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Figure 01. A schematic representation of a silicon photonic integrated circuit [START_REF]Programmable photonic chip lights up quantum computing -Physics World[END_REF] [START_REF]Nonlinear photonics | Nonlinear Nanophotonics (NLNP)[END_REF] ....................... 17 [START_REF] Balasooriya | Honey Mediated Green Synthesis of Nanoparticles: New Era of Safe Nanotechnology[END_REF]. It presents the top-down approach including : lithography [START_REF] Tapasztó | Tailoring the atomic structure of graphene nanoribbons by scanning tunnelling microscope lithography[END_REF] ,laser ablation [START_REF] Barcikowski | Impact and structure of literature on nanoparticle generation by laser ablation in liquids[END_REF] ,sputtering deposition [START_REF] Bell | Synthesis of amorphous carbon nitride using reactive ion beam sputtering deposition with grazing bombardment[END_REF] ,pulsed electrochemical etching [START_REF] Nissinen | Improved production efficiency of mesoporous silicon nanoparticles by pulsed electrochemical etching[END_REF] ,vapor deposition [START_REF] Kumar | Chemical vapor deposition of carbon nanotubes: A review on growth mechanism and mass production[END_REF] and bottom-up approach including : Sol-gel processing [START_REF] Yi | Preparation of Pb(Zr,Ti)O3 thin films by sol gel processing: Electrical, optical, and electro-optic properties[END_REF], chemical vapor deposition [START_REF] Li | Direct Spinning of Carbon Nanotube Fibers from Chemical Vapor Deposition Synthesis[END_REF] ,plasma or flame spraying [START_REF] Mädler | Controlled synthesis of nanostructured particles by flame spray pyrolysis[END_REF], laser pyrolysis [START_REF] Lacour | Laser pyrolysis synthesis and characterization of luminescent silicon nanocrystals[END_REF] and microemulsion [START_REF] Darbandi | Single quantum dots in silica spheres by microemulsion synthesis[END_REF] [START_REF] Zavabeti | A liquid metal reaction environment for the room-temperature synthesis of atomically thin metal oxides[END_REF], [START_REF] Gupta | Recent development in 2D materials beyond graphene[END_REF]. (b) Cabrera-Mott oxidation occurs at the surface of liquid metals in the presence of oxygen. Electrons from the metal tunnel through the growing oxide shell, resulting in a self-generated electric field called the Mott field. This field promotes the diffusion of metal and oxygen ions into the oxide shell, leading to oxide growth. As the oxide becomes thicker, the field strength reduces until ion diffusion ceases [START_REF] Aukarasereenont | Liquid metals: An ideal platform for the synthesis of two-dimensional materials[END_REF] Top: the projected atomic structure of gallium and gallium oxide layer where the atomic diameters for O2-, Ga3+, covalent (Cv) Ga and metal (Me) Ga is 2.64 Å, 1.24 Å , 2.44 Å and 2.50 Å, respectively. Bottom: the thin solid line represents the corresponding electron density profile with its different components; the underlying liquid Ga (large dash line) and the Gaussians representing the Ga3+ (dash-dotted line) and O2-layers(short-dashed line) [START_REF] Zhao | Liquid Metals : A Novel Possibility of Fabricating 2D Metal Oxides[END_REF] Nonlinear functions, on the other hand, provide advanced signal processing capabilities such as frequency and wavelength conversion, signal amplification, and all-optical switching. These functionalities could be useful for tasks like signal modulation, regeneration, and complex optical processing in telecommunications, optical computing, and signal processing.

Advancements in nonlinear devices hold exciting potential for the field of information processing. While it's still early days, their ability to manipulate light signals offers a promising alternative to the energy-intensive, sizeable electronic routers commonly used in telecommunications. As data flows across the internet continue to grow at an unprecedented rate, there's an increasing urgency to explore and develop innovative technologies. Nonlinear, all-optical devices might not replace opto-electronic routers completely, but they are poised to play a significant, complementary role in this technological evolution. The heterogeneous integration of III-V materials onto silicon has offered one route to overcome these limitations, enabling, for instance, the realization of efficient A light-emitting diode (LEDs) or laser devices [7][8]. Concurrently, several material candidates are being investigated for their nonlinear properties with the aim to integrate them onto the mature silicon photonic platform [START_REF] Chang | Thin film wavelength converters for photonic integrated circuits[END_REF]. The nonlinear optical response of materials has sustained the realization of alloptical devices like switches and amplifiers, capable of controlling light signals with other light signals. Optical mechanisms offer several advantages over their optoelectronic counterparts, including potentially higher speeds. In addition, they enable innovative functions such as wavelength conversion, frequency comb generation, and supercontinuum pulse creation.

However, despite the high application potential of nonlinear optics for all-optical information processing, no clear nonlinear material candidate has clearly emerged to complement silicon photonics. Wide bandgap semiconductors have been probed, but their integration with silicon photonics is not straightforward. Despite some high advances on glass materials, such as Silicon nitride (SiN) and Silicon dioxide (SiO2), the latter suffer from relatively weak nonlinearity, hindering the realization of compact devices. Hence, scientists continue to search for materials with strong nonlinearities even at a reduced scale, which could be readily integrated with silicon photonics. This material should possess a high nonlinear coefficient, wide transparency window, and compatibility with silicon photonics platforms.

Enter two-dimensional (2D) materials, a promising contender in the quest for the ideal nonlinear material. Since the ground-breaking isolation of graphene, a monolayer of carbon, in 2004, researchers have explored and successfully isolated a variety of other materials in their 2D form.These 2D materials, compatible with planar photonic devices through post-processing techniques, bring new properties to the table that can potentially complement silicon photonics.

Since then, numerous 2D materials have been explored, exhibiting many unique electronic, optical, and mechanical properties. Therefore, our research endeavors began with the aim of identifying new 2D materials that have the potential to complement silicon photonics for applications at around 1,55um wavelength. Among the candidates, gallium oxide (Ga2O3) and gallium nitride (GaN) have gained significant attention due to their impressive optoelectronic properties and promising applications in electronics, photonics, and bio sensing. However, it is worth noting that the existing research primarily focuses on the properties of Ga2O3 and GaN in bulk or thick layers, leaving a significant knowledge gap regarding their behavior in the 2D or ultrathin dimensions. Recognizing this gap, our research aims to address this limitation by conducting an in-depth analysis specifically on the properties of ultrathin Ga2O3 and GaN.

Through this investigation, we aim to shed light on the unique properties of these materials in the 2D realm, paving the way for their potential applications in this dimension.

My PhD study has focused on these intriguing materials, encompassing their synthesis, characterization, and eventual integration into photonic devices. My PhD research project was centred on three main focal points, guiding my work towards meaningful outcomes:

 The synthesis of ultrathin Ga2O3 and GaN through an inventive method known as liquid metal chemistry

 the structural and optical characterization of these ultrathin Ga-based materials  The integration of these materials into photonic devices. This thesis is further divided into 4 parts. In Chapter 1:, which we call 'State of the Art', we provide a thorough overview of research literature related to 2D materials, particularly emphasizing Ga2O3 and GaN, as well as some survey on how 2D materials have been used and combined with integrated optics so far. This chapter explores the ongoing journey to find a method that is affordable, scalable, and efficient in producing high-quality Ga2O3 and GaN.

Moreover, we are looking for a technique that allows for easy integration of these materials into photonic devices. We also discussed the structure and characteristics of liquid metal as a method for synthesizing these materials. This discussion highlights the importance of finding new techniques to overcome current obstacles that prevent us from fully harnessing the potential of 2D materials and their integration on photonic devices.

Chapter 2: expands upon our exploration by tackling a central issue: large-area, ultra-thin layer fabrication. Here, we introduce an inventive approach in the form of liquid metal chemistry has been recently developed [START_REF] Zavabeti | A liquid metal reaction environment for the room-temperature synthesis of atomically thin metal oxides[END_REF][11] at RMIT university and mainly relies on a two-step process: the first step uses the 'liquid metal chemistry' (LMC) method, which is proven effective for synthesizing large-scale ultrathin oxide, the second step involves a microwave plasmaenhanced nitridation reaction [START_REF] Syed | Large Area Ultrathin InN and Tin Doped InN Nanosheets Featuring 2D Electron Gases[END_REF]. This method has exhibited encouraging outcomes in the scalable synthesis of exceedingly thin layers of Ga2O3 and GaN. Next, the chapter delves into intricate details, elaborating on the various characterization methods utilized to investigate the topography, spectroscopy, and optical traits of the synthesized ultra-thin Ga2O3 and GaN. The study employs state-of-the-art tools like atomic force microscopy (AFM), Transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS), and Spectroscopic ellipsometry (SE) to study these materials' structural and optical properties in detail. In the final chapter (Chapter 4:), we turn our focus to practical applications. Specifically, we develop an approach to integrate 2D Ga2O3 and GaN materials into photonic devices. We exploit here Mach-Zehnder Interferometers (MZIs) and selective patterning to study the optical properties of hybrid SiN waveguides covered with ultra-thin Ga-based compounds. This step is crucial, for it paves the way towards realizing hybrid integrated photonics with these 2D materials. We discuss the integration process in detail, the challenges faced, and the ways to overcome these challenges. The chapter presents how the integration of ultra-thin layers of Ga2O3 and GaN into MZI can enhance our understanding of these materials. We undertook precise linear measurements on the MZIs to characterize the properties of Ga2O3 and GaN in detail. The initial choice of these materials was driven by our aim to develop nonlinear 2D materials for chip-based devices. However, it's important to acknowledge that in this phase of our research, we focused on their linear properties and have not yet studied their nonlinear characteristics. Nonetheless, this investigation underscores the significant potential of these 2D materials in advancing the field of integrated photonics and paves the way for further studies into their nonlinear properties

Overall, this research provides a comprehensive overview of ultra-thin Ga2O3 and GaN, taking the reader from their basic properties and potential applications to their synthesis, characterization, and integration into photonics devices. By addressing the current challenges and proposing innovative solutions, this work makes a significant and original contribution to the ongoing global research on 2D materials. With an ever-increasing interest in these materials, the knowledge generated in this study will have far-reaching implications in the fields of materials science, nanotechnology, and photonics.

