atoms.

The radius of 1.2 Å was chosen as it allows to count for potential interstitial atoms lodged into a nearby unit cell. 

Simulation results

Monolayer vs. 4 layers

To understand the differences between monolayer sputtering and the sputtering of "bulk" crystals, the argon irradiation of monolayer (ML) WS 2 and four layers (4L) of WS 2 were simulated. The average number of sputtered atoms was calculated for the monolayer and for the first layer of the 4L system, as shown in figure 6.17 In this case it is observed that for the single-layer simulation, the Ar + ion goes through the monolayer, dislodging a few sulphur atoms in it's way, which create a sulphur adatom on the surface in the final frame. The same Ar + ion impact location for the multi-layer simulation shows the argon ion going through the first layer, similarly to the monolayer simulation, but impacting with an atom from the second layer, backscattering onto the first layer and then sputtering 3 top sulphur atoms from the first layer. In these cases, the sputtering yield of the first surface layer in multilayer WS 2 is higher than for single layer WS 2 , however, while these collision cascade events do occur, they are not the only phenomena at play.

The other phenomena can be observed in figure 6. [START_REF] Vazirisereshk | Solid Lubrication with MoS2: A Review[END_REF], which shows a side-view of 50 123 CHAPTER 6. GENERATION OF DEFECTS AT THE SURFACE OF BULK TMDCS eV argon collision with a W atom (impact parameter = 0.5 Å), where sputtering of a tungsten atom and of a sulphur atom occurs for the single-layer simulation (both have the similar velocity which means that the sputtered tungsten atom has a kinetic energy of eV 4.3, while the sputtered sulphur atom has a kinetic energy of 0.78 eV) while only a tungsten interstitial is observed for the multi-layer simulation. This is because the kinetic energy transfered on a head-on collision will be enough to overcome the target atom's binding energy, however in the 4L simulation, as there are atoms from the second layer directly underneath the first layer, the target atom will be backscattered back to near it's original position and no sputtering will occur.

Figure 6.19: Simulation snapshots highlighting the differences of a 50 eV ion irradiation simulation in a) monolayer WS 2 and b) 4L WS 2 . The fact that there is no material underneath the monolayer makes it more probable for atoms to be sputtered away. The argon atom is colored in red, tungsten atoms in purple and sulphur atoms in yellow.

Therefore, on the one hand, the sputtering yield of the first layer of bulk WS 2 is higher than the sputtering yield for the monolayer due to the higher probability of collision cascade events while on the other hand, it is lower because the material underneath also stops the energetic particles. Whether a collision cascade event yields sputtering or not is uniquely dependant on the collision location of the argon ion and the target atom. This is well illustrated when the sputtering as a function of argon impact location is analyzed in figure 6.20. These graphs show the argon irradiation locations on the WS 2 irreducible area of the unit cell, colored from dark blue to light green TMDCS according to the number of sputtered material atoms where the grey color corresponds to no defects generated. The larger purple circle represents the tungsten atom location in the irreducible area of the unit cell and the medium sized yellow circle represents the sulphur atom location. figure 6.20a) and figure 6.20c) shows the bottom sulphur, sputtering for each 50

eV Ar + impact in the irreducible unit cell for the monolayer and for the first layer of the 4L system, respectively. It shows that for the monolayer, there is more sputtering of bottom sulphur atoms while for the 4L system there is less sputtering of bottom sulphur. Furthermore, for the monolayer, only collisions close to the top sulphur atom will result in sputtering of bottom sulphur, as enough kinetic energy will be transfered to sputter the bottom sulphur. Sputtering of bottom sulphur also occurs for Ar + impacts approximately 0.5 Å away from the tungsten atom in between the tungsten and the sulphur atom, as a collision cascade occurs and the Ar + is deflected onto the bottom sulphur, sputtering it away.

As for tungsten sputtering, figure 6.20b) and figure 6.20d) shows the tungsten sputtering, sputtering for each 50 eV Ar + impact in the irreducible unit cell for the monolayer and for the first layer of the 4L system, respectively. It is observed that for the monolayer, sputtering of tungsten arises mostly from Ar + impacts close to tungsten atoms, but not for impact locations a distance shorter than 0.25 Å. In contrast, for the 4L system, sputtering of tungsten atoms occurs for Ar + impact locations close to sulphur atoms, as the sputtering arises from a collision cascade which starts from an Ar + collision with the sulphur atoms.

As far as we know, no MD studies has been reported concerning the ion irradiation of multilayer TMDCs. The most similar study was performed by Krestchmer et al.,

were they showed that the sputtering of a monolayer TMDCs on a SiO2 substrate was heavy influenced by the backscattering from the substrate [START_REF] Kretschmer | Supported Two-Dimensional Materials under Ion Irradiation: The Substrate Governs Defect Production[END_REF]. In this study, a Monte Carlo simulation of a SiO 2 substrate was modeled as a reflective potential and a MoS 2 monolayer was generated above it, which was then irradiated with noble gases ranging from 10 eV to 1000 keV. The same monolayer was irradiated without a substrate for comparison and the results revealed that the substrate has a dramatic influence on the sputtering yield. For argon irradiation, they showed that the defect production in the monolayer with the SiO 2 substrate was smaller than for the free-standing monolayer for Ar + energies ranging from 10 eV to 1 keV, while for energies higher than 1 keV the substrate supported monolayer showed higher defect production. This smaller 125 CHAPTER 6. GENERATION OF DEFECTS AT THE SURFACE OF BULK TMDCS Figure 6.20: 50 eV Ar + impact locations on the WS 2 irreducible unit cell comparing the bottom sulphur defect generation in the a) monolayer and c) first layer of the 4L system; comparing tungsten defect generation in the b) monolayer and d) first layer of the 4L system. TMDCS sputtering yield of the supported monolayer for ion energies smaller than 1 keV was attributed to the substrate potential which "stops" the sputtered atoms and increases the probability for the sputtered atoms to recombine back into their original lattice position. Our results show that for the 4L WS 2 system, the defect production of the surface layer is dramatically influenced by the presence of the WS 2 layers underneath, similarly to the study by Krestchmer et al. This proves that to accurately simulate ion irradiation of a bulk WS 2 crystal, one must simulate a multi-layer system instead of a monolayer system as there are sputtering effects which take place due to the higher dimensionality of the multi-layered system. These effects will be analyzed in the following subchapter.

Irradiation defects of multi-layer WS 2

The defects generated on 4L WS 2 are dependent on the location of argon impacts in the unit cell. These figures show that sputtering events occur only for collisions with W and S atoms with impact parameters less than around 1 Å. Note that this validates well our choice of cut-off for the ZBL potential (r cut = 1.4Å) which is used to describe S-S, W-W or W-S short-range interactions. For impacts at the center of the triangular irreducible area, sputtering events results from collision cascades. At the top of irreducible TMDCS area, it is observed that there is less sputtering and even no sputtering ocurring for approximately 20 % of the irradiation runs. This is due to the argon ion incidence angle being normal to the surface which will promote the channeling of the argon ion, which means that the argon ion is steered down the layers by the nearby rows of W or S atoms, avoiding hard collisions until it leaves the material without sputtering a single atom.

The average number of sputtered tungsten and sulphur atoms for all layers of the 4L system as a function of the argon ion energy is shown in figure 6.21c). It is observed that there is preferential sputtering of sulphur over tungsten atoms. The reason for this is threefold: first, the stoichiometry of WS 2 dictates that collisions with S atoms are statistically more probable. Secondly, the formation energy of sulphur vacancies ( ≈ 6 eV) is lower than the formation energy of tungsten vacancies ( ≈ 20 eV), thus making the sputtering of sulphur more probable [START_REF] Ghorbani-Asl | Two-dimensional MoS 2 under ion irradiation: from controlled defect production to electronic structure engineering[END_REF][START_REF] Komsa | Two-Dimensional Transition Metal Dichalcogenides under Electron Irradiation: Defect Production and Doping[END_REF]. Thirdly, more energy is transfered from argon to sulphur than from argon to tungsten, as the energy transfer decreases as the difference in mass between the interacting particles increases. The preferential sputtering of sulphur has been widely observed in both experimental and simulation studies. [START_REF] Yin | Generating Sub-nanometer Pores in Single-Layer MoS 2 by Heavy-Ion Bombardment for Gas Separation: A Theoretical Perspective[END_REF][START_REF] Ghorbani-Asl | Two-dimensional MoS 2 under ion irradiation: from controlled defect production to electronic structure engineering[END_REF][START_REF] Bernède | About the preferential sputtering of chalcogen from transition metal dichalcogenide compounds and the determination of compound stoichiometry from XPS peak positions[END_REF] Figure 6.22 shows a more detailed graph of the average number of sputtered atoms differentiating between tungsten, top sulphur S t ,and bottom sulphur S b atoms from each layer as a function of Ar + energy.

As expected, the total number of sputtered atoms increases as a function of Ar + energy, for both tungsten and sulphur. However, it is observed that sputtering in layer 2, 3 and 4 mainly starts ocurring for Ar + energies greater than 100 eV which indicates that there is a threshold for sputtering in the deeper layers. Therefore, as it is more difficult to sputter atoms from the layers underneath than from the surface layer, the number of sputtered atoms decreases from layer 1 (the topmost layer) to layer 4 (the bottomost layer). For sulphur atoms, the top sulphur atoms from each layer are on average more sputtered than the bottom sulphur atoms. An exception to this is the bottom sulphur plane in layer 4, which presents a higher average density of sputtered atoms than layer 3 S t , layer 3 S b and layer 4 S t . This is explained by the fact that as the simulation box only contains four layers of WS 2 , a bottom sulphur atom from layer 4 which receives enough kinetic energy to overcome it's binding energy will be sputtered away as there is no material underneath to stop it. In comparison, sputtered atoms from layer 2 or layer 3 will have a probability of bouncing back to their original positions as they will feel a repulsive force when they collide with an atom from the layer underneath. Therefore the oversputtering of layer 4 S b arises from a limitation in the simulated system which could be fixed by simulating more WS 2 layers. However, this is not an issue in this thesis, as we are mostly interested in the defects generated on the first layers of the surface as the surface layers are those to which STM scanning is sensitive.

As for the types of defects generated, figure 6.23 shows the probability of generating different defect configurations, in the first, second, third and fourth layer, as a function of Ar + ion kinetic energy. The defect configurations are named as follows:

• DF: defect free layer would the probability of generating a large cluster of defects on the first layer. Even though this is true as evidenced by the increase in the value of C W S (W and S vacancy clusters) for higher irradiation energies, it is also observed that a single top sulphur vacancy is a common defect in the first layer for all energies. This means that higher energy impacts do not necessarily inflict a larger damage on the first WS 2 layer, but will instead generate defects deeper down the layers. In some cases, no sputtering occurs for the first layer while defects are generated on the layers underneath. Such a case is shown in figure 6.24a) and b), where one can observe the side-view and top view, respectively, of the final configuration of a 500 eV argon irradiation run where no sputtering occurs on the top layer but occurs for the layers underneath. The non-sputtered atoms were drawn with smaller spheres while the sputtered atoms were drawn with larger spheres so that the defects generated can be clearly seen. It is observed that there are interstitial atoms in-between the layers as well as interstitial atoms in the layer. Layered materials such as TMDC are indeed known to easily incorporate interstitial atoms in-between the layers. For example, interstitial Mo atoms in-between the layers have been incorporated into bi-layer graphene through evaporation of MoO 3 and annealing to 1100 K and were observed by STM. [START_REF] Wan | Incorporating Isolated Molybdenum (Mo) Atoms into Bilayer Epitaxial Graphene on 4H-SiC[END_REF]. The first principles calculations showed that the Mo atom embedded between graphene bilayers is energetically more stable than adsorbed onto the surface. As the interlayer distance and lattice parameters of WS 2 are similar to graphene, it is likely that the interstitial atoms from our simulations could remain trapped in between the layers.