Chapter 1: State of the art

The chief aims of this chapter are to furnish a comprehensive overview of the latest advancements in the research field of two-dimensional (2D) materials, with an emphasis on Gallium Oxide (Ga2O3) and Gallium Nitride (GaN), both of which have been identified as pertinent candidates for photonic applications. Furthermore, the chapter elucidates recent studies regarding liquid metals, highlighting their capability to expedite the synthesis of 2D materials in a cost-effective manner. Additionally, an in-depth analysis of contemporary techniques for the integration of 2D materials into photonic devices is provided, thereby establishing an informed foundation for subsequent scholarly exploration within the thesis.

Introduction

For hundreds of years, the basic design of optical systems did not change; they have consisted of bulky and heavy components which required careful alignment and protection against vibration, moisture, and temperature drift. In an effort to make them more compatible with modern technology, integrated optics came into being in the early 1970's (Miller, 1969 [13]; [START_REF] Tien | Light Waves in Thin Films and Integrated Optics[END_REF]Tien, , 1974 [14][15] [14][15]; [START_REF] Miller | Part I : The Transmission Medium It : Devices and Systems Considerations I : The Transmission Medium[END_REF]Li, 1972,1973 [16][17]). [START_REF] Tien | Integrated optics and new wave phenomena in optical waveguides[END_REF] The area defined by the name "integrated optics" has expanded gradually. The field of integrated optics has undergone progressive expansion, encompassing the exploration of guided-wave techniques for the fabrication of novel or enhanced optical devices. This development is motivated by the desire to achieve compact and miniaturized devices, with the expectation that reduced size will yield improved reliability, enhanced mechanical and thermal stability, lower power consumption, and more favourable drive voltages in active devices [START_REF] Kogelnik | An Introduction to Integrated optics[END_REF] .

In the late 1970s, a combination of factors led to the practical application of integrated optics.

In the 1980s, optical fibers largely replaced metallic wires in telecommunications, and several manufacturers began producing optical integrated circuits for use in various applications. In the 1990s, the incorporation of optical fibers into telecommunications and data-transmission networks was extended to the subscriber loop in many systems. This provides an enormous This has given rise to the emerging field of Nanophotonics [20].

The inception of research on integrated optics dates back to the 1970s when a series of novel concepts were explored, including the use of thin-film technology for forming optical devices and circuits. This approach was appealing as thin-film technology had already revolutionized electronic devices and circuits. Despite over five decades of research on thin films, investigations into their potential applications persist even in 2023. This fact motivated the present PhD thesis, which seeks to explore a new definition of thin films as applied to integrated optics, namely, the utilization of 2D materials.

Ultra-thin two-dimensional materials, such as graphene and MoS2, have distinctive properties including high carrier mobility [START_REF] Gosling | Universal mobility characteristics of graphene originating from charge scattering by ionised impurities[END_REF] and tunable bandgaps [START_REF] Manzeli | Piezoresistivity and Strain-induced Band Gap Tuning in Atomically Thin MoS2[END_REF]. These properties of 2D materials are crucial for enhancing the performance of electronic devices like high-speed transistors [START_REF] Li | High-speed black phosphorus field-effect transistors approaching ballistic limit[END_REF], and optoelectronic devices such as photodetectors [START_REF] Gan | Chip-integrated ultrafast graphene photodetector with high responsivity[END_REF] and LEDs [START_REF] Withers | Light-emitting diodes by band-structure engineering in van der Waals heterostructures[END_REF]. Many synthetic approaches have been suggested for developing 2D materials. Yet, the synthesis of large-area, ultra-thin 2D materials remains a substantial technological challenge [START_REF] Bhimanapati | Recent Advances in Two-Dimensional Materials beyond Graphene[END_REF][27] [START_REF] Wang | Electronics and optoelectronics of two-dimensional transition metal dichalcogenides[END_REF].

With some recent progress, the field of liquid metal chemistry could lead to the creation of new 2D materials and address challenges associated with their integration into various applications and devices. The unique property of certain liquid metals to support the growth of self-limiting surface oxide skins on exposure to air has resulted in the development of various new 2D materials which were previously inaccessible [10][29]. In addition, this technique promises easier integration of 2D materials onto photonic devices compared to traditional "top-down" and "bottom-up" methods. In particular, liquid gallium and gallium-based alloys have attracted significant attention due to their remarkable properties, which can create more opportunities to advance existing synthesis processes [START_REF] Carey | Wafer-scale two-dimensional semiconductors from printed oxide skin of liquid metals[END_REF]. However, the isolation of the surface oxide from liquid metals and processes for transforming these 2D oxide skins into other 2D compounds are still in their infancy. The focus during the development of the synthesis strategies is not only to achieve a few atom-thick 2D nanosheets but also to deposit large-area 2D nanosheets at projected low cost and to explore the possibility of direct transfer to the intended device for applications. This chapter will list possible applications that may be achieved through liquid metal chemistry with a main focus on photonic applications. At the end of the chapter, integrated optics with 2D materials will be discussed, since these materials can advantageously complement silicon photonics and enhance the performance of silicon-based devices. The nonlinear properties of gallium nitride are explored in further detail, motivating the study of this material in the research chapters of this thesis. Overall, this chapter will present a brief epitome of the relevant topics, focusing on the work addressed in this Ph.D. thesis.

The advent of two dimensional (2D) Materials

Following the discovery of graphene in 2004 by Novoselov et al. [START_REF] Novoselov | 2D materials and van der Waals heterostructures[END_REF], a group of materials known as 2D materials have been identified [START_REF] Mounet | Two-dimensional materials from high-throughput computational exfoliation of experimentally known compounds[END_REF]. These materials have a thickness of only a few nanometers or less, which allows charge carriers to move freely in the 2D plane while their motion is restricted in the third direction [START_REF] Das | Synthesis, properties, and applications of 2-D materials: A comprehensive review[END_REF]. Due to their atomic thinness, 2D materials possess unique properties with respect to their structure, optics, and physics, which often differ from their bulk counterparts. As a result, 2D materials have generated significant interest [START_REF] Novoselov | Electric Field Effect in Atomically Thin Carbon Films[END_REF]- [START_REF] Wei | Nanomechanics of graphene[END_REF]. They possess a large surface area compared to their volume, which makes them particularly useful for applications where interactions on the surface are crucial [START_REF] Stoller | Graphene-Based Ultracapacitors[END_REF]. In addition, 2D materials are mechanically flexible and can be bent, folded, or twisted without breaking, making them promising candidates for flexible electronics [START_REF] Xu | Reversible MoS2 Origami with Spatially Resolved and Reconfigurable Photosensitivity[END_REF]. Furthermore, despite their thinness, 2D materials are incredibly strong, and some, such as graphene, have a higher tensile strength than steel [START_REF] Lee | Measurement of the Elastic Properties and Intrinsic Strength of Monolayer Graphene[END_REF]. On top of this, 2D materials can have unique optical and electrical properties; due to their atomically thin dimensions, such as strong light-matter interactions (compare to their thickness), meaning that even a single layer can strongly absorb or emit light. Moreover, the atomically thin nature of 2D materials gives rise to their photoluminescence properties(such as MoS2), which refers to their ability to emit light upon absorption of photons [START_REF] Weng | Electronic and Optical Properties of 2D Materials Constructed from Light Atoms[END_REF]. This phenomenon occurs due to quantum confinement effects and the bandgap structure of these materials, resulting in highly efficient and tunable light emission [START_REF] Splendiani | Emerging photoluminescence in monolayer MoS2[END_REF]. They can also exhibit a range of electrical properties, from conductors to insulators, semiconductors, and even superconductors [START_REF] Novoselov | Electric Field Effect in Atomically Thin Carbon Films[END_REF]. Thanks to these properties, specific 2D materials are suitable for targeted fields of applications and thus, have been exploited for creating photonic, nanoelectronic, and optoelectronic devices [START_REF] Novoselov | 2D materials and van der Waals heterostructures[END_REF], [START_REF] Deng | Catalysis with two-dimensional materials and their heterostructures[END_REF]- [START_REF] Cui | Physica E : Low-dimensional Systems and Nanostructures Tuning the electronic properties of MoSi 2 N 4 by molecular doping : A first principles investigation[END_REF]. However, few limitations such as the existence of intrinsic defects, the absence of an electronic band-gap and difficulties in controlling the number of layers during synthesis, have stimulated enormous interest toward the exploration of substitute 2D materials that feature their own diverse and remarkable properties [START_REF] Wang | Electronics and optoelectronics of two-dimensional transition metal dichalcogenides[END_REF], [START_REF] Novoselov | 2D materials and van der Waals heterostructures[END_REF], [START_REF] Das | Synthesis, properties, and applications of 2-D materials: A comprehensive review[END_REF], [START_REF] Deng | Catalysis with two-dimensional materials and their heterostructures[END_REF].

In recent years, transition metal dichalcogenides (TMDs) have been a prominent area of research due to significant discoveries such as the first MoS2 field-effect transistor [START_REF] Radisavljevic | Single-layer MoS2 transistors[END_REF] and strong photoluminescence in single-layer MoS2. TMDs are a type of hexagonal crystal with a monolayer consisting of a transition metal from groups 4-10, represented as "M," sandwiched between two chalcogen atoms, such as sulphur (S), selenium (Se) or tellurium (Te) (represented as "X"), with the stoichiometry of MX2 [START_REF] Chhowalla | Two-dimensional transition metal dichalcogenide (TMD) nanosheets[END_REF]. Currently, there are over 40 known TMDs composed of various combinations of chalcogen atoms and transition metals [START_REF] Wilson | The transition metal dichalcogenides discussion and interpretation of the observed optical, electrical and structural properties[END_REF]. Interest has also grown in 2D transition metal oxides (i.e. MnO2, MoO3, WO3) [START_REF] Osada | Exfoliated oxide nanosheets: New solution to nanoelectronics[END_REF], [START_REF] Ma | Nanosheets of oxides and hydroxides: Ultimate 2D charge-bearing functional crystallites[END_REF] and 2D layered hydroxides [START_REF] Ma | Nanosheets of oxides and hydroxides: Ultimate 2D charge-bearing functional crystallites[END_REF], [START_REF] Nalawade | Layered double hydroxides: A review[END_REF], as well as in 2D nanostructures of group III-VIs (e.g., InSe, GaSe, GaS) [START_REF] Grasso | Electronic structure and electronic transitions in layered materials[END_REF], group V-VIs (i.e. Bi2Te3 and Sb2Se3 [START_REF] Li | Ionic liquid-assisted synthesis of mesoporous α-Ga2O 3 hierarchical structures with enhanced photocatalytic activity[END_REF], [START_REF] Gao | A Single-Source Approach to Bi 2 S 3 and Sb 2 S 3 Nanorods via a Hydrothermal Treatment 2004[END_REF], and metal trichalcogenides and trihalides, as shown in Ultra-thin 2D nanostructures have shown potential as promising materials for a wide range of applications, including electronics, sensing, catalysis, optoelectronics, energy storage, and photonics, as evidenced by various studies [START_REF] Butler | Progress, challenges, and opportunities in two-dimensional materials beyond graphene[END_REF], [START_REF] Osada | Exfoliated oxide nanosheets: New solution to nanoelectronics[END_REF], [START_REF] Mas-Ballesté | 2D materials: To graphene and beyond[END_REF]. To date, a variety of methodologies have been proposed for synthesizing single-or few-layered 2D materials. These synthesis techniques can be broadly categorized into two fundamental approaches: (1) top-down and (2)

bottom-up techniques (as shown in Figure 12). Top-down techniques involve exfoliating 2D

nanostructures by delaminating individual atomic layers from the bulk through methods such as micromechanical cleavage [START_REF] Radisavljevic | Single-layer MoS2 transistors[END_REF], [START_REF] Mas-Ballesté | 2D materials: To graphene and beyond[END_REF], [START_REF] Li | Preparation and applications of mechanically exfoliated single-layer and multilayer MoS2 and WSe2 nanosheets[END_REF], laser ablation [START_REF] Mannix | Synthesis and chemistry of elemental 2D materials[END_REF], [START_REF] Wu | Biocompatible inorganic fullerene-like molybdenum disulfide nanoparticles produced by pulsed laser ablation in water[END_REF], ion intercalation [START_REF] Nicolosi | Liquid exfoliation of layered materials[END_REF],

or ultrasound exfoliation [START_REF] Coleman | Two-Dimensional Nanosheets Produced by Liquid Exfoliation of Layered Materials[END_REF]. In contrast, bottom-up techniques build up 2D materials from molecular precursors through thermal and/or chemical reactions, such as chemical vapour deposition [START_REF] Das | Synthesis, properties, and applications of 2-D materials: A comprehensive review[END_REF], [START_REF] Nano | Synthesis and Transfer of Large-Area Monolayer WS2 Crystals: Moving Toward the Recyclable Use of Sapphire Substrates[END_REF], wet chemical synthesis [START_REF] Altavilla | A novel wet chemistry approach for the synthesis of hybrid 2D free-floating single or multilayer nanosheets of MS2@oleylamine (M=Mo, W)[END_REF], atomic layer deposition [START_REF] Tan | Atomic layer deposition of a MoS2 film[END_REF], or thermolysis [START_REF] Liu | Growth of large-area and highly crystalline MoS 2 thin layers on insulating substrates[END_REF]. Some bottom-up methods allow 2D structures to be directly deposited onto substrates.

Layered van der Waals compounds are a class of materials that have strong covalent or ionic bonds within the plane of the material, resulting in stable sheets. However, these sheets are weakly bonded to each other through van der Waals forces [START_REF] Tan | Wet-chemical synthesis and applications of non-layer structured two-dimensional nanomaterials[END_REF]. Graphite is a well-known example of a layered van der Waals compound, consisting of weakly arranged graphene layers that can be easily separated (Figure 1-3) [START_REF] Chhowalla | Two-dimensional transition metal dichalcogenide (TMD) nanosheets[END_REF]. presents the top-down approach including : lithography [START_REF] Tapasztó | Tailoring the atomic structure of graphene nanoribbons by scanning tunnelling microscope lithography[END_REF] ,laser ablation [START_REF] Barcikowski | Impact and structure of literature on nanoparticle generation by laser ablation in liquids[END_REF] ,sputtering deposition [START_REF] Bell | Synthesis of amorphous carbon nitride using reactive ion beam sputtering deposition with grazing bombardment[END_REF] ,pulsed electrochemical etching [START_REF] Nissinen | Improved production efficiency of mesoporous silicon nanoparticles by pulsed electrochemical etching[END_REF] ,vapor deposition [START_REF] Kumar | Chemical vapor deposition of carbon nanotubes: A review on growth mechanism and mass production[END_REF] and bottom-up approach including : Sol-gel processing [START_REF] Yi | Preparation of Pb(Zr,Ti)O3 thin films by sol gel processing: Electrical, optical, and electro-optic properties[END_REF], chemical vapor deposition [START_REF] Li | Direct Spinning of Carbon Nanotube Fibers from Chemical Vapor Deposition Synthesis[END_REF] ,plasma or flame spraying [START_REF] Mädler | Controlled synthesis of nanostructured particles by flame spray pyrolysis[END_REF], laser pyrolysis [START_REF] Lacour | Laser pyrolysis synthesis and characterization of luminescent silicon nanocrystals[END_REF] and microemulsion [START_REF] Darbandi | Single quantum dots in silica spheres by microemulsion synthesis[END_REF].

In contrast with graphite, non-layered materials have crystals that are connected internally in three dimensions, making it challenging to obtain ultra-thin 2D structures through exfoliation due to the strong bonds between vertical layers and the lack of intrinsic driving force for anisotropic 2D growth [START_REF] Tan | Wet-chemical synthesis and applications of non-layer structured two-dimensional nanomaterials[END_REF]. However, in recent years, a few non-layered 2D nanomaterials, including metal oxides(e.g. TiO2, In2O3, SnO2) and metal chalcogenides(e.g. PbS, ZnSe, ZnS), have been synthesized through wet-chemical synthesis approaches [START_REF] Tan | Wet-chemical synthesis and applications of non-layer structured two-dimensional nanomaterials[END_REF], resulting in a limited number of ultra-thin 2D materials for non-layered crystals. These breakthroughs have expanded the available pool of 2D materials, albeit with a relatively small number of nonlayered crystals.

Motivated by the potential applications of 2D materials in various fields, researchers are actively exploring ways to produce 2D nanosheets from non-layered materials. The ability to synthesize ultra-thin 2D nanosheets from non-layered materials holds immense promise for a broader range of applications and functionalities.

By unlocking the potential of non-layered materials for 2D growth, researchers aim to overcome the limitations of conventional exfoliation techniques and enable the deposition of few-atom-thick, laterally large 2D materials. To address these challenges, scalable synthesis methods are needed to deposit large-area 2D materials on various substrates, which could fundamentally enrich the future prospects of 2D industries. 