Tungsten defects As mentioned previously, the production of defects on each layer is dependant on the location of the argon impact on the crystal lattice. Figure 6.25a), b), c) and d) show the number of tungsten atoms sputtered from the 1st, 2nd, 3rd and 4th layer, respectively, after the impact of 500 eV Ar + ions.

It is observed that on the 1st and 2nd layer, the generation of tungsten vacancies arises from the argon impacts on the bottom part of irreducible area, while for the 3rd and 4th layer tungsten sputtering arises mostly from argon impacts on the middle of the irreducible area. Indeed, for impact locations in the top area of the irreducible TMDCS area, as the argon atom is aligned with the z axis of the crystal there will be channeling of the Ar + ion for all layers, and very few collisions will occur. On the lower part of the irreducible area, there is a collision with the atoms from the 1st layer and thus the probability of sputtering an atom from the deeper layers is lower. In the middle part of the irreducible area however, there is no collision with the top atoms, but there is a deviation of the ion trajectory, thus having a higher probability a collision with W or S atoms in the deeper layers.

As we are mostly interested on the defects generated at the top surface, tungsten It is observed that for 50 eV irradiation, tungsten vacancies are generated for argon impacts near a sulphur atom. This is due to a collision cascade in which the Ar + ion is deflected onto a tungsten atom and dislodges it into an interstitial position, which will be discussed further below. Interestingly, for 100 eV, 200 eV and 500 eV, Ar + locations which are a distance shorter than 0.25 Å from a tungsten atom will result in the sputtering a single tungsten atom. For 200 eV, only certain impact locations will result in the sputtering of 2 tungsten atoms while for 500 eV, Ar + impact locations in the center of the irreducible area have an increased probability tungsten sputtering, up to 5 tungsten atoms, which is due to an increase in collision cascades as both the Ar + ion and tungsten or sulphur atoms will be deflected into other W or S atoms, sputtering further atoms. The 100 eV run yielded the same interstitial tungsten shown in figure 6.27c), the 200 eV run yielded 3 sulphur vacancies and dislodged 2 tungsten atoms, while the 500 eV run yielded a top sulphur vacancy and a tungsten vacancy which was dislodged onto the layer underneath. Even though the irradiation energy increases tenfold from 50 eV to 500 eV, for most cases, the number of defects generated on the first layer only increases slightly. This is because a 500 eV Ar + impacting ion doesn't transfer all of it's energy to the atoms in the first layer, but will instead transfer some of it's energy to a few atoms, which will have a higher probability of colliding and transfering For 500 eV Ar + , some impact locations can generate 5 tungsten defects on the first layer. The idea behind simulating the 4L was to obtain an understanding of the behaviour of ion irradiatied bulk WS 2 . As the experimental results focused on surface analysis by STM, which is mainly sensitive to the defects present in the first layer, the data analysis of the MD simulations performed in the previous subchapter were also focused on the defects generated on the surface layer. The objective of the simulations was to find which kind of structural defect is responsible for the type A defect (bright protrusion imaged by STM at negative bias) or the type B defect (concave depression) as observed in the experimental STM images. One thing is clear from the simulations, which is that for normal incidence of argon ions, there is a ≈ 20% probability of not sputtering any atom, as the argon ion is channeled along the center of the upper half triangle of the unit cell, as already explained above. This could explain why there was no observed experimental sputtering yield higher than 75 % for the ion irradiation experiments. On the other hand, our simulations show that for low energy sputtering, the probability of vacancy generation is much higher than the one measured. This is probably due to the fact that single S vacancies are hard to image in the STM experiments. Thus, type A and type B defects probably correspond to vacancy clusters that we will try to identify. In fact, the configurations which best fit to the experimental total defects, type A defects and type B defects are shown in figure 6.33. It is observed that the best fit for the total number of defects is obtained from simulations in which (V Stop + V S bot ≥ 2) or V W ≥ 1. The best fit for the type B defect is obtained for configurations where there was more tungsten vacancies than twice the number of sulphur vacancies (V W ≥ 2(V Stop + V S bot )). The simulated curve for type A corresponds to the simulation curve for the total defects subtracted by the curve for type B defects. Therefore, the simulations suggest that type A defects arise from defects in which there are more than twice the sulphur vacancies than tungsten vacancies. As sulphur is usually preferentially sputtered over tungsten, defect of type B is more rare and is generated only for certain Ar + impacts, TMDCS while defect of type A is more common. We thus note that the configurations which provide the best fit are valid. The simulations showed that the sputtering of tungsten atoms is correlated with the sputtering of sulphur atoms, which indicates that the defects of type A are composed of tungsten vacancies, more than two sulphur vacancies or a combination of sulphur and tungsten vacancies. Another possibility is that there is interstitial tungsten, or tungsten adatoms near the defective zone, which was observed in our simulations. As metallic interstitials also generate electronic states in the band-gap, just like metallic and chalcogenide vacancies [START_REF] Onofrio | Novel doping alternatives for single-layer transition metal dichalcogenides[END_REF][START_REF] Zhou | Intrinsic Structural Defects in Monolayer Molybdenum Disulfide[END_REF][START_REF] Kc | Impact of intrinsic atomic defects on the electronic structure of MoS 2 monolayers[END_REF], it could very well be that all of these vacancies/defects generate a defect of type A, as the extra states in the band-gap is what contributes to the bright protrusion imaging in STM images.

Conclusion

To summarize, we have been able to identify through the comparison between STM and MD simulations the defects observed after low energy Ar + irradiation of the WS 2 surface. Our results show that the total number of defects observed from the STM TMDCS images correspond to defects in the surface layer in which there are more than or equal to 2 sulphur vacancies, or more than or equal to 1 tungsten vacancy. The generation of defects of type A or type B depends on the atom type ratio of vacancies generated.

The simulations suggest that if there are more than twice of sulphur vacancies than of tungsten vacancies, then the defect is of type A, while if there are more tungsten vacancies than the twice of sulphur vacancies the defect is of type B. The simulations further showed that the generation of defects of type A or of type B depends on the Ar + impact location on the unit cell. As the probability to generate a defect of type B is lower than that of a type A defect, these simulation results agree with the experimental studies which show that there is a preferential sputtering of sulphur atoms over tungsten atoms for Ar + irradiated TMDCs.

We also show from STM experiments and from MD simulations, that the probability of generating defects of type A or of type B with Ar + energies smaller or equal to 50

eV is very small. The simulations show that sulphur vacancies have approximately a 30 % probability to be generated by 50 eV Ar + ions, which depends on the Ar + impact location on the unit cell.

These experiments showed that the sputtering yield for generating these defects increases rapidly for Ar + kinetic energies above 50 eV.

In order to understand the experimental results obtained, in particular the energy dependance of the sputtering yield, I have undertaken MD simulations of the impact of Ar+ ions on the surface of WS 2 monolayers and films. From the detailed analysis, it was possible to propose a structure for each type of defects experimentally observed by STM. The simulations suggest that both defects are a product of tungsten and multiple sulphur vacancies, where one defect (Type A) corresponds to defects where twice more sulphur was sputtered than tungsten, and the other defect (Type B) corresponds to defects where more or an equal quantity of tungsten was sputtered than twice the sulphur. The MD simulations further showed that there is a probability of 30 % for 50 eV Ar + ions to sputter sulphur atoms, which depends on the location of the Ar + impact on the unit cell.

These results can help us understanding the results of the growth by RMS. Indeed, the WS 2 films produced by RMS were found to be sulphur deficient, which could be due to two different reasons. For one, the sulphur atoms have a lower vapor pressure, which results in preferential desorption from the surface and/or react with the reducing agent H + to form H 2 S. The second reason is due to the preferential sputtering of sulphur from the film at the substrate due to energetic particles sputtered from the target cathode.

[187]

Traditional sputtering theory provides the Thompson energy distribution for sputtered atoms [START_REF] Stepanova | Anisotropic energies of sputtered atoms under oblique ion incidence[END_REF], J(E):

J(E) ∝ 1 [E(E + U )] 3-2m
where m is the binary interaction parameter (which varies slowly from m = 1 at high energies down to m 0 at very low energies). [START_REF] Sigmund | Sputtering by ion bombardment theoretical concepts[END_REF]) U is the height of the surface energy barrier, which sputtered atoms must overcome. Thus, the sputtered target atoms will have an energy distribution with a maximum at the half of the surface energy barrier.

(typical values of U are around 2 eV for sulphur and around 8 eV for tungsten in WS 2 [START_REF] Haldar | Systematic study of structural, electronic, and optical properties of atomic-scale defects in the two-dimensional transition metal dichalcogenides M X 2 ( M = Mo , W; X = S , Se, Te)[END_REF]) As the sputtered atoms travel through the processing gas onto the substrate, they lose their energy due to the high number of collisions with gas particles. Therefore, the kinetic energy of the sputtered atoms arriving on the substrate is decreased when the chamber pressure is increased as the mean free path of the energetic atoms is reduced.

Likewise, a larger target to substrate distance also decreases the probability of high energy particles reaching the substrate. Gryzcinzy et al. determined the composition and energy of ions incident on the substrate by mass spectroscopy, using a Ti and Al target and a N 2 /Ar gas mixture for growth of a Ti x Al y N film. [START_REF] Greczynski | Role of Tin+ and Aln+ ion irradiation (n=1, 2) during Ti1-xAlxN alloy film growth in a hybrid HIPIMS/magnetron mode[END_REF] The deposition was performed at 0.4 Pa and with a target to substrate distance of 18 cm. They found out that the energy of ions arriving at the substrate was of only a few eV, except for the Ti + , N + ions and double ionized Ar 2+ which exhibited tails that extended to a few tens of eV. Volpyas et al. determined through experiments and statistical simulation of magnetron sputtering of a tantalum target, the distance from the target, L, at which 95% of the tantalum sputtered atoms will be thermalized. They showed that for a magnetron sputtering chamber at 6.67 Pa and with a mixture of argon and oxygen as sputtering gas, 95% of the tantalum atoms sputtered from the tantalum target will be thermalized at a distance L ≈ 2.5 cm. In this thesis, the WS 2 films with highest stoichiometry were deposited at 6.67 Pa and the target to substrate distance used was of 16 cm. Therefore it is unlikely that there was a resputtering of sulphur from the WS 2 film due to energetic species arriving from the target as most of these should be thermalized due to high pressure and the large target to substrate distance.