Gallium compounds

Gallium, a post-transition metal, and its compounds, especially Ga2O3 and GaN, are notable for their distinct electronic and optoelectronic properties. These materials (in bulk form) find applications in power electronics, Ultraviolet (UV) photodetectors, LEDs, and high-electronmobility transistors. The following sections discuss the optoelectronic properties of gallium and its key compounds, Ga2O3 and GaN, which will represent the main focus of my PhD thesis.

Gallium Oxide (Ga2O3)

Ga2O3 is a semiconductor compound composed of group III and VI elements, and it has five different crystalline structures (α, β, γ, δ, and ε [START_REF] Girija | Organic additives assisted synthesis of mesoporous β -Ga 2 O 3 nanostructures for photocatalytic dye degradation[END_REF]), known as polymorphs. The two most studied structures are α-Ga2O3 and β-Ga2O3 [START_REF] Muruganandham | Controlled Fabrication of α -GaOOH and α -Ga 2 O 3 Self-Assembly and Its Superior Photocatalytic Activity[END_REF], [START_REF] Qian | Template-Free Synthesis of Highly Uniform r -GaOOH Spindles and & DESIGN[END_REF]. The α-Ga2O3 has a rhombohedral structure with a space group R3c, while β-Ga2O3 has a monoclinic structure with a space group C2/m, and lattice parameters a = 12.214 Å, b = 3.0371 Å, c = 5.798 Å, β = 103.83° [START_REF] Heine | Crystal structure of gallium metal[END_REF]. The crystal structure of monoclinic Ga2O3 is depicted in Figure 1-4 [START_REF] Janowitz | Experimental electronic structure of In2O3 and Ga2O3[END_REF]. The other two polymorphs, δ-Ga2O3 and ε-Ga2O3, were first reported by Roy et al. in 1952 [91]. These different polymorphs can be prepared under specific condition [START_REF] Roy | Polymorphism of Ga2O3 and the system Ga2O3-H2O[END_REF], [START_REF] Li | Synthesis and characterization of α-, β-, and γ-Ga 2o 3 prepared from aqueous solutions by controlled precipitation[END_REF].

The band-gaps of bulk gallium oxides are wide, ranging from Eg ≈ 4.2 -4.9 eV [60][87]. Due to its non-toxicity and stability, Ga2O3 has the potential to be used in a variety of applications, including electronics [START_REF] Sarfo | Investigating Liquid Metal Galinstan as a High Current Carrier and Its Interaction with Collector Electrodes[END_REF], photonics [START_REF] Tak | Recent advances in the growth of gallium oxide thin films employing various growth techniques -a review[END_REF], sensing [START_REF] Kim | Flexible pressure and touch sensor with liquid metal droplet based on gallium alloys[END_REF], resistive switching [START_REF] Mas-Torrent | Resistive Switching Observation in a Gallium-Based Liquid Metal/ Graphene Junction[END_REF], and bioinspired technologies [START_REF] Park ; Geun | Liquid Metal-Based Soft Electronics for Wearable Healthcare[END_REF]. Recently, research on 2D surface oxide films of liquid gallium alloys has been set up to realize economically affordable techniques for synthesizing and extracting high-quality 2D semiconductors [START_REF] Karbalaei | Plasma-enhanced elemental enrichment of liquid metal interfaces : Towards realization of GaS nanodomains in two-dimensional Ga 2 O 3[END_REF]. Until this point in time, researchers have developed various methods in liquid phase for creating Ga2O3, which include hydrothermal (with or without surfactant), microwave, and solvothermal techniques [START_REF] Li | Ionic liquid-assisted synthesis of mesoporous α-Ga2O 3 hierarchical structures with enhanced photocatalytic activity[END_REF], [START_REF] Girija | Organic additives assisted synthesis of mesoporous β -Ga 2 O 3 nanostructures for photocatalytic dye degradation[END_REF], [START_REF] Qian | Template-Free Synthesis of Highly Uniform r -GaOOH Spindles and & DESIGN[END_REF], [START_REF] Hou | Synthesis , characterization and photocatalytic activity of β -Ga 2 O 3 nanostructures[END_REF]- [START_REF] Li | Ionic liquid-assisted synthesis of mesoporous a-Ga2O3 hierarchical structures with enhanced photocatalytic activity[END_REF]. These methods produce nanorods, nanowires, and nanoplates with different sizes. However, these techniques usually demand lengthy processing times, which could take several days to attain satisfactory yields, and they also face challenges concerning flake size, thickness, and crystallinity, particularly in the case of 2D Ga2O3 nanosheets. As a result, producing large, homogeneous layers of 2D nanosheets across a wide area remains a significant obstacle. Reducing the thickness of the Ga2O3 material to just a few unit cells and depositing wafer-scale 2D nanosheets would have a substantial impact on this area of research for several reasons.

Gallium Nitride (GaN)

GaN, a third-generation semiconductor, possesses a wide direct band gap of 3.4eV [START_REF] Razeghi | Semiconductor ultraviolet detectors[END_REF]- [START_REF] Ponce | Nitride-based semiconductors for blue and green light-emitting devices[END_REF], a high breakdown electric field, and high carrier mobility [START_REF] Tong | Anisotropic carrier mobility in buckled two-dimensional GaN Lijia[END_REF], [START_REF] Khoa | Uncovering New Buckled Structures of Bilayer GaN: A First-Principles Study[END_REF]. GaN also exhibits chemical robustness and possesses piezoelectric and pyroelectric properties. These combined characteristics have led to its utilization in important applications such as optoelectronic quantum wells, various types of field-effect transistors, high-power devices, energy harvesting systems, sensors, and photocatalysts [START_REF] Bykhovski | Pyroelectricity in gallium nitride thin films[END_REF]- [START_REF] Huang | Gallium Nitride Nanowire Nanodevices[END_REF].

GaN is a semiconductor material that is widely used for optoelectronic devices such as LEDs and laser diodes due to its wide direct band-gap. The band-gap allows for the efficient emission of blue and near UV light [START_REF] Ponce | Nitride-based semiconductors for blue and green light-emitting devices[END_REF]- [START_REF] Katona | Ultraviolet light-emitting diodes based on group three nitrides[END_REF]. GaN has a wurtzite crystal structure, which consists of covalent bonds in all three dimensions (Figure 12345). There are different traditional techniques available for depositing thin films of GaN. Among these techniques, the most widely used are based on elemental epitaxial or chemical vapor deposition processes, which have been discussed in previous studies [START_REF] Kuykendall | Metalorganic chemical vapor deposition route to GaN nanowires with triangular cross sections[END_REF]- [START_REF] Chen | In situ inward epitaxial growth of bulk macroporous single crystals[END_REF].Although elemental epitaxial methods enable the precise formation of ultra-thin films, they can be expensive. On the other hand, chemical vapor deposition (CVD) methods are less expensive but are not suitable for creating thin films with a thickness of only a few unit cells due to their inherently non-uniform nucleation.

Until recently, there have been no reported methods capable of synthesizing 2D GaN nanosheets that are only a few nanometers thick, which remains a significant technological challenge. Therefore, there is a great deal of interest in creating large-area 2D GaN. Recently, Balushi et al. successfully synthesized 2D GaN using a migration-enhanced encapsulation technique [START_REF] Al Balushi | Two-dimensional gallium nitride realized via graphene encapsulation[END_REF], and for the first time confirmed that the atomic layer GaN is a wurtzite structure . However, this technique does not produce 2D GaN films with lateral dimensions that exceed a few hundred nanometers. Additionally, the resulting 2D nanosheets are encapsulated between conductive graphene sheets, which impedes their use in devices.

Therefore, a more scalable synthesis method is necessary to obtain large-area 2D GaN and fully explore the capabilities predicted through computational methods for practical applications.

Liquid metals for the synthesis of 2D materials 1.4.1 Key Attributes of bulk liquid metals

Liquid metals refer to metals and alloys that remain in a liquid state near room temperature, exhibiting both metallic and fluidic properties. Elemental liquid metals such mercury (Hg), gallium (Ga), rubidium (Rb), and cesium (Cs) remain in a liquid phase, along with liquid metal alloys that have even lower melting points. The variety of liquid metals and their corresponding melting points are summarized in While mercury has historically been widely used, its toxicity has restricted its commercial use since the 1990s [START_REF] Bernhoft | Mercury toxicity and treatment: A review of the literature[END_REF]. Gallium and gallium-based alloys have emerged as alternatives, offering remarkable properties for various applications(Stretchable wires [START_REF] Zhu | Ultrastretchable fibers with metallic conductivity using a liquid metal alloy core[END_REF],Soft electrodes [START_REF] Chiechi | Eutectic gallium-indium (EGaIn): A moldable liquid metal for electrical characterization of self-assembled monolayers[END_REF] and Antennas [START_REF] Hayes | Flexible liquid metal alloy (EGaIn) microstrip patch antenna[END_REF]) in the past three decades [START_REF] Dickey | Stretchable and Soft Electronics using Liquid Metals[END_REF].

Among the group of liquid metals, gallium has unique properties that make it attractive for a variety of applications that list in the following. Gallium has a very low melting point (~29.6 °C) compared to other post transition metals, which makes it liquid at room temperature.

This property makes it useful in applications such as soft robotics and flexible electronics.

Gallium also has low toxicity and low vapour pressure, making it safer to handle than other metals. Gallium persists in its liquid state from near room temperature to 2400°C [START_REF] Zhang | Corrected Values for Boiling Points and Enthalpies of Vaporization of Elements in Handbooks Corrected Values for Boiling Points and Enthalpies of Vaporization of Elements[END_REF]. The crystal structure of gallium features covalent dimers of gallium atoms [START_REF] Züger | Atomic structure of the α-Ga(001) surface investigated by scanning tunneling microscopy: Direct evidence for the existence of Ga2 molecules in solid gallium[END_REF] that are organized in an orthorhombic structure with a short bond length of 2.44 Å within the dimers [START_REF] Heine | Crystal structure of gallium metal[END_REF]. An interatomic distance of 2.71 to 2.79 Å is observed between the gallium dimers (Figure 123456) [START_REF] Heine | Crystal structure of gallium metal[END_REF].

The anisotropic nature of the gallium crystal structure has been harnessed in the development of liquid metal-based microfluidic devices, which can be used in a variety of applications such as drug delivery, chemical analysis, and microreactors. Gallium-based liquid metals have also been utilized in the field of 3D printing, as they can be easily printed and offer a high degree of flexibility and stretchability in the printed structures [START_REF] Daeneke | Liquid metals: Fundamentals and applications in chemistry[END_REF], [START_REF] Chrimes | Controlled Electrochemical Deformation of Liquid-Phase Gallium[END_REF]. Furthermore, the unique properties of gallium-based liquid metals have enabled the development of reconfigurable devices and optics, as well as reversible electrochemical systems for energy storage and conversion [START_REF] Daeneke | Liquid metals: Fundamentals and applications in chemistry[END_REF], [START_REF] Dickey | Emerging applications of liquid metals featuring surface oxides[END_REF], [START_REF] Kim | Recovery of nonwetting characteristics by surface modification of gallium-based liquid metal droplets using hydrochloric acid vapor[END_REF]. Gallium has a low bulk viscosity (approximately twice that of water) [START_REF] Spells | The determination of the viscosity of liquid gallium over an extended nrange of temperature[END_REF]. In addition, it has essentially no vapor pressure. It can consequently be handled as a liquid in ultra-high vacuum chambers. There is also no danger of inhalation in a laboratory environment or in an application space. It has metallic conductivity that is an order of magnitude lower than copper, but orders of magnitude larger than other liquids such as salt water. Its conductivity in the liquid state is larger than the solid state [START_REF] Mott | The resistance of liquid metals[END_REF].

An oxide layer forms on the surface of liquid gallium in any oxygen-containing environment [START_REF] Dickey | Emerging applications of liquid metals featuring surface oxides[END_REF]. The formation of the oxide layer is a self-limiting reaction, which means that it stops once a certain thickness is reached. This helps to ensure that the oxide layer remains thin and does not interfere with the properties of the liquid gallium. This thin yet robust oxide layer helps preserve the liquid gallium against deformation. Initially, the oxide layer was considered a problem because of its adhesive nature, making gallium difficult to use in fluidic applications [START_REF] Dickey | Eutectic Gallium-Indium (EGaIn): A Liquid Metal Alloy for the Formation of Stable Structures in Microchannels at Room Temperature[END_REF]. However, in recent years, the oxide layer has become the subject of interest because it provides opportunities to develop 2D materials (refer to section 1.4.2).

Surface Properties of liquid metal 1.4.2.1 Surface tension

Liquid metals differ from other liquids as they possess metallic bonding within their bulk phase.

This bonding is characterized by highly dispersed valence electrons, which determine the electronic properties of molten metals [START_REF] Zuraiqi | Liquid Metals in Catalysis for Energy Applications[END_REF], [START_REF] De Wijs | Electron-ion correlation in liquid metals from first principles: Liquid Mg and liquid Bi[END_REF]. Upon losing valence electrons, metal ions form without any ordered arrangement, unlike the structured atomic arrangements seen in solid metals. To maintain local charge neutrality, strong coulombic forces exist between the ions and electrons, allowing both to remain fluid. These coulombic forces result in a well-defined boundary on the surface of liquid metals, preventing the formation of isolated particles like free ions or electrons [START_REF] De Wijs | Electron-ion correlation in liquid metals from first principles: Liquid Mg and liquid Bi[END_REF], [START_REF] Regan | X-ray reflectivity studies of liquid metal and alloy surfaces[END_REF]. The surface of liquid metals is generally atomically flat due to their high surface tension, making them ideal for creating ultrathin 2D materials. To enhance the physical and chemical properties of the alloy mixture and explore more materials, one can alloy two or more liquid metal elements synergistically. When producing alloys, the solubility of metal is exponentially dependent on temperature in the dilute solution regime, which depends on various material properties like the atomic diameter, crystal structures, valency, and electronegativity. To produce alloys, these properties should be as similar as possible for the constituent metals [START_REF] Yatsenko | Dissolution rates and solubility of some metals in liquid gallium and aluminum[END_REF].

Liquid metals are characterized by their high surface tension, which can be determined by calculating the difference between their heat of evaporation and total pairwise atomic interactions within the bulk or through modeling atomic interactions [START_REF] Oriani | The Surface Tension of Liquid Metals and the Excess Binding Energy of Surface Atoms[END_REF]- [START_REF] Ding | Surface Chemistry of Gallium-Based Liquid Metals[END_REF]. Contact angle measurements between a droplet and a surface can be performed [START_REF] Kim | Recovery of nonwetting characteristics by surface modification of gallium-based liquid metal droplets using hydrochloric acid vapor[END_REF], [START_REF] Cui | Metallic Bond-Enabled Wetting Behavior at the Liquid Ga / CuGa 2 Interfaces[END_REF] via pendant drop methods [START_REF] Zavabeti | Ionic imbalance induced self-propulsion of liquid metals[END_REF], [START_REF] Korenko | Measurement of Interfacial Tension in Liquid -Liquid High-Temperature Systems[END_REF] and can also be modulated through electrochemical methods [START_REF] Song | Interfacial Tension Modulation of Liquid Metal via Electrochemical Oxidation[END_REF].

Nevertheless, measuring contact angle of liquid metal droplets with non-reactive surfaces results in underestimation due to oxide layer formation in air [START_REF] Handschuh-Wang | Surface Tension of the Oxide Skin of Gallium-Based Liquid Metals[END_REF]. The formation of an oxide layer leads to lower apparent surface tension and higher wetting ability, indicating significant interactions between surface oxides and solid interfaces. This fact presents the possibility of selective transfer of surface oxides onto different substrates and directly to devices.

Surface layering may also occur in liquid alloys, which reduces surface tension and causes the metal with the lower surface tension to dominate the interface. This surface layering is limited to a few atomic diameter on the surface [START_REF] Regan | X-ray reflectivity studies of liquid metal and alloy surfaces[END_REF], [START_REF] Martin | Complexity and Opportunities in Liquid Metal Surface Oxides †[END_REF] Surface layering occurs on molten alloys as a response to the abrupt termination of the metallic phase and serves to reduce surface tension, causing the metal with the lower surface tension to dominate the interface [START_REF] Dimasi | Pairing Interactions and Gibbs Adsorption at the Liquid Bi-In Surface : A Resonant X-Ray Reflectivity Study[END_REF].

Binary alloys like Eutectic Gallium-Indium (EGaIn) exhibit this phenomenon, and in situ sputtering in a vacuum caused the top surface to become significantly indium enriched, even though indium is the minority component [START_REF] Dickey | Eutectic Gallium-Indium (EGaIn): A Liquid Metal Alloy for the Formation of Stable Structures in Microchannels at Room Temperature[END_REF], [START_REF] Dumke | Sputtering of the gallium-indium eutectic alloy in the liquid phase[END_REF]. Gallium oxide forms on the surface of EGaIn due to its more favorable Gibbs free energy of oxide formation, suggesting that adding metallic solutes to molten metal can modify interfacial layering and surface oxide composition [10][161].