However, in reactive sputtering, the electronegative gases are likely to lead to the formation of negative ions. [START_REF] Zeuner | Sputter process diagnostics by negative ions[END_REF][START_REF] Bowes | Negative ion energy distributions in reactive HiPIMS[END_REF] Such is the case of oxygen and H 2 S gases which have been shown to be detrimental to the structure of the grown film, [START_REF] Seeger | Ion-energy distributions at a substrate in reactive magnetron sputtering discharges in Ar/H2S from copper, indium, and tungsten targets[END_REF][START_REF] Ellmer | Reactive magnetron sputtering of transparent conductive oxide thin films: Role of energetic particle (ion) bombardment[END_REF] as these ions will be accelerated onto the substrate and could reach kinetic energies as high as the corresponding cathode bias for low pressure environments. Due to this, in contrast to positive ions or neutral atoms, negative ions can reach the substrate with much higher energies. [START_REF] Seeger | Ion-energy distributions at a substrate in reactive magnetron sputtering discharges in Ar/H2S from copper, indium, and tungsten targets[END_REF][START_REF] Ellmer | Reactive magnetron sputtering of transparent conductive oxide thin films: Role of energetic particle (ion) bombardment[END_REF] The cathode bias used for RMS deposition of our WS 2 films was of -400V, which means that highly energetic negative ions up to 400 eV could be present during deposition (near the target), however, the large target to substrate distance and the high pressure will reduce the kinetic energy of these ions when they reach the substrate, but the exact energy is unknown. Bowes et al found that alongside O -, other negative species of reactive magnetron sputtering of a Ti target include: O - 2 , TiO -, TiO - 2 and TiO - 3 , [START_REF] Bowes | Negative ion energy distributions in reactive HiPIMS[END_REF] and similar compound species of W and S could be present in RMS deposition for our WS 2 films.

In conclusion, even though the addition of S content is overall beneficial for the stoichiometry of the WS 2 films, it is likely that negative sulphur ions are responsible for some defects generated in these films. For example, the change from the horizontal growth mode to the vertical growth mode could be caused due to defects generated by these negative ions. Since S atoms have a similar mass to Ar atoms, we can expect that the sputtering yield observed from the STM and MD simulation results of Ar + irradiation would be similar to negative S ion irradiation of a WS 2 film.

Future perspectives Finally, there are a few perspectives for future research work which could help us better understand the present results and to deepen our knowledge on defect engineering and RMS fabrication of TMDCs.

Firstly, concerning the growth of WS 2 thin-films by RMS, it was concluded that an additional evaporation source will be added in the future in order to further sulphurize the films and achieve stoichiometric WS 2 . Likewise, annealing the substrate for longer times should also be beneficial for the film crystallinity. Furthermore, by changing the target crystal and the reactive gas, other types of TMDCs can be synthetized.

Experimentally, the ion irradiation of free-standing monolayers could be achieved by chemically exfoliating TMDC crystals and placing the solution on a TEM grid. The growth of TMDC flakes on a TEM grid by CVD could also be a possibility. These monolayers or multi-layer flakes could then be irradiated with the calibrated ion source 
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 1 Figure 1: Structure cristalline de 2H-WX 2 telle qu'observée en : (a) la vue de dessus et en (b) vue latérale où X= S ou Se. Les sphères violettes et jaunes représentent les atomes de W et de S/Se, respectivement.

Figure 2 :

 2 Figure 2: Images AFM d'un film WS 2 synthétisé avec 100% de H 2 S à 700 °C et à 6,67 Pa. Les profils de hauteur correspondants à la ligne en bleu sont également représentés. La rugosité quadratique moyenne calculée est de σ = 2 nm. (a) La taille de l'image est de 700 nm × 700 nm (b) La taille de l'image est de 5 µm × 5 µm. Les flèches bleues indiquent les grandes nanostructures associées au film de croissance vertical. (c) Image TEM d'un film WS 2 avec des zones de croissance horizontale et verticale.

Figure 3 :

 3 Figure 3: Résultats RBS : Stoechiométrie [S]/[W] et épaisseur du film pour les films épais pour : (a) série de dépôts avec une variation de la température du substrat (conditions de dépôt : atmosphère d'argon pur et 6,67 Pa) (b) série de dépôts avec une variation de H 2 S (conditions de dépôt : 700°C et 6,67 Pa) et (c) série de dépôts avec une variation de la pression du gaz de pulvérisation (conditions de dépôt : atmosphère de H 2 S pur et 700°C).

Figure 4 :

 4 Figure 4: a) Images AFM des films monocouches 1,2,4 et 8, ainsi que la rugosité moyenne quadratique calculée.
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 5 Figure 5: Images STM des défauts natifs dans WS 2 clivé a) Image à grande échelle (254 nm × 254 nm) de la surface où les trois défauts peuvent être observés. (V gap :-1.2 V ; I=100 pA), b) Détail du défaut de type A (V gap :-1.2 V ; I=100 pA ; 25.5 nm × 25.5 nm), c) Détail du défaut de type B (V gap :-1.2 V ; I=100 pA ; 25.5 nm × 25.5 nm), d) Détail sur les défauts de type C (V gap :-1.2 V ; I=100 pA ; 25.5 nm × 25.5 nm), e) Profils linéaires des défauts de type A (bleu), de type B (rouge) et de type C (vert).

Figure 6 :Figure 7 :

 67 Figure 6: Images STM (254 × 254 nm 2 ) des surfaces WS 2 , WSe 2 , WTe 2 avant et après pulvérisation avec 500 eV d'argon pendant 55 secondes (fluence d'argon = 4, 7 × 10 -3 nm -2 ). La barre d'échelle est de 85 nm. Conditions d'effet tunnel [WS 2 et WSe 2 ] : V gap = -1,2 V , I = 100 pA. Conditions d'effet tunnel [WTe 2 ] : V gap = 0,1 V , I = 1000 pA.

Figure 8 :

 8 Figure 8: (a) Vue en perspective des positions atomiques simulées de WS 2 et Ar + avant l'impact (W en violet, S en jaune, Ar en rouge) montrant la structure 2H-WS 2 . (b) Nombre moyen de défauts supérieurs de soufre, S t , de tungstène, W et inférieurs de soufre S b dans la monocouche et dans la première couche du système 4L, par impact ionique.
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 61123344 2 thin-films by a PVD technique called Reactive Magnetron Sputtering (RMS) will be presented in chapter 5. Next, I describe the previous studies on the intrinsic vacancies and other defects of cleaved TMDCs surfaces, along with the experimental and simulation irradiation studies of TMDC surfaces. Electron irradiation produces mostly chalcogenide vacancies, while ion irradiation produces larger defects, including metal vacancies. The structural origin of the ion irradiation defects observed by Scanning Tunneling Microscopy (STM) experiments remains controversial. My suggestion to the structural cause of such defects is given in chapter 6. In chapter 2, I introduce shortly the experimental techniques and the analysis methods used to characterize the WS 2 films grown by RMS. These techniques include X-Ray Diffraction (XRD), Atomic Force Microscopy (AFM) and Rutherford Backscattering Spectrometry (RBS). Furthermore, I describe in more details the Scanning Tunneling Microscopy (STM) experimental technique which was used to investigate the defects generated on TMDC crystal surfaces by ion irradiation. In chapter 3 I describe the methods used for numerical simulation of the ion irradiation of TMDCs. I present the simulation software package used, along with the empirical models which govern the simulations. A description of my design to join an atomic collision model with a WS 2 structural model is given, which was used to produce simulations of ion irradiation on WS 2 layers. These results are explained in chapter In chapter 4, I present my work on the design of the ion irradiation experiments and the calibration of a commercial ion source which was used to produce low energy ions to artificially generate defects on TMDCs surfaces. I give details about the elecxviii CHAPTER 0. INTRODUCTION tromagnet used to select the single +1 charge state of the beam ions, along with the details of the design of a Faraday Cup which was used to measure the ion fluence from the ion source. The results on the defects generated on TMDC crystal surfaces by the ion source are explained in chapter 6.In chapter 5 I present the results of the structural analysis of the WS 2 films, which were grown by RMS in Uppsala by the team of Tomas Nyberg. A short description of the RMS chamber used to deposit the WS 2 films is given along with it's process parameters. The influence on the film structure of the process parameters such as sputtering gas pressure, substrate temperature and mixture of reactive gas is analyzed. By producing various films with different processing parameters and analyzing the films by XRD, AFM and RBS, the parameters which provide the best crystallographic quality WS 2 films are found. Furthermore, by controlling the deposition time, monolayer, bilayer, four layer and eight layer films are succesfully deposited by RMS. I will also explain my analysis of these few-layer films.In chapter 6, I present the artificial generation of defects on TMDC surfaces using the ion source described in chapter 4. Using STM measurements, the surface of mechanically exfoliated WS 2 , WSe 2 and WTe 2 samples are probed, and the concentration of two types of intrinsic defects is measured. These samples are irradiated with Ar + ions and are once more analyzed by STM. A direct comparison of the generated defects between the TMDC samples is made and an experimental curve of the sputtering yield as a function of Ar + ion kinetic energy is found. I also present the result of the Molecular dynamics simulations performed in order to have an atomistic insight into the defect production on WS 2 by ion irradiation. Two different systems are simulated, one composed of a monolayer of WS 2 and the other composed of four layers of WS 2 . The defects generated are identified and are compared between both systems. It is concluded that there are specific sputtering effects which arise due to the higher dimensionality of the multi-layer system. The simulated sputtering yield as a function of Ar + energy is compared to the experimental curve and the simulations suggest that the experimentally observed defects are composed of tungsten vacancies, multiple sulphur vacancies or a mixture of both tungsten vacancies and multiple sulphur vacancies. I then propose that the difference between the two types of defects observed experimentally arises from the ratio of W vacancies to S vacancies. Introduction to layered materials. . . . . . . . . . . . . . . . . . . . . . Bulk TMDCs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Properties and Applications of TMDC thin-films . . . . . . . . . . . . . Methods of Production of TMDC thin-films . . . . . . . . . . . . . . . 5 1.4.