Surface Oxidation

The presence of ambient atmosphere or other oxygen-containing environments leads to the spontaneous formation of surface oxides on liquid metals(Figure 1-7(a)) [START_REF] Zavabeti | A liquid metal reaction environment for the room-temperature synthesis of atomically thin metal oxides[END_REF], [START_REF] Dickey | Eutectic Gallium-Indium (EGaIn): A Liquid Metal Alloy for the Formation of Stable Structures in Microchannels at Room Temperature[END_REF], [START_REF] Gupta | Recent development in 2D materials beyond graphene[END_REF]. At low to moderate temperatures, the growth of surface oxides is self-limiting and can be explained by the Cabrera-Mott process [START_REF] Cabrera | Theory of the oxidation of metals[END_REF]. According to the Cabrera-Mott theory, the initial growth kinetics are rapid and result in the formation of a few monolayers of oxide almost immediately upon exposure to molecular oxygen. As electrons from the metallic bulk ionize surface-adsorbed oxygen through a tunneling process, an electric field gradient is created across the oxide layer(Figure 1-7 (b)) [START_REF] Aukarasereenont | Liquid metals: An ideal platform for the synthesis of two-dimensional materials[END_REF]. This electric field, known as the Mott field, drives ion migration into the oxide layer and promotes growth. As the oxide layer becomes thicker, the field strength decreases, leading to the self-termination of the process and a final oxide thickness of a few nanometers. The thickness and oxidation kinetics of the oxide can be controlled by decreasing the oxygen partial pressure or through surface functionalization [START_REF] Farrell | Control of Gallium Oxide Growth on Liquid Metal Eutectic Gallium/ Indium Nanoparticles via Thiolation[END_REF], [START_REF] Wang | Precise Regulation of Ga-Based Liquid Metal Oxidation[END_REF]. Due to the weak interfacial force between the oxide skin and its parent liquid metal, this surface oxide can be easily isolated and utilized for its naturally occurring ultrathin interfacial compounds [START_REF] Zhang | Direct writing of electronics based on alloy and metal ( DREAM ) ink : A newly emerging area and its impact on energy[END_REF]. Like aluminium, gallium rapidly forms a thin oxide layer on its surface when exposed to ambient oxygen [START_REF] Downs | Chemistry of aluminium, gallium, indium, and thallium[END_REF]. This oxide layer is thin (∼0.7 nm according to X-ray diffraction studies done under vacuum conditions [START_REF] Regan | X-ray study of the oxidation of liquid-gallium surfaces[END_REF], although it is likely thicker under laboratory conditions [START_REF] Scharmann | Viscosity effect on GaInSn studied by XPS[END_REF], [START_REF] Plech | In situ x-ray reflectivity study of the oxidation kinetics of liquid gallium and the liquid alloy Ga0.93Hg0.07[END_REF]) and does not grow significantly thicker over time in dry air in the absence of a driving force or physical perturbation [START_REF] Plech | In situ x-ray reflectivity study of the oxidation kinetics of liquid gallium and the liquid alloy Ga0.93Hg0.07[END_REF], [START_REF] Chabala | Oxide-growth kinetics and fractal-like patterning across liquid gallium surfaces[END_REF]. It forms on alloys of gallium as long as the concentration of oxygen is greater than a few ppm [START_REF] Liu | Characterization of Nontoxic Liquid-Metal Alloy Galinstan for Applications in Microdevices[END_REF] and forms almost instantly in air at ambient conditions. Importantly, the oxide skin mechanically stabilizes gallium, enabling the formation of nonequilibrium shapes [START_REF] Dickey | Eutectic Gallium-Indium (EGaIn): A Liquid Metal Alloy for the Formation of Stable Structures in Microchannels at Room Temperature[END_REF], [START_REF] Ladd | 3D Printing of Free Standing Liquid Metal Microstructures[END_REF]. Typically, a liquid with low viscosity and high interfacial tension will form into spherical droplets to minimize interfacial tension. Studies using synchrotron-based techniques have shown that the electron density profile of liquid gallium features a minimum at the interface between the liquid metal and its naturally grown surface oxide, as depicted in Figure 12345678. This simple electron density model, proposed by Regan et al. [START_REF] Regan | X-ray study of the oxidation of liquid-gallium surfaces[END_REF], has been utilized to explore the oxidation of liquid gallium surfaces. The model indicates that the liquid/oxide and oxide/vacuum interfaces are atomically flat with a significant loss of electron density at the liquid core and oxide interface. This finding suggests that the interaction between the liquid metal and the surface oxide is weak. Moreover, the absence of a solid crystal structure inhibits cumulative atomic interactions, preventing macroscopic attachment [11], [START_REF] Khoshmanesh 1 | Liquid metal enabled microfluidics[END_REF]. Therefore, the interfacial 2D oxide skin shows minimal adhesion to the metallic core, providing a unique route for synthesizing and exfoliating various 2D materials [START_REF] Zavabeti | A liquid metal reaction environment for the room-temperature synthesis of atomically thin metal oxides[END_REF]. A minimum in the electron density distribution at the interface between the liquid Ga surface and its oxide indicates the absence of covalent bonds. Additionally, the nonpolar nature of liquid metals limits non-covalent interactions. These two factors result in weak attachment of native surface oxides to their molten parent metal [START_REF] Zhao | Liquid Metals : A Novel Possibility of Fabricating 2D Metal Oxides[END_REF]. 

2D material synthesis from liquid metals

As discussed in the previous section (1.4.1), the unique properties of liquid metals, such as their solubility, chemical reactivity, and weak interface force, make them an attractive option for the fabrication of 2D metal oxides. The interfacial oxide layers that develop naturally on liquid metals, such as gallium and gallium-based alloys, are considered high-quality 2D films.

These skins can be easily delaminated, offering opportunities for the synthesis of various 2D metal oxides [START_REF] Murphy | The Atomic scale structure of liquid metalelectrolyte interfaces[END_REF]. The interfacial oxide skin can be effectively delaminated because of the weak attractive force between the parent liquid metal and the surface oxide skin [START_REF] Zavabeti | A liquid metal reaction environment for the room-temperature synthesis of atomically thin metal oxides[END_REF].

There are various liquid metal-based techniques for isolating 2D metal oxides , including printing (touch [START_REF] Zavabeti | A liquid metal reaction environment for the room-temperature synthesis of atomically thin metal oxides[END_REF], squeeze [START_REF] Syed | Wafer-Sized Ultrathin Gallium and Indium Nitride Nanosheets through the Ammonolysis of Liquid Metal Derived Oxides[END_REF], [START_REF] Datta | Flexible two-dimensional indium tin oxide fabricated using a liquid metal printing technique[END_REF] or blade print [START_REF] Carey | Wafer-scale two-dimensional semiconductors from printed oxide skin of liquid metals[END_REF], [START_REF] Lin | Brushed Crystallized Ultrathin Oxides: Recrystallization and Deep-Ultraviolet Imaging Application[END_REF]- [START_REF] Zavabeti | High-mobility p-type semiconducting two-dimensional β-TeO2[END_REF] techniques), liquid phase growth and exfoliation (including sonication [START_REF] Syed | Sonication-Assisted Synthesis of Gallium Oxide Suspensions Featuring Trap State Absorption: Test of Photochemistry[END_REF] and bubbling [START_REF] Zavabeti | A liquid metal reaction environment for the room-temperature synthesis of atomically thin metal oxides[END_REF], [START_REF] Crawford | Synthesis of 2D cobalt oxide nanosheets using a room temperature liquid metal[END_REF], [START_REF] Alkathiri | Atomically thin TiO2nanosheets synthesized using liquid metal chemistry[END_REF] methods), and surface templated growth of materials on liquid metal surfaces [START_REF] Ghasemian | Self-Limiting Galvanic Growth of MnO2 Monolayers on a Liquid Metal-Applied to Photocatalysis[END_REF], [START_REF] Wang | Self-Deposition of 2D Molybdenum Sulfides on Liquid Metals[END_REF].

These methods are fast, substrate-independent, and can produce large-area 2D materials. The resulting 2D materials are ultra-thin (<5nm) with high homogeneity in thickness and are laterally large (centimeter scale), making them ideal alternatives to established epitaxial approaches [START_REF] You | Synthesis of 2D transition metal dichalcogenides by chemical vapor deposition with controlled layer number and morphology[END_REF], and mechanical exfoliation [START_REF] Huang | Universal mechanical exfoliation of large-area 2D crystals[END_REF]. Additionally, the smooth surface of the liquid metal allows for the synthesis of low-defect materials. Liquid metals offer a unique synthesis route for fabricating a wide range of 2D metal oxides and other 2D materials that would otherwise be impossible to synthesize. The video below is showing the different deposition techniques in details (Scan QR code).

Video 1. Different deposition techniques of 2D semiconductors from molten metal (published at [START_REF] Aukarasereenont | Liquid metals: An ideal platform for the synthesis of two-dimensional materials[END_REF])

Applications of 2D materials synthesized from liquid metals

The use of liquid metal-based techniques to synthesize 2D materials is becoming increasingly popular. By utilizing these new synthesis methods, 2D materials derived from liquid metals can easily access various devices and applications that would be difficult to achieve through conventional means. These materials are ultrathin (<10 nm [START_REF] Syed | Wafer-Sized Ultrathin Gallium and Indium Nitride Nanosheets through the Ammonolysis of Liquid Metal Derived Oxides[END_REF], [START_REF] Datta | Flexible two-dimensional indium tin oxide fabricated using a liquid metal printing technique[END_REF], [START_REF] Alkathiri | Atomically thin TiO2nanosheets synthesized using liquid metal chemistry[END_REF], [START_REF] Khan | Liquid metal-based synthesis of high performance monolayer SnS piezoelectric nanogenerators[END_REF]- [START_REF] Alsaif | Atomically Thin Ga2S3 from Skin of Liquid Metals for Electrical, Optical, and Sensing Applications[END_REF]), laterally large (centimetre scale [START_REF] Syed | Wafer-Sized Ultrathin Gallium and Indium Nitride Nanosheets through the Ammonolysis of Liquid Metal Derived Oxides[END_REF], [START_REF] Datta | Flexible two-dimensional indium tin oxide fabricated using a liquid metal printing technique[END_REF], [START_REF] Khan | Liquid metal-based synthesis of high performance monolayer SnS piezoelectric nanogenerators[END_REF], [START_REF] Jannat | Ordered-vacancy-enabled indium sulphide printed in wafer-scale with enhanced electron mobility[END_REF] compared to some materials produced using conventional methods [START_REF] Carey | Wafer-scale two-dimensional semiconductors from printed oxide skin of liquid metals[END_REF]), and highly mechanically robust [START_REF] Datta | Flexible two-dimensional indium tin oxide fabricated using a liquid metal printing technique[END_REF], [START_REF] Khan | Liquid metal-based synthesis of high performance monolayer SnS piezoelectric nanogenerators[END_REF]. With this technique, materials that were previously difficult to produce in a stable 2D form can now be achieved [START_REF] Syed | Wafer-Sized Ultrathin Gallium and Indium Nitride Nanosheets through the Ammonolysis of Liquid Metal Derived Oxides[END_REF], [START_REF] Datta | Flexible two-dimensional indium tin oxide fabricated using a liquid metal printing technique[END_REF], [START_REF] Alkathiri | Atomically thin TiO2nanosheets synthesized using liquid metal chemistry[END_REF], [START_REF] Khan | Liquid metal-based synthesis of high performance monolayer SnS piezoelectric nanogenerators[END_REF]- [START_REF] Alsaif | Atomically Thin Ga2S3 from Skin of Liquid Metals for Electrical, Optical, and Sensing Applications[END_REF], including semiconductors, van der Waals heterostructures, transparent conductive oxides, and other 2D metal oxides. These materials have been used in various devices, such as transistors and transistor components [START_REF] Carey | Wafer-scale two-dimensional semiconductors from printed oxide skin of liquid metals[END_REF], [START_REF] Alkathiri | Atomically thin TiO2nanosheets synthesized using liquid metal chemistry[END_REF],

photodetectors [START_REF] Alsaif | Atomically Thin Ga2S3 from Skin of Liquid Metals for Electrical, Optical, and Sensing Applications[END_REF], [START_REF] Alsaif | 2D SnO/In 2 O 3 van der Waals Heterostructure Photodetector Based on Printed Oxide Skin of Liquid Metals[END_REF], ITO capacitive touch screens [START_REF] Datta | Flexible two-dimensional indium tin oxide fabricated using a liquid metal printing technique[END_REF], piezoelectric nanogenerators [START_REF] Khan | Liquid metal-based synthesis of high performance monolayer SnS piezoelectric nanogenerators[END_REF], photocatalysts [START_REF] Syed | Sonication-Assisted Synthesis of Gallium Oxide Suspensions Featuring Trap State Absorption: Test of Photochemistry[END_REF], [START_REF] Ghasemian | Self-Limiting Galvanic Growth of MnO2 Monolayers on a Liquid Metal-Applied to Photocatalysis[END_REF], and gas sensors [START_REF] Alkathiri | Atomically thin TiO2nanosheets synthesized using liquid metal chemistry[END_REF], [START_REF] Alsaif | Atomically Thin Ga2S3 from Skin of Liquid Metals for Electrical, Optical, and Sensing Applications[END_REF], [START_REF] Idrus-Saidi | Liquid Metal-Based Route for Synthesizing and Tuning Gas-Sensing Elements[END_REF]. A summary of their properties is provided in Table 1-2 [START_REF] Goff | An exploration into two-dimensional metal oxides, and other 2D materials, synthesisedvialiquid metal printing and transfer techniques[END_REF]. Two-dimensional metal oxides and other 2D materials derived from liquid metals are extremely versatile and are increasingly utilised in a wide array of applications. For example, 2D metal oxides derived from liquid metals have been used for water filtration, the creation of dielectric materials [START_REF] Zavabeti | A liquid metal reaction environment for the room-temperature synthesis of atomically thin metal oxides[END_REF], [START_REF] Alkathiri | Atomically thin TiO2nanosheets synthesized using liquid metal chemistry[END_REF] and optoelectronic heterostructures [START_REF] Alsaif | 2D SnO/In 2 O 3 van der Waals Heterostructure Photodetector Based on Printed Oxide Skin of Liquid Metals[END_REF], [START_REF] Wurdack | Ultrathin Ga2O3 Glass: A Large-Scale Passivation and Protection Material for Monolayer WS2[END_REF]. A 2D SnO-based lateral memristor was recently demonstrated using an adapted touch-printing method involving liquid Sn [START_REF] Lee | Anomalous lattice vibrations of singleand few-layer MoS2[END_REF]. A 2D-SnO2 memtransistor that could be utilised in neuromorphic computing was also recently fabricated via a touchprinting method [START_REF] Huang | Artificial Synapse Based on a 2D-SnO2Memtransistor with Dynamically Tunable Analog Switching for Neuromorphic Computing[END_REF]. Another work reported the isolation of SnOx nanosheets through a bubbling synthesis, which was then utilised for electrocatalytic CO2 reduction [START_REF] Yuan | Two-Dimensional Amorphous SnOx from Liquid Metal: Mass Production, Phase Transfer, and Electrocatalytic CO2 Reduction toward Formic Acid[END_REF].

Eventually, two-dimensional materials, including 2D metal oxides ,have been exploited into a broad range of applications, such as biosensors, drug delivery, bio-imaging, dye-sensitized solar cells, and photodetectors, among others [START_REF] Khan | Recent developments in emerging two-dimensional materials and their applications[END_REF]. Additionally, future applications may arise in fields where liquid metals are already used, including the design of tunnel junctions [START_REF] Um | Thermally Controlled Phase Transition of Low-Melting Electrode for Wetting-Based Spontaneous Top Contact in Molecular Tunnel Junction[END_REF]- [START_REF] Cademartiri | Electrical Resistance of AgTS-S(CH2)n-1CH3//Ga2O3/EGaIn Tunneling Junctions[END_REF], soft electronics [START_REF] Lin | Handwritten, Soft Circuit Boards and Antennas Using Liquid Metal Nanoparticles[END_REF]- [START_REF] Khan | Influence of water on the interfacial behavior of gallium liquid metal alloys[END_REF], reverse electrowetting [START_REF] Tang | Liquid metal enabled pump[END_REF][211], and liquid metal based catalysis [START_REF] Zuraiqi | Liquid Metals in Catalysis for Energy Applications[END_REF]. In all these applications, the control of the surface oxide atop a liquid metal can be beneficial for tuning reactivity, contact properties, electric resistances, and the fluidic nature of the underlying metal. Furthermore, 2D metal oxides are expected to contribute to the burgeoning fields of van der Waals (vdW) heterostructures, optoelectronics, spintronics as well as the development of future wearable and transparent electronics [START_REF] Datta | Flexible two-dimensional indium tin oxide fabricated using a liquid metal printing technique[END_REF]. 

2D materials for integrated Optics

Utilizing semiconductor technology, integrated photonics can condense fiber or free-space optical circuits into on-chip photonic devices, leading to optical systems with reduced energy consumption, size, and cost. This cutting-edge technology has garnered attention for its potential in communication, sensing, imaging, and other fields. Over the past decade, therefore, corresponding optoelectronic devices in integrated photonic systems based on Si, Ge, glass, LiNbO3, and III-V semiconductors (such as GaAs, InP, InGaAs) including Lasers [START_REF] Zhou | On-chip light sources for silicon photonics[END_REF]- [START_REF] Xiang | Narrow-linewidth III-V/Si/Si 3 N 4 laser using multilayer heterogeneous integration[END_REF],

couplers [START_REF] Wohlfeil | A Two-Dimensional Fiber Grating Coupler on SOI for Mode Division Multiplexing[END_REF]- [START_REF] Soref | The past, present, and future of silicon photonics[END_REF], waveguides [START_REF] Hu | Si-CMOS-compatible lift-off fabrication of low-loss planar chalcogenide waveguides[END_REF]- [START_REF] Dai | Advanced Passive Silicon Photonic Devices With Asymmetric Waveguide Structures[END_REF], modulators [START_REF] Han | Efficient low-loss InGaAsP/Si hybrid MOS optical modulator[END_REF]- [START_REF] Zhou | Phase-Coded Microwave Signal Generation Based on a Segmented Silicon Mach-Zehnder Modulator[END_REF] and photodetectors [START_REF] Li | AlGaN photonics: recent advances in materials and ultraviolet devices[END_REF]- [START_REF] Gao | Photon-trapping microstructures enable high-speed high-efficiency silicon photodiodes[END_REF] have been systematically explored and continuously optimized. Heterogeneously integrated III-V/ silicon photonics has been successfully commercialized and currently serves as the backbone of communication technology [START_REF] Dai | Monolithically integrated 64-channel silicon hybrid demultiplexer enabling simultaneous wavelength-and mode-division-multiplexing Daoxin[END_REF]- [START_REF] Fukuda | Silicon photonic circuit with polarization diversity[END_REF]. As integration technology continues to advance rapidly, the performance of individual basic unit devices is approaching its fundamental limits. This presents a significant challenge in developing novel device architectures and operational mechanisms to enhance the capabilities of device components using the current optoelectronic materials platform. Additionally, the intrinsic limitations of silicon in terms of light emission and nonlinear optical properties necessitate the use of alternative materials with complementary properties. In this regard, two dimensional materials have gained attention in integrated photonics since the discovery of graphene in 2004. These materials offer new properties that can complement silicon photonics to enhance their performance [START_REF] Gan | Chip-integrated ultrafast graphene photodetector with high responsivity[END_REF], [START_REF] Liu | A graphene-based broadband optical modulator[END_REF], [START_REF] Ye | Broadband optical waveguide modulators based on strongly coupled hybrid graphene and metal nanoribbons for near-infrared applications[END_REF], as will be discussed in the section 1.5.2.