Figure 1 . 1 :

 11 Figure 1.1: Schematic representation of the 2D hexagonal structure of graphene. (a) The honeycomb lattice observed from above for graphene and (b) the honeycomb lattice observed from above for graphite, the blue and gray spheres correspond to carbon atoms from different layers which were colored differently to better show the ABA stacking of the layers. (c) Perspective view showing the stacking of the layers.
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 21 TMDCs). A wide scientific interest was given to a few semiconducting TMDCs (MoS 2 , MoSe 2 , WS 2 , WSe 2 ) as they possess intrinsic band-gaps which can be controlled and tuned by strain engineering, chemical doping, phase engineering and by controlling the number of layers. Such tunability of the bandgap is very interesting for applications in optoelectronic nanodevices.[START_REF] Chaves | Bandgap engineering of two-dimensional semiconductor materials[END_REF]. Additionally, the creation of van der Waals heterostructures by combining several different 2D materials could allow atomic scale integration of materials with widely different properties, which could enable the fabrication of new device concepts entirely different from 3D materials. For example, Vabbina et al fabricated a graphene/TMDC vertical heterostructure to form a photodetector by combining the high electron mobility property of graphene and the photon absorption capability of TMDCs[START_REF] Vabbina | Highly Sensitive Wide Bandwidth Photodetector Based on Internal Photoemission in CVD Grown p-Type MoS 2 /Graphene Schottky Junction[END_REF] Withers et al. fabricated a stacking of graphene layers, insulating hexagonal boron (h-BN) nitride layers and TMDC semiconducting layers to produce a LED, where hBN acts as tunnel barriers and graphene acts as transparent electrodes. The emission wavelength has the potential to be tuned by choosing different TMDCs.[START_REF] Withers | Light-emitting diodes by band-structure engineering in van der Waals heterostructures[END_REF] These functionalities and promising 2D heterostructure devices are expected to grow further with increasing number of available 2D materials and improved understanding of their properties. In this regard, TMDC semiconducting materials play an important role for these devices and increasing research efforts are STATE OF THE ART being devoted to the understanding of their properties.1.2 Bulk TMDCsTransition Metal Dichalcogenides (TMDCs) are layered crystals which have the general formula of MX 2 (M = Transition metal, X= S, Se, Te). The MX 2 layers are composed of transition metal atoms sandwiched in-between chalcogenide atoms, and these MX 2 layers are stacked on top of each other. Before the graphene revolution and interest in 2D materials, TMDCs were widely used as lubricants for aerospace and high-temperature applications[START_REF] Vazirisereshk | Solid Lubrication with MoS2: A Review[END_REF]. Depending on the transition metal and the chalcogenide, TMDCs can be semiconductors with various band structures, semi-metals or metals. A few of them are also superconductors at low temperatures.[START_REF] Manzeli | 2D transition metal dichalcogenides[END_REF] The semiconducting part of group VIB of transition metal dichalcogenides has a wide scientific interest due to their semiconducting properties. These are the TMDCs composed of M= Mo, W and X = S, Se. Even though most of scientific research focused on MoS 2 , these 4 TMDCs have very similar crystal structure and have very similar electronic properties which is why scientific studies often compare the results between the 4 materials. The metal atoms provide four electrons to fill the bonding states and the transition metal and chalcogens can be ascribed a formal charge of +4 and -2, respectively.[START_REF] Chhowalla | The chemistry of two-dimensional layered transition metal dichalcogenide nanosheets[END_REF] They can crystallize into the 1T, 1T', 2H and 3R phase as dictated by the coordination geometry of the metal centre. The number (1, 2, and 3) represents the number of layers per unit cell which is related to the stacking order of layers, and the letter stands for the symmetry (T-trigonal, H-hexagonal, and R-rhombohedral). The MoS 2 , MoSe 2 , MoTe 2 , WS 2 and WSe 2 materials are thermodynamically stable in the 2H structure,
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 2 and 2H-WSe 2 materials. The crystal structure is shown in figure 1.2 and the lattice parameters of various TMDCs are summarized in table 4.1. The unit cell is defined with the c axis perpendicular to the layers, and the a and b axes along the nearest-neighbour W-W distance. In the second layer, the tungsten atoms are directly under chalcogenide atoms from the first layer and the chalcogenide atoms from the second layer are directly under the tungsten CHAPTER 1. STATE OF THE ART atoms from the first layer.
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 12 Figure 1.2: Crystal structure of 2H-WX 2 as observed from: (a) the top and (b) sideview. Where X= S or Se. Purple and yellow spheres represent W and S/Se atoms, respectively.
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 14 Figure 1.4: (a) and (b): C-AFM images of a freshly cleaved MoS 2 surface recorded at 0.5V and -0.5 V respectively. (c) smaller area C-AFM image recorded at -0.9V. (d) STM image recorded at -20 mV and 2 nA showing a close-up of the bright defect. (e) STM image (V bias = -1 V, I = 0.5 nA) of ring-type structures. (f) STM image of high density of sulphur vacancies. (a),(b) and (c) were reproduced from Ref: [74], (d),and (e) were reproduced from Ref:[START_REF] Addou | Surface Defects on Natural MoS 2 $[END_REF], (f) was reproduced from Ref:[START_REF] Vancsó | The intrinsic defect structure of exfoliated MoS2 single layers revealed by Scanning Tunneling Microscopy[END_REF] 
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 15 Figure 1.5: (a) Single sulphur vacancies and (b) defect line of single sulphur vacancies 1 second after image (a). (c) The final configuration 70 seconds after image (a), where the the yellow box highlights the area in (a) and (b) showing a double line defect of vacancies. Atoms are dark and white spots correspond to the holes in the hexagonal structure. Ref: [91].

  properly investigate the morphology of the damage generated by the ion impacts, microscopy studies are necessary. Inoue et al. studied defects generated by Ar + irradiation of bulk MoS 2 [83] which mainly produced two types of defects. One defect always has a concave morphology (defect of type B) while the other has a bias dependant morphology, which contains a bright feature surrounded by a dark region at negative bias (defect of type A) while at positive bias it is a concave. figure 1.6 shows the STS measurements along with STM images showing the morphology of defect of type A and defect of type B when scanned at negative bias.
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 16 Figure 1.6: (a) Defect A: STS measured at point A and point B of the STM image. (b) Defect B: STS measured at point A and point B of the STM image. (c) and (d) Dependence of the line profile of type A defect on the scanning bias voltage. Figures reproduced from ref:[START_REF] Inoue | Atomic-scale structures and electronic states of defects on Ar+-ion irradiated MoS2[END_REF] 

Figure 1 . 7 :

 17 Figure 1.7: High-resolution STM topography of all observed defects A-F. Defect B occurs in two different configurations highlighted with a black and white triangle. B is the only defect also found in pristine MoS2 by Miterreiter et al. Reproduced from ref: [101]
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 10818 Figure 1.8: (a) Comparison between the formation energies of various types of defects calculated using DFT and various empirical potentials. (b) Number of vacancies generated for different ion energies and incidence angles. Squares represent Mo vacancies while the full and dashed lines represent top sulphur vacancies and bottom sulphur vacancies, respectively. [83]
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 211819 Figure 1.9: (a) Schematic representation of the model used to simulate the supported MoS 2 layer over the SiO 2 substrate. (b) Sputtering yield of S and Mo from argon impacts with and without the substrate.[START_REF] Kretschmer | Supported Two-Dimensional Materials under Ion Irradiation: The Substrate Governs Defect Production[END_REF] 
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 2 figure 2.1b) Images are acquired in constant force regime, i.e., the tip-surface interaction is maintained constant by ajusting the z scanner position. The AFM image shows these variations of z(x,y). Moreover, when the tip is scanned over the surface, friction between the tip and the sample leads to a lateral force on the tip apex which causes a torsional bending of the cantilever. Due to this lateral force, quadrant photodiodes are used in order to measure the bending of the cantilever in the (x) and (z) directions,

Figure 2 .

 2 Figure 2.1: a) The Lennard Jones potential model for a tip-sample interaction. The model used was is the distance at which the attractive and repulsive forces cancel eachother. b) Schematic representation of the AFM controller and the tapping working mode. The tip oscillations are represented for two different average tip-sample distances d a and d b
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 2231 Figure 2.2: a) Schematic representation of the STM controller. The tip is scanned along the x and y directions, while the feedback loop tries to maintain the tunneling current at the desired set-point by controlling the Z-actuator voltage, keeping the tip always at the same distance from the surface. b) The path scanned by the tip on the surface. The final STM image is a convolution of the tip shape, with the surface electronic structure.

Figure 2 . 4 :

 24 Figure 2.4: Energy diagrams for electron tunneling between two metal electrodes. a) Independent electrodes, having their own Fermi level. b) Electrodes forming a tunneling junction, the Fermi levels shift to the same energy level, and a trapezoidal vacuum barrier arises due to the different work functions. c),d) Only the occupied electronic states within the bias window (red arrows) can tunnel to unnocupied states of the other electrode in the low-temperature limit.
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 25 Figure 2.5: Energy diagrams for electron tunneling from a metallic tip to a semiconductor sample surface. V gap must be large to ensure that the tip Fermi level is below the valence band. a) At negative sample bias, current flows from the occupied states of the valence band into the unnocupied states of the tip. b) If surface defects create electron states inside the bandgap and the sample fermi level, then the tunneling current will increase as there are more available states inside the V gap window.
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 26 Figure 2.6: STM image of Si(111)-(7 x 7) surface for a) V gap = 2V and b) V gap = -2V.Reproduced from Ref:[START_REF] Tromp | Atomic and electronic contributions to Si(111)-(7×7) scanning-tunneling-microscopy images[END_REF] 
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 27 Figure 2.7: STM Images of a WS2 Ion irradiated surface at a) Positive sample bias (V gap = 1.2V, I T = 100pA). b) Negative sample bias,(V gap = -1.2V, I T = 100pA) . The morphology of the features is voltage dependent. (Image sizes = 200 × 200 nm 2 )
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 2 Figure 2.8: a) Compression and b) expansion of the first layers under the tip due to tip-surface interactions. Reproduced from[START_REF] Güntherodt | Scanning Tunneling Microscopy I, ser. Springer Series in Surface Sciences[END_REF] 

  .10 a). As the chemical reaction takes place predominantely near the surface of the solution, the tungsten wire will start forming a narrow neck. When the neck is etched thinly enough, the wire fractures, hopefully leaving an atomically sharp tip. When the tungsten wire breaks, there is huge drop-off in current. An in-house built electronic system will open circuit when the current is below a set-point, stopping the potential and thus stopping the reaction. The etched tip is immediatly cleaned in ethanol and deionized water, ready to be introduced in the preparation chamber for annealing at 150 C °.
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 2 Figure 2.10: a) Schematics of the electro-chemical etching setup. b) Optical microscope image of an etched tip.
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 2 Figure 2.11: STM images and their 3D view: a) Raw data where the only visible feature is the inclination of the surface, b) The inclination plane has been subtracted to make the image flat. c) The Gwyddion median align rows function has been applied d) 2D FFT filtered image without the periodic noise stripes.
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 212 Figure 2.12: Scattering triangle for elastic scattering.

(wavelength= 1 ,

 1 Figure 2.13: XRD geometries for: a) out-of-plane scanning and b) in-plane scanning.
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 14 As the particles are not in the relativistic regime for the energy used, a classical treatment of an elastic collision suffices. Most of the collisions occur at large impact parameters and do not lead to large momentum transfer. Only collisions at small impact parameters are detected since they lead to backscattering of the projectile. The energy of the backscattered particle E 1 is a function of the mass of the incident, M 1 and target particle, M 2 , and of the detector angle θ. Taking into account the conservation of energy and momentum one can derive equation (2.21).[START_REF] Czanderna | Ion Spectroscopies for Surface Analysis[END_REF] 

Figure 2 .

 2 Figure 2.14: a) Elastic collision, b) Schematics of the working principle of RBS to demonstrate the concept of the cross section. Only particles withing the angle Ω are counted.

  detector solid angle. The superscript or subscript t denotes the properties related to the target atom. A typical RBS energy spectrum is shown in figure2.15, for a reference bismuth layer implanted near the surface of a Silicon substrate. The Si substratea thick crystal, so the signal corresponds to a plateau. The increase in intensity at low energy reflects the change of cross-sections with energy. On the contrary, the Bi layer is well localized near the Si surface, and the signal corresponds thus to a narrow peak.

Figure 2 .

 2 Figure 2.15: Typical RBS spectrum of a Si sample implanted with Bi.

  standard deviation of the experimental yield for S or W Y S,W is Y S,W and the uncertainty in the [S]/[W] ratio is found from error propagation.To find the thickness of the film, absolute values of the areal densities of W were determined by comparing with the standard Bi-implanted Si reference, which has an uncertainty of 3% on the value of the atomic density (atoms/cm2). The absolute value of the areal density of W provides us with the thickness of the sample, if the lattice parameters are already known from the XRD measurements. The values for the Rutherford cross sections for S, W and Bi for the accelerator experimental conditions were calculated using SIMNRA.[START_REF] Mayer | SIMNRA, a simulation program for the analysis of NRA, RBS and ERDA[END_REF] Chapter 3Numerical Simulations MethodsMolecular Dynamics (MD) is a computer simulation technique widely used in the study of the dynamics of condensed or diluted matter. For example, it can be used to study the folding of large molecules, the interaction of biological matter with complex environments or determine the atomic structure of thin-films. The evolution over time of a system composed of N particles is obtained by solving Newton's equations of motion. The forces acting on the particles are dictated by a force field which is a mathematical function with a set of parameters fitted to experimental, theoretical or from ab initio methods such as DFT. By averaging the positions and velocities of the particles, it is possible to retrieve macroscopic equilibrium or dynamical properties of a material. MD is a great tool for virtual experiments as it is possible to virtually study materials which do not exist yet, or perform tests at extreme laboratory conditions such as extreme temperature or pressure. Furthermore, it provides an atomic view of the material, which can explain experimental data or predict the behaviour of a wide range of materials and phenomenas. In this thesis, MD simulations were used to simulate the collision between an argon ion and a TMCD single/multi-layer. To achieve such simulation, three force-field potentials were employed; one potential to correctly model the short-range interactions (collision interactions) and two other potentials to model the intralayer and interlayer structure of WS 2 . The simulation engine used was LAMMPs[START_REF] Thompson | LAMMPS -a flexible simulation tool for particle-based materials modeling at the atomic, meso, and continuum scales[END_REF] 
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 31 Figure 3.1: Schematic of bidimensional periodic boundary conditions.

Figure 3 . 2 :

 32 Figure 3.2: ZBL model curves of the potential energy as a function of interatomic distance for argon, sulphur and tungsten interactions.

  to model the interactions inside the a WS 2 crystal. To model the WS 2 structure, an extension of the REBO potential was used, which includes a Lennard-Jones potential to model the interlayer interactions. The REBO potential was built based on the the Abell-Tersoff potential[139,[START_REF] Tersoff | New empirical approach for the structure and energy of covalent systems[END_REF], which is an empirical potential function which models intramolecular chemical bonding and reactions, which was used to model silicon. The bonding energy E b is given by:

σ r 12 - σ r 6 ( 3 . 16 )

 126316 Liang and Sinnot[START_REF] Liang | Parametrization of a reactive many-body potential for Mo-S systems[END_REF]. It changes again the coordination function P (N ) to properly describe the contribution of the atomic coordination number and angular contribution to the binding energy of MoS 2 . Q, A, α, B, β, a 0 , a 1 , a 2 in equations (3.12) and (3.14) are pairwise parameters which were fitted to calculated DFT properties for dimers, trimers and other structures of Mo, S and Mo-S in order to achieve transferability of the potential. R min ij and R max ij in equation (3.15) are also pairwise parameters which must be chosen appropriately. Since each type of bond Mo-Mo, S-S, and Mo-S has one set of pairwise parameters, there are three sets of pairwise parameters associated with this potential.To properly describe the van der Waals forces of the lamellar TMDC structure, Rebomo implements a Lennard-Jones equation of the form:E LJ (r) = 4The equilibrium spacing r 0 is related to σ by r 6 0 = 2σ 6 . Thus, in MoS 2 , the spacing between two adjacent S atoms in different layers is 3.5 Å, making σ s = 3.13 Å.In order for the repulsive term of the LJ potential to only model the vdW interactions and not overpower the modelling of the bonded interactions, the LJ potential contains a splinning function designed to smoothly transition to zero at interatomic distances ≤ R min , as shown in figure 3.3. Typical values of R min are of 2.6 Å to 3.5 Å.

Figure 3 . 3 :

 33 Figure 3.3: LJ potential splinned to zero for r < R min ij and without splinning for a S-S interaction. The Rebomo potential was used to model the WS 2 layers in this thesis. Even though the Rebomo potential was originally parametrized for MoS 2 , multiple studies have confirmed the structural, electronical and energy similarities between the materials. [69] For example, Hu et al. found through first-principles calculations that the cohesive energy per formula unit is 15.31 eV or MoS 2 and 17.28 eV for WS 2 . [142] Due to these similarities, we can thus consider that the Rebomo potential as parameterized for MoS 2 will still accurately model WS 2 layers.

  W-S: R max W S = 3.02 Å, which gives 6 neighbor atoms for W and 3 neighbor atoms for S. (S has the first 3 W atoms as neighbors and W has the first 6 S atoms are neighbors) The potential energy as a function of interatomic distance for WS 2 (or MoS 2 ) interactions is shown in figure 3.4, for different neighbors for W atoms, N W , and for different neighbors for S atoms, N S .

Figure 3 . 4 :

 34 Figure 3.4: Potential energy as a function of interatomic distance for different number of neighbors N W and N S for: (a) W-W interactions, (b) S-S interactions, (c) W-S interactions. The maximum cut-offs used are R max W W = 3.8 Å, R max SS = 2.9 Å and R max W S

3. 5

 5 Simulating Ion Bombardment on multiple WS 2 layers.To simulate Ar irradiation on WS 2 , the ZBL potential was used to model Ar-W and Ar-S interactions. An issue arises if we wish to model the collision cascade which might ensue after the first Ar-W or Ar-S collision, as W or S atoms can be ejected from their lattice positions and collide with other W or S atoms.If we add the ZBL potential to W atoms and S atoms, an overestimation of the short-range interactions would be produced as the REBO potential is already repulsive in this range of interatomic distances, as shown in figure3.5. For the REBO potential, the number of neighbors chosen correspond to the pristine WS 2 layer.
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 35 Figure 3.5: Potential energy as a function of interatomic distance for ZBL and REBO interactions for: (a) W-W interactions, (b) S-S interactions, (c) W-S interactions.

17 )

 17 ) was multiplied with ZBL -REBO to obtain ZBL -REBO/Spline . The reasoning behind the choice of a value of r cut is shown in Appendix A. Briefly, Ar irradiation simulations of WS 2 monolayers were performed and the number of sputtered S and W atoms was analyzed as a function of Ar-X distance. It was observed that for Ar-X distances larger than 1.3 Å no sputtering was observed. The value of r cut chosen was 1.4 Å. Finally, summing ZBL -REBO/Spline to the REBO interactions gives us the final interactions used to simulate the ion irradiation of WS 2 . These final potential energy as a function of distance curves are shown in figure 3.6. Since the S-S interactions are only repulsive in a pristine WS 2 layer and since S atoms don't interact at equilibrium distances as seen in figure 3.4b), the S-S interactions are only composed of the ZBL -REBO/Spline contribution.

Figure 3 . 6 :

 36 Figure 3.6: Potential energy as a function of interatomic distance for ZBL, REBO, ZBL -REBO/Spline and the Final Potential interactions for: (a) W-W interactions, (b) W-S interactions, (c) S-S interactions.
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 4634 [START_REF] Manzeli | 2D transition metal dichalcogenides[END_REF] shows the first ion source setup where the first calibration was performed. It consists of a UHV chamber pumped by an ion pump, turbo molecular pump and rotary pump, which was baked and with ION SOURCE CALIBRATION operating pressures lower than 10 -10 mbar. The ion source is differentially pumped, which means that there is a turbo molecular and rotary pump at the sputter gas inlet, greatly reducing the partial pressure of the sputtering gas at the main chamber. The ion source also requires baking and typical operating pressures as measured from the pressure gauge as shown in figure4.1 were from P gun = 10 -7 mbar to 10 -8 mbar.

Figure 4 . 1 :

 41 Figure 4.1: First setup used for calibration of the beam profile.

Figure 4 . 2 :

 42 Figure 4.2: Operation scheme of the ion source.

Figure 4 . 3 :

 43 Figure 4.3: Schematic's of the Faraday Cup.

(

  easier to image by STM than a corrugated surface). If the defects are individually identified, an assumption can be made that each defect was generated by a single ion impact. An electrical current, I beam , can be measured by pointing the ion beam at the Faraday Cup. A translator which translates the Faraday Cup in the y and z direction (perpendicular to the beam direction, x ) allows a 2D map of the flux density to be obtained. The ion source has various parameters which control the beam profile and thus require a calibration with the FC. The focusing of the beam is accomplished with two lenses, L1 and L2. The first lens, L1 acts as a condenser lens that allows more or less of the extracted ions to pass through the first aperture. L2 drives the focusing of the ions on the sample depending on the working distance and on the L1 voltage,

Figure 4 . 4 :

 44 Figure 4.4: Beam profile for different values of; a) L1 in % of V beam [L2 = 62 %, energy = 1 keV, W D = 16.5 cm, P gun = 4.5 × 10 -6 mbar], b) L2 in % of V beam [L1 = 100 %, energy = 1 keV, W D = 16.5 cm, P gun = 4.5 × 10 -6 mbar], c) differential Pressure [L1 = 100 %, L2 = 64 % energy = 1 keV, W D = 16.5 cm], d) working distance [L1 = 100 %, L2 = 64 % energy = 1 keV, P gun = 4.5 × 10 -6 mbar].

Figure 4 . 5 :

 45 Figure 4.5: First Ion Source Setup for Beam profile measurements with the Faraday Cup.

Figure 4 . 6 :

 46 Figure 4.6: Beam profile for different values of; a) Ion Energy [L1 = 100 %, L2 = 64 %, P gun = 4.5 × 10 -6 mbar, W D=16.5 cm], b) Ion Energy (Normalized), c) Raster field [Energy = 5 keV, L1 = 100 %, L2 = 64 %, P gun = 4.5 × 10 -6 mbar, W D=16.5 cm], and d) Calibration curves: Current of the rasterized beam as a function of P gun for various Argon ion energies. [L1 = 100 %, L2 = 64 %, W D=16.5 cm]
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 47 Figure 4.7: Second Ion Source Setup. Straight geometry with a magnetic zone.

Figure 4 . 8 :

 48 Figure 4.8: Calibration for the 1 keV beam with different applied magnetic fields.

Figure 4 .

 4 Figure 4.9: a) Illustration showing the trajectory of the Ar + with 74 mT of magnetic field applied, only a neutral argon beam can pass through. Beam profile measurements with and without the magnetic fields applied for b) a 50 eV beam and c) a 1 keV beam (With and without log scale).