Integration strategies of 2D materials in optoelectronic devices

The integration process of 2D materials severely impacts the performance of the resulting optoelectronic devices based on the materials. Therefore, the synthesis of 2D materials and their integration into device applications are closely intertwined processes that are essential for advancing the field of 2D materials and developing high-performance devices. In this context, Jia, Linnan, et al. [START_REF] Jia | Fabrication Technologies for the On-Chip Integration of 2D Materials[END_REF] divided the integration process into two main groups: material synthesis and on-chip transfer. (Figure 123456789). Achieving large-area coating over complex device structures with high film uniformity is a critical requirement for practical device fabrication. Table 1- Liquid metal-based synthesis methods offer an alternative platform to assemble 2D materials as well as integrate them into useful devices. By way of example, a 2D SnO/In2O3 vdW heterostructure photodetector was successfully developed through the liquid metal touch printing method. Therefore, the direct integration of 2D materials onto devices offers the possibility of developing novel and high-performance electronic and optoelectronic devices (This will be the subject of Chapter 4:). 

Applications of 2D materials in photonics

Emerging integrated photonic applications such as flexible photonics [START_REF] Li | Integrated flexible chalcogenide glass photonic devices[END_REF]- [START_REF] Li | Monolithically integrated stretchable photonics[END_REF], mid- Resorting to the integration of 2D materials on silicon-based photonic devices and circuits can fill many of those needs, and greatly enhance devices performance (e.g., increasing light absorption or emission efficiency [268] [START_REF] Guo | High-performance silicon-graphene hybrid plasmonic waveguide photodetectors beyond 1.55 μm[END_REF]), provide mechanisms to tune device characteristics (e.g., laser emission wavelength), as well as enable new functionalities (e.g., frequency doubling [START_REF] Klein | Electric-field switchable second-harmonic generation in bilayer MoS2 by inversion symmetry breaking[END_REF], enhancement four-wave mixing (FWM) or self-phase modulation (SPM) [START_REF] Qu | Enhanced Four-Wave Mixing in Silicon Nitride Waveguides Integrated with 2D Layered.pdf[END_REF][272], or broadband light emission [START_REF] Zong | Black phosphorus-based van der Waals heterostructures for mid-infrared light-emission applications[END_REF]). ( Certain 2D materials possess zero or near-zero bandgaps, such as BP, PtSe2, and graphene, and are particularly promising for applications in the mid-infrared (MIR) [START_REF] Liu | Ultra-sensitive and plasmon-tunable graphene photodetectors for micro-spectrometry[END_REF]- [START_REF] Chu | 2 μm passively Q-switched laser based on black phosphorus[END_REF], such as thermal imaging, infrared homing, and spectroscopic sensing [START_REF] Lin | Mid-infrared integrated photonics on silicon: A perspective[END_REF]. A wide gamut of MIR devices, such as mode-locked pulses [START_REF] Qin | Mid-infrared mode-locked pulse generation with multilayer black phosphorus as saturable absorber[END_REF], modulators, and photodetectors [START_REF] Zhang | Infrared photodetector based on 2D monoclinic gold phosphide nanosheets yielded from one-step chemical vapor transport deposition[END_REF], have already been developed using 2D materials. Additionally, graphene, which has zero bandgap, appears as a prime candidate for supporting terahertz technology, which is essential for noninvasive and nondestructive sensing. Notably, a number of representative devices have been fabricated that demonstrate the generation [284][285], modulation [START_REF] Sensale-Rodriguez | Broadband graphene terahertz modulators enabled by intraband transitions[END_REF] and detection [START_REF] Kilic | THz field detection in graphene using deep neural networks[END_REF] of terahertz signal based on graphene.

Quantum emitters based on 2D materials [START_REF] Palacios-Berraquero | Large-scale quantum-emitter arrays in atomically thin semiconductors[END_REF], Moiré excitons in van der Waals' heterojunctions of two dimensional materials [START_REF] Yu | Moiré excitons: From programmable quantum emitter arrays to spin-orbit-coupled artificial lattices[END_REF][290], and gate-tunable frequency combs based on graphene/Si3N4 microresonator [START_REF] Yao | Gate-tunable frequency combs in graphene-nitride microresonators[END_REF] have been realized, which bring about a new possibility for quantum optics.Furthermore, despite being atomically thin, many 2D materials show large light absorption over a broad wavelength range [292][293], which is partially due to the strong quantum confinement in the direction perpendicular to the 2D plane.

Some 2D materials also exhibit ultra-high carrier mobility at room temperature [START_REF] Morozov | Giant intrinsic carrier mobilities in graphene and its bilayer[END_REF], [START_REF] Novoselov | Electric Field Effect in Atomically Thin Carbon Films[END_REF],

which can greatly enhance the response time of photodetectors and modulators [START_REF] Liu | A graphene-based broadband optical modulator[END_REF][296], but also enable novel physical phenomena. For example, bilayer graphene with magic-angle super lattices can work as both a superconductor and an insulator at a different angle [297][298].

Last but not least, the strong optical response of two dimensional materials is another advantage

[299]- [START_REF] Vermeulen | Graphene's nonlinear-optical physics revealed through exponentially growing selfphase modulation[END_REF], and nonlinear properties of two dimensional materials including ultrafast nonlinear absorption [START_REF] Miao | Ultrafast nonlinear absorption enhancement of monolayer MoS 2 with plasmonic Au nanoantennas[END_REF]- [START_REF] Valdueza-Felip | Nonlinear absorption at optical telecommunication wavelengths of InN films deposited by RF sputtering[END_REF], thermo-optic (TO) nonlinearities [START_REF] Zhang | Enhanced thermo-optic nonlinearities in a MoS2on-silicon microring resonator[END_REF], second-harmonic generation (SHG) [START_REF] Seyler | Electrical control of second-harmonic generation in a WSe2 monolayer transistor[END_REF]- [START_REF] Hsu | Second harmonic generation from artificially stacked transition metal dichalcogenide twisted bilayers[END_REF], and third-order non-linear optical response [START_REF] Jiang | Gate-tunable third-order nonlinear optical response of massless Dirac fermions in graphene[END_REF][310] have been observed, which are important for next-generation nonlinear photonic circuits.

2D materials for integrated nonlinear optics

As already alluded to in the introduction of this thesis, chip-based nonlinear optics could underpin new architectures for all-optical signal processing in future communication networks.

In this context, the nonlinear optical (NLO) properties of various 2D materials have been experimentally investigated. These can be orders of magnitude stronger than for conventional bulk materials [START_REF] Wen | Nonlinear optics of two-dimensional transition metal dichalcogenides[END_REF] because of the unique physical properties arising from their unusual electronic band structures. Integrating these materials into a scalable and silicon-compatible platform could provide a pathway towards realizing low-power nonlinear optical devices, such as cavity integrated nonlinear 2D material devices [START_REF] Majumdar | Hybrid 2D Material Nanophotonics: A Scalable Platform for Low-Power Nonlinear and Quantum Optics[END_REF]. Hence, rapidly growing interests have been attracted to various NLO properties of 2D materials. We can divide the nonlinear optical process into three main categories. First, coherent optical parametric processes, such as second harmonic generation (SHG), third-harmonic generation (THG) and four-wave mixing (FWM).

For example, graphene and graphene oxide generates strong THG and FWM signals, whereas MoS2 has unique SHG property that reflects its crystal symmetry in mono and few-layered samples. Second, nonlinear dissipative processes, including transient absorption (TA), two-photon absorption (TPA) and saturable absorption (SA) that pump electrons into the excited state [START_REF] Qu | Enhanced Four-Wave Mixing in Silicon Nitride Waveguides Integrated with 2D Layered.pdf[END_REF], [START_REF] Zhang | Enhanced Self-Phase Modulation in Silicon Nitride Waveguides Integrated With 2D Graphene Oxide Films[END_REF], [START_REF] Demongodin | Ultrafast saturable absorption dynamics in hybrid graphene/Si3N4 waveguides[END_REF], [START_REF] Demongodin | Pulsed Four-Wave Mixing at Telecom