Figure 4 . 5

 45 Figure 4.10: (a) Beam profile measurements with 13 mT (expected magnetic field to deflect to the Faraday Cup 50 eV Ar + ) and 74 mT the magnetic fields applied for a 50 eV beam. (b) Final calibration curves: Current of the rasterized beam as a function of P gun for various argon ion energies.
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 51 Figure 5.1: Sketch of the Reactive Magnetron Sputtering chamber used in this project.The Ar/H 2 S is ionized by glow discharge and accelerated towards the WS 2 target. The impact of energetic ions causes the sputtering of W and S species (neutral and ionic) that condense on the substrate and on the wall of the chamber. Reactions between sputtered species and decomposition of H 2 S at the film surface lead to the growth of WS x films on the substrate.
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 552 Figure 5.2: (a) Out-of-plane X-ray diffractograms and (b) in-plane X-ray diffractogram for the 100 % argon and 100 % H 2 S samples. Blue dashed lines represent the reflections due to the interlayer spacing of the WS 2 crystal while black dashed lines represent reflections due to the intralayer spacing of the WS 2 crystal. The reflections due to the Si substrate are highlighted in red.

Figure 5 .

 5 Figure 5.2a) shows the out-of-plane diffractograms measured for these two samples, acquired with a monochromatic X-ray beams corresponding to the Cu Kα1 wavelength (λ=1.5406 Å). The peaks can be associated with the expected [002], [004], [006] and [008] reflections expected for a layered growth of 2H-WS 2 . The very narrow peaks at 32.95°and 69.12°correspond to the [002] and [004] reflections of the Si substrate. As they have a very narrow FWHM (0.015°) as compared to the one of the film peaks, they can be suppressed by slightly tilting the sample with respect to the normal.

Figure 5 .

 5 Figure 5.2b) shows the in-plane diffractograms. Diffraction peaks associated with the extra wavelengths present in the polychromatic X-rays, are the high intensity peaks of the Si[220] reflection, as observed at 47.3 °(Cu Kα1 and Cu Kα2), 45.2 °(WLα1 and WLα2) and at 42.5 °(Cu Kβ1)The other peaks can be associated with the[START_REF] Lu | Defect engineering on MoS2 surface with argon ion bombardments and thermal annealing[END_REF],[110] and[200] reflections as expected for a layered growth of 2H-WS 2 . However, there is also the presence of a peak at 14.3 °associated with the [002] reflection for the 100 % H 2 S film. This shows that a small fraction of the film has not grown with the WS 2 layers parallel to the substrate.The growth of vertical layers was further confirmed by the Transmission ElectronMicroscope (TEM) measurements performed by the team of Tomas Nyberg at Uppsala, which are shown in figure5.3. In figure5.3a), it is possible to observe the horizontal WS 2 layers and the transition in which the growth changes to nearly vertical growth.In figure5.3b) a zoomed out view of figure5.3a) shows that the vertical layers have grown more than the horizontal layers. This is because vertical layers have dangling bonds at the edges, and therefore ions will preferably crystallize with the vertical layers than with the horizontal film.The diffraction peaks in figure5.2 were fitted with Gaussian functions and the lattice parameter a and the crystallite size parallel to the surface were extracted from the fit parameters of the in-plane diffractogram using equations(2.19) and(2.20) . The lattice parameter c and crystallite size perpendicular to the surface can be extracted from the out-of-plane diffractogram using equations(2.19) and (2.20). To have a measurement of how much vertical growth is present on the film, a texture parameter, C tex was defined as I(100)/[I(002)] for the in-plane diffractogram and as I(002)/[I(100)] for the out of plane diffractogram where I signifies the integrated intensity (counts) of a given

Figure 5 . 4 :

 54 Figure 5.4: RBS spectra for the a) 100 % H 2 S sample and b) the 100 % argon sample. The peak signal due to W, O, Si and S atoms are identified.

Figure 5 . 5 :

 55 Figure 5.5: Crystallographic parameters, film thickness and stoichiometry as a function of H 2 S % (a) lattice parameter c obtained from the fitting of the (002) peak in figure 5.2a) (b) I(100)/I(002) ratio and the lattice parameter a obtained from the fitting of the (100) peak in figure 5.2b) (c) Crystallite sizes extracted from the (002) peak fit and from the (100) peak fit from the out-of-plane and in-plane diffractograms, respectively. (d) [S]/[W] ratio and film thickness extracted from the RBS results.

Figure 5 . 6 :

 56 Figure 5.6: AFM Images of a WS 2 film synthetized with 100% H 2 S and corresponding height profiles of the line in blue. The calculated root mean squared roughness is σ = 2 nm. (a) Image size is 700 nm × 700 nm (b) Image size is 5 µm × 5 µm. The blue arrows indicate the large nanostructures associated with the vertical growth film.

Figure 5 . 7 :

 57 Figure 5.7: AFM Images of a WS 2 film synthetized with 100% Ar and corresponding height profiles of the line in blue. The calculated root mean squared roughness is σ = 1 nm. (a) Image size is 700 nm × 700 nm (b) Image size is 5 µm × 5 µm. The blue arrows indicate the large nanostructures associated with the vertical growth film.
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 58 Figure 5.8: [S]/[W] ratio and film thickness as a function of substrate temperature, calculated from RBS measurements, for WS 2 films grown in a pure Ar atmosphere with P=6.67 Pa.

Figure 5 .

 5 Figure 5.9: X-ray diffractograms for the series of WS 2 films deposited at different substrate temperatures in a pure argon atmosphere at 6.67 Pa. (a) Out-of-plane X-ray diffractogram and (b) In-plane X-ray diffractogram. Blue dashed lines represent the reflections due to the interlayer atomic spacing of the WS 2 crystal while black dashed lines represent reflections due to the intralayer atomic spacing of the WS 2 crystal. The reflections due to the Si substrate are highlighted in red.

Figure 5 .

 5 Figure 5.10a) shows the lattice parameter c and the texture parameter I(002)/I(100) ratio for the out-of-plane diffractogram, however, since there are contributions from the substrate and from the WS 2 film, this value is more qualitative than quantitative.Figure 5.10b) shows the lattice parameter a and the in-plane diffractogram I(100)/I(002) ratio while figure 5.10c) shows the crystallite sizes taken from the FWHM of the (002) and (100) peaks, from the out-of-plane and the in-plane diffractograms,

Figure 5 . 10 :

 510 Figure 5.10: Crystallographic parameters, as function of substrate temperature, for WS 2 films grown in a pure Ar atmosphere with P=6.67 Pa. (a) I(002)/I(100) ratio and the lattice parameter c obtained from the fitting of the (002) peak in figure 5.9a) (b) I(100)/I(002) ratio and the lattice parameter a obtained from the fitting of the (100) peak in figure 5.9b) (c) Crystallite sizes extracted from the (002) peak fit and from the (100) peak fit from the out-of-plane and in-plane diffractograms, respectively.

Figure 5 .

 5 Figure 5.11: [S]/[W] ratio and film thickness as a function of H 2 S processing pressure, calculated from RBS measurements, for WS 2 films grown in pure H 2 S atmosphere at 700°C.

Figure 5 .

 5 Figure 5.12: X-ray diffractograms for the series of WS 2 films deposited at different H 2 S processing pressures at T=700 °C. (a) Out-of-plane X-ray diffractogram and (b) In-plane X-ray diffractogram. Blue dashed lines represent the reflections due to the interlayer atomic spacing of the WS 2 crystal while black dashed lines represent reflections due to the intralayer atomic spacing of the WS 2 crystal. The reflections due to the Si substrate are highlighted in red.
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 513 Figure 5.13: Crystallographic parameters, as function of H 2 S processing pressure, for WS 2 films deposited at a substrate temperature of 700 °C . (a) I(002)/I(100) ratio and the lattice parameter c obtained from the fitting of the (002) peak in figure 5.12a) (b) I(100)/I(002) ratio and the lattice parameter a obtained from the fitting of the (100) peak in figure 5.12b) (c) Crystallite sizes extracted from the (002) peak fit and from the (100) peak fit from the out-of-plane and in-plane diffractograms, respectively.

Figure 5 .

 5 Figure 5.14: [S]/[W] ratio and film thickness as a function of H 2 S % for WS2 films grown under a H2S/Ar atmosphere at a substrate temperature of 700°C and a pressure of 6.67 Pa. These values were calculated from RBS measurements.

Figure 5 .

 5 Figure 5.15: X-ray diffractograms for WS 2 films deposited with different amounts of H2S in the H2S/Ar gas at a substrate temperature of 700 °C and a pressure of 6.67 Pa. (a) Out-of-plane X-ray diffractogram and (b) In-plane X-ray diffractogram. Blue dashed lines represent the reflections due to the interlayer atomic spacing of the WS 2 crystal while black dashed lines represent reflections due to the intralayer atomic spacing of the WS 2 crystal. The reflections due to the Si substrate are highlighted in red.
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 516 Figure 5.16: Crystallographic parameters, for films deposited with different amounts of H 2 S in the H 2 S/Ar gas at a substrate temperature of 700 °C and a pressure of 6.67 Pa. (a) I(002)/I(100) ratio and the lattice parameter c obtained from the fitting of the (002) peak in figure 5.15a) (b) I(100)/I(002) ratio and the lattice parameter a obtained from the fitting of the (100) peak in figure 5.15b) (c) Crystallite sizes extracted from the (002) peak fit and from the (100) peak fit from the out-of-plane and in-plane diffractograms, respectively.
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 517 Figure 5.17: Raman spectra for (a) monolayer, (b) bilayer, (c) four layer and (d) eight layer samples grown at 700 °C , 6.67 Pa and 100% H 2 S.

Figure 5 .

 5 Figure 5.19a) shows the in-plane XRD diffractograms for the 2,4 and 8 monolayer films. In figure 5.19b) we can see that the crystallite size increases and that the lattice

Figure 5 . 18 :

 518 Figure 5.18: Peak separation of Raman spectra measured in figure 5.17. (a) A 1g -2LA and (b) A 1g -E 2g For WS 2 films grown at 700 °C , 6.67 Pa and 100% H2S

Figure 5 .

 5 Figure 5.19: a) XRD for films deposited at different sputtering times (equivalent to different thicknesses) at 700 °C , 6.67 Pa and 100% H 2 S. (b) Crystallite size calculated from the FWHM of the (100) peak and the lattice parameter a as a function of monolayers. (c) RBS results: stoichiometry of the synthesized films and film thickness as a function of the number of layers.

Figure 5 .

 5 Figure 5.20: AFM images of the 1,2,4 and 8 monolayer films, along with the calculated root mean squared roughness.
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 61 Figure 6.1: Sample plate used in ion irradiation experiments with the TMDC crystals.
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 11 figure 6.2a) and c) are high resolution STM images of cleaved surfaces of WS 2 and WSe 2 , respectively, where the atomic lattice can be seen. The lattice constant measured is equal to 3.15ű0.05 Å for WS 2 and 3.27ű0.05 Å for WSe 2 , which is consistent with the WS 2 and WSe 2 hexagonal lattice of top sulphur atoms of 3.162 Å and 3.286 Å, respectively.[25] figure 6.2b) and d) show a 424 nm x 424 nm STM image of a freshly cleaved surface of WS 2 and WSe 2 , respectively, where a low number of natural defects can be observed. The freshly cleaved surfaces are flat and it is rare to locate a layer step edge, meaning that the cleaved surface is composed of layers with large terrasses.

Figure 6 . 2 :

 62 Figure 6.2: (a) and (c) STM image showing the pristine atomic lattice of the top chalcogenide atoms for WS 2 and WSe 2 , respectively. The unit cell is indicated with a green parallelogram. Scale bar = 2 nm; Tunneling conditions: V gap = -1.2 V , I = 100 pA. (b) and (d) Large area (424 nm x 424 nm) STM image showing the typical surface after cleaving of WS 2 and WSe 2 , respectively, where there can be seen a small number of natural defects present. Scale bar = 85 nm; Tunneling conditions: V gap = -1.2 V , I = 100 pA.

Figure 6 . 4 :

 64 Figure 6.4: Dependence of STM image on the bias voltage of 200 eV Ar + irradiated WS 2 with 4.31 × 10 -3 ions nm -2 (280 expected impacts in the areas of these images). Blue line shapes are for guiding the eye for comparison between both images. Scale bar: 50 nm. (a) Voltage bias: -1.2V, Current: 100 pA. (b) Voltage Bias: 1.2V, Current: 100 pA. (c) Line profiles of defect of type A and of type B for the negative bias image (a). (d) Line profiles of defect of type A and of type B for the positive bias image (b)
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 65 Figure 6.5: Crystal structure and unit cell of Td-WTe 2 as observed from (a) the top and (b) side-view. Blue circles represent tungsten atoms and brown circles represent Te atoms.)
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 12 Ion irradiated WS 2 , WSe 2 and WTe 2

figure 6 . 2 .

 62 figure 6.7 shows large scale STM images of the surface of WS 2 , WSe 2 and WTe 2 before and after 500 eV ion irradiation with the same ion fluence of 4.7 × 10 -3 ion nm -2. It is clearly observed that WS 2 and WSe 2 have an increase in the number of type A and type B defects. The defects are individually identifiable, therefore we can assume that each defect resulted from a single ion impact.

Figure 6 . 7 :

 67 Figure 6.7: STM images (254 × 254 nm 2 ) of WS 2 , WSe 2 , WTe 2 surfaces before and after sputtering with 500 eV argon for 55 seconds (argon fluence = 4.7 × 10 -3 nm -2 ). Scale bar is 85 nm. Tunneling Conditions [WS 2 and WSe 2 ]: V gap = -1.2 V , I = 100 pA. Tunneling Conditions [WTe 2 ]: V gap = 0.1 V , I = 1000 pA. The sputtering yield parameter, Y , is defined as Y = D A -D B F , where F , represents the number of incident Ar + per area, obtained from the ion source calibration, while D A and D B represent the number of defects per area after and before ion irradiation, respectively. Unfortunately, a study of the sputtering yield for the chalcogenide

Fig- ure 6

 6 figure 6.10 for WS 2 and WSe 2 as a function of ion energy. It is observed that the sputtering yield of type A defects is much higher than the one of type B defects. The sputtering yield of both defects increases as a function of Ar + ion energy until 100 eV.
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 687696101136 Figure 6.8: STM images (254 × 254 nm 2 ) of WSe 2 surfaces after Ar + bombardment with: (a) 50 eV, (b) 75 eV, (c) 100 eV, (d) 200 eV. Tunneling Conditions: V gap = -1.2 V , I = 100 pA. Scale bar: 42 nm (e) Line profiles corresponding to defects highlighted by the colourful arrows in (a),(b),(c),(d) and in the WSe 2 500eV irradiated surface shown in figure 6.7
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 132 SputteringIn this part I present a brief study of the ion irradiation of WS 2 with N 2 as the sputtering gas was also performed for comparison with argon sputtering. WS 2 samples were sputtered with argon accelerated to 200 eV and with nitrogen accelerated to 200 eV. The STM images corresponding to these experiments are shown in figure6.11.
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 611 Figure 6.11: STM images of 200eV ion irradiated WS 2 surfaces for (a) argon sputtering with 8.6 × 10 -4 nm -2 of fluence (55 impacts in this area) and (b) nitrogen sputtering with 4.5 × 10 -4 nm -2 of fluence (30 impacts in this area). (a) Tunneling conditions: V gap = -1.2 V , I = 60 pA, scale bar: 85 nm (b) Tunneling conditions: V gap = -1.2 V , I = 60 pA, scale bar: 85 nm

6. 6 ×

 6 10 -4 nm -2 to generate the type A and type B defects and afterwards irradiated TMDCS with 15 eV N + with a higher fluence of approximately 6 × 10 -3 nm -2 to hopefully dope parts of the surface without defects and/or bind with the defects of type A and type B. figure 6.12a) shows the WS 2 surface after 100 eV N + (60 impacts expected) irradiation and figure 6.12b) shows the surface after 15 eV N + irradiation (more 550 impacts expected).

Figure 6 .

 6 Figure 6.12: (a) STM images (254 × 254 nm 2 ) of WS 2 surface after 100 eV N + (60 impacts expected) and (b) the same WS 2 sample with an additional 15 eV N + irradiation (more 550 impacts expected). (a) and (b) Tunneling conditions: V gap = -1.2 V , I = 60 pA, scale bar: 50 nm

Figure 6 . 13 :

 613 Figure 6.13: STM images (254 × 253 nm 2 ) before and after 25 eV Ar + irradiation of WS 2 for the ion source mounted in the straight geometry and in the curved geometry along with the corresponding fluence. Tunneling conditions: V gap = -1.2 V , I = 60 pA

Figure 6 .

 6 Figure 6.14: (a) Top view of simulated WS 2 atomic positions (W in purple, S in yellow) along with the argon collision locations (red). (b) Argon impact locations in the WS 2 unit cell and (c) in the irreducible area of the unit cell.

Figure 6 . 16 :

 616 Figure 6.16: Schematic of the process for generating and identifying defects. Images show the WS 2 atomic configurations for: (a) Initial configuration, (b) 4.6 picoseconds after the 500 eV argon impact (c) After the final relaxation run.

  . The defects are labeled as follows: S t for top sulphur atoms sputtered, W for tungsten atoms sputtered and S b for bottom sulphur atoms sputtered.
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 617 Figure 6.17: Average number of top sulphur, S t , tungsten, W and bottom sulphur S b defects in the monolayer and in the first layer of the 4L system, per ion impact.
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 618 Figure 6.18: Simulation snapshots highlighting the differences between a 500 eV ion irradiation simulation in a) monolayer WS 2 and b) 4L WS 2 where a backscattering event is observed for the multi-layer system. The Ar + is colored in red, tungsten atoms in purple and sulphur atoms in yellow.

Figure 6 .

 6 21a) and b) show the number of sputtered tungsten and sulphur atoms, respectively, for each impact location on the WS 2 unit cell for 500 eV argon irradiation.

Figure 6 .

 6 Figure 6.21: 500 eV Ar + impact locations on the irreducible part of the unit cell showing (a) total tungsten sputtering and (b) total bottom and top sulphur sputtering. (c) Average number of sputtered tungsten and sulphur atoms per Ar + impact as a function of Ar + kinetic energy.
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 622 Figure 6.22: The average number of sputtered from each layer of WS 2 per Ar + impact as a function of Ar + kinetic energy. for (a) tungsten atoms; (b) Top sulphur atoms (S t , solid lines) and bottom sulphur atoms (S b , dashed lines). Layer 1 is the topmost layer and layer 4 is the bottommost layer.
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 6236 Figure 6.23: Frequency of generated defects in the: (a) 1st Layer, (b) 2nd layer, (c) 3rd layer and (d) 4th layer.

  defects for the first layer are shown in figure 6.26 a), b), c) and d) for argon energies of 50 eV, 100 eV, 200 eV and 500 eV, respectively.

figure 6 .

 6 figure 6.27 shows the formation process of the tungsten vacancies in the first layer for 50 eV irradiation where the argon atom will first sputter a sulphur atom and then dislodge a tungsten atom into an interstitial position. The defects formed at the same argon impact location but for 200 eV and 500 eV are shown in figure 6.28(a) and (b), respectively.

Figure 6 . 26 :

 626 Figure 6.26: Argon impact locations on the irreducible area of the WS 2 unit cell showing the tungsten sputtering which ocurred on Layer 1 for (a) 50 eV, (b) 100 eV,(c) 200 eV and (d) 500 eV.

Figure 6 . 27 :Figure 6 . 28 :

 627628 Figure 6.27: Simulation snapshots showing the collision cascade due to a 50 eV Ar + ion energy impact generating a tungsten interstitial. The top sulphur atom colored in orange was sputtered away. (a) Before impact, (b) Collision cascade of the top sulphur atom with tungsten atom, (c) final configuration with a missing top sulphur atom.

Figure 6 . 29 :

 629 Figure 6.29: Simulation results of energy transfered by an Ar + ion to a target atom (W or S), as a function of impact distance, for differente Ar + kinetic energies.

Figure 6 .

 6 Figure 6.30: (a),(b): Simulation snapshots showing the top-view of two final configurations where 5 tungsten atoms were identified as defects/sputtered. Red atoms represent sulphur defects and black atoms represent tungsten defects. (c) The distribution of tungsten atoms identified as defects as a function of argon ion energy.

Figure 6 .

 6 30(c) shows the distribution of tungsten defects generated in the first layer for different argon ion energies. It shows how common the single or double tungsten defect is for the various irradiation energies, while generating more than 3 tungsten defects remains a rare event.Sulphur Defects The generation of top sulphur vacancies in the first WS 2 layer is shown in figure6.31a), b), c) and d) for argon energies of 50 eV, 100 eV, 200 eV and 500 eV, respectively.Similarly to the generation of tungsten defects discussed above, for 50 eV Ar+ ion energy, collisions with S atoms with impact parameter less than 0.5 Å do not lead to top sulphur sputtering. As the argon ion energy increases, collisions closer to and further away from the sulphur atom will generate additional sulphur vacancies until almost every impact on the lower half of the irreducible area leads to the sputtering of at least one sulphur atom.

Figure 6 .

 6 Figure 6.31: argon impacts locations on the iredducible area of the WS 2 unit cell showing the sulphur sputtering which ocurred on Layer 1 for (a) 50 eV, (b) 100 eV,(c) 200 eV and (d) 500 eV

figure 6 .

 6 figure 6.32 presents the sputtering efficiency curves obtained from the ion irradiation of WS 2 from the STM experiments along with the simulated sputtering efficiency for various kinds of sulfur and tungsten vacancy clusters figure 6.32a) shows that simulation runs in which more than 1, 2 or 3 top sulphur vacancies of the first layer were generated, does not fit correctly the experimental curve. The simulations where V Stop ≥ 1 does not fit the experimental sputtering yield because there's a 30 % sputtering yield for the 50 eV irradiation simulations, which doesn't match the 4 % sputtering yield observed experimentally. On the contrary, the simulations where the top sulphur vacancies produced were, V Stop ≥ 2 or V Stop ≥ 3, do not reproduce the experimental curve. As for tungsten vacancies, figure 6.32b) shows the comparison between the experimental sputtering yield measured by STM for the type A and type B defects and the probability of formation of defects containing at least 1, 2 or 3 W vacancies. The

Figure 6 . 33 :

 633 Figure 6.33: Sputtering yield as a function of Ar + ion energy obtained from; the experiments (blue squares for total nanostructures [type A + type B]), green squares for defect of type A and black squares for defect of type B; and the best fit from simulations of the 4L system. The best fit for total defects (green line) corresponds to defect groupings in which (V Stop + V Stop ) ≥ 2 or V W ≥ 1). The best fit for defects of type B (black line) corresponds to defects in which there are more tungsten vacancies than twice the sulphur vacancies. The best fit for defects of type A (green line) corresponds to defects in which there are two times more sulphur vacancies than tungsten vacancies.

  used in this work. The irradiated flakes could then be further imaged by Scanning Transmission Electron Microscopy (STEM) to have an atomic resolution of the defects formed. If a joint study of in-situ STM and in-situ STEM could be possible, the atomic structure of the defects as observed by STEM could further confirm the geometric structure of the electronic influenced defects observed by STM by comparison of the average concentration of defects for each type of defect.

Figure 8 . 1 :

 81 Figure 8.1: Total number of sputtered atoms as a function of x-y projected Ar-X distance for (a) r cutof f = 30 = nm and (b) r cutof f = 1.3 nm
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 1 

	MoS 2	3.162 12.29
	MoSe 2	3.288 12.93
	WS 2	3.162 12.37
	WSe 2	3.286 12.99

1: Experimental lattice parameters for TMDCs.

[START_REF] Kolobov | Two-Dimensional Transition-Metal Dichalcogenides[END_REF] 

Material a (Å) c (Å)

  from the work of Zhou et al.[START_REF] Zhou | Intrinsic Structural Defects in Monolayer Molybdenum Disulfide[END_REF] and Bertoldoet al[START_REF] Bertoldo | Intrinsic Defects in MoS 2 Grown by Pulsed Laser Deposition: From Monolayers to Bilayers[END_REF].With the use of the Scanning Transmission ElectronMicroscope (STEM) and DFT calculations, point defects were identified in CVD grown monolayer MoS 2 , as shown in figure 1.3. The defects are single top sulphur vacancies, V s , top and bottom sulphur vacancies , V S2 , Mo substituting two sulphur vacancies, Mo S2 , Mo vacancy and 3 sulphur vacancy complex, V M oS3 , Mo vacancy and 6 sulphur vacancy complex, V M oS6 and two sulphurs substituting a Mo vacancy, S2 M o .

	CHAPTER 1. STATE OF THE ART
	Perhaps the most comprehensive works where point defects can be visually identified
	and distinguished comes
	. McDonnel et al. showed that
	there is a large variability in the n-type or p-type behaviour in natural MoS 2 samples,
	which was correlated to the variability in the S/Mo ratio, as the stoichiometry changes
	by as much as 30% in different areas of the same sample as measured by XPS and
	because sulphur vacancies are known to dope MoS 2 with n-type carriers. [65]

Figure 1.3: Atomic resolution STEM images of intrinsic point defects found in monolayer MoS 2 . Reproduced from Ref: [66].

  8 electrons/nm 2 .

	Lin et al. studied a phase transition induced by electron irradiation. The semicon-
	ducting 2H-MoS 2 phase transformed into the metallic 1T-MoS 2 phase at high temper-
	atures (T > 400 °C) under electron irradiation. The mechanism of the phase transition
	was studied by the use of STEM. [92]
	1.5.1.2 Low-energy Ion Irradiation Defects
	Argon ion beams have been used to generate defects in TMDCs which were studied by
	XPS and Raman spectroscopy. For example, Baker et al. studied the sputtering of bulk
	MoS 2 by employing 3keV Ar + ions. The irradiated samples were analyzed with XPS as
	a function of irradiation time and it was observed that there is a preferential sputtering
	of S over Mo, where the final stoichiometry of the surface was that of MoS 1.12 . The
	desulfurization by 500 eV argon ion irradiation was also studied by XPS for a monolayer
	of MoS 2 on SiO 2 substrate [93] where a reduction of 50% of sulphur was observed
	without much depletion of Molydenum. The average sputtering yield of sulphur was
	of 0.03 atoms per Ar + impact. More recently, contrary to the previous studies, Bae et
	al studied the 500 eV ion irradiation of bulk and bilayer MoS 2 by Raman specroscopic
	analysis

Table 4 .

 4 .11. The final real working distance (distance from source apex to Faraday cup hole) in the calibration chamber was of 36.5 cm. The calibration was once again restarted with this new curved geometry and the final parameters are listed in table 4.1

	Figure 4.10 shows a beam profile measurement performed with the curved geometry
	for a 50 eV Argon beam with 13 mT of magnetic field applied (the energy required
	to deflect 50 eV Argon ions to the sample) and with 74 mT applied. In contrast with
	figure 4.9, when 74 mT are applied, there is no current measured by the Faraday Cup,
	which proves that the neutral species in the beam have been supressed.
	L1	L2	Extractor Grid Filament Current Emission	Raster Field	Working Distance
	100 % 56.5 %	160 V	200 V	1.34 A	10 mA 30mm x 30mm	30 cm

1: Ion Source parameters used for the calibration and sputtering experiments later in the STM. The working distance parameter in the gun has a maximum of 30 cm, different from the real working distance of 36.5 cm.
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CHAPTER 6. GENERATION OF DEFECTS AT THE SURFACE OF BULK TMDCS

Type A, marked by a blue circle, appears as bright protrusion surrounded by a dark depression. Type B, marked by a red circle, appears as a dark concave and Type C, marked by green circles, appears as a smaller atomic scale depression. Detailed views of these defects are shown in figure 6.3b),c),d) along with the corresponding depth profiles in figure 6.3e). The line profile for defect of type A shows a defect 4-5 nm in diameter which portrays a sharp protrusion of 0.35 nm of height, surrounded by a depression of 0.15 nm of depth. Defect of type B portrays a 4-5 nm wide depression defect, with a hole depth of 0.2 nm to 0.4 nm (possibly dependent of the tip width) and the atomic-scale defect of type C shows a depth of 0.02 nm.

The STM image is the convolution of the tip and sample integrated density of states near the Fermi level (see equation (2.6) in chapter chapter 2) Therefore, the observed morphology of the defects is far from the topographic view of the surface and one must be careful with the interpretation of these line profiles.

Particular to semiconductor materials, atomic vacancies and other structural defects will alter the electronic structure via additional localized states in the bandgap [START_REF] Kc | Impact of intrinsic atomic defects on the electronic structure of MoS 2 monolayers[END_REF], furthermore, the screening of electrical charges is only partial, as compared to metals, and depends on the semiconductor properties such as dieletric constant and the carrier type. This means that the local density of states in semiconductors is strongly modified by band bending around the defects. [START_REF] Mönch | Semiconductor Surfaces and Interfaces, ser. Springer Series in Surface Sciences[END_REF][START_REF] Krčmar | Model for electrostatic screening by a semiconductor with free surface carriers[END_REF] Other electronic effects due to defects in the atomic layers underneath the surface are also observed in other semiconductor materials and could be also present in TMDCs. [START_REF] Urazhdin | Scanning tunneling microscopy of defect states in the semiconductor Bi 2 Se 3[END_REF] These electronic effects are often dependant on the scanning bias and have an influence on the STM image as it measures the convolution of the geometric and electronic structures of the surface. This means that the characterization of defects by STM and the ensuing comparison with other STM studies must take into account the different scanning conditions used. The defect of type A is an example of such electronic effects as it changes from a protrusion into a concave when the scanning bias is changed from negative to positive. [START_REF] Inoue | Atomic-scale structures and electronic states of defects on Ar+-ion irradiated MoS2[END_REF] Figure 6.4 shows two STM images of the same area after Ar + iraddiation on a WS 2 surface, scanned at positive and negative. Both images show the same density of large defects (small defects of type C are not very well imaged). In the negative bias scan, there are two types of defects observed, type A defects and type B defects, while when the same area is scanned at positive 

Chapter 7

Conclusions and perspectives

During my PhD, I have characterized few-layers and thicker WS 2 films deposited on a SiO 2 /Si(100) substrate by means of reactive magnetron sputtering (RMS) by the group of Tomas Nyberg at Uppsala. These WS 2 films were grown using a WS 2 crystal as the target and a sputtering gas mixture of Argon/H 2 S. The first produced films were ≈ 20 nm in thickness and exhibited a low [S]/[W] ratio. The processing conditions which yield the best films were high substrate temperature, high pressure, which lowers the rate of deposition, large target to substrate distance and a 20% to 60% of H 2 S in the sputtering gas mixture. The films produced in these conditions had the highest stoichiometry ratio [S]/[W] of all films, ≈ 1.95. Furthermore, by controlling the deposition time, the growth of thin films from one monolayer to 8 monolayers of WS 2 was also succesfully achieved.

The produced films however, contain a large density of defects and are understoichiometric WS x (x < 2). These defects are also responsible for a transition from horizontal film growth to vertical film growth, which is undesirable. The synthesis of TMDCs by RMS generates highly energetic particles during the deposition process which could be detrimental to the film structure. [START_REF] Rossnagel | Energetic particle bombardment of films during magnetron sputtering[END_REF][START_REF] Seeger | Ion-energy distributions at a substrate in reactive magnetron sputtering discharges in Ar/H2S from copper, indium, and tungsten targets[END_REF]. To study the effects of the impact of energetic particles on the structure of TMDC films, we have irradiated in a controlled way mechanically cleaved TMDC crystals. To achieve this, an ion source capable of producing monokinetic low-energy Ar + ions was calibrated using a Faraday Cup, so that the fluence of ions was known. Through STM experiments, the surfaces of WS 2 and WSe 2 were probed before and after ion irradiation and two types of large defects (≈ 4-6 nm in size) were identified as being generated from single Ar + impacts.

Chapter 8 Appendix

Choice of ZBL cutoff

In order to join the collisional ZBL potential with the structural potential, a cut-off radius must be applied such that the ZBL potential only applies for atoms which have a distance shorter than r cutof f while the structural potential models the WS 2 structure for distances larger than r cutof f . In order to evaluate the best value for the radius cut-off, a single layer of WS 2 was bombarded with Ar with a large ZBL cutoff radius. For this experiment, the forces acting between WS 2 atoms were modeled uniquely by the REBOMO potential, while the Ar-S and Ar-W forces were modeled by the ZBL potential with a cutoff of r cutof f = 30 nanometers. 100 bombardment runs were produced in the same locations as referenced above. The total number of WS 2 sputtered atoms as a function of x-y projected Ar-X distance (X= W,S) are shown in figure 8.1, where it is observed that no sputtering occurs for Ar-X distances larger than ≈ 1.15 nm. A first choice of ZBL r cutof f = 1.3 nm was taken, and the same 100 simulations were performed but this time with the ZBL potential also applied to the X-X interactions. It is important to also model the X-X interactions with the ZBL potential as it will correctly model the collision cascades that occur during ion bombardment. It is observed that there is in general less sputtered atoms, but there is no sputtering for distances larger than ≈ 1.15 nm, which means that the cut-off radius was well chosen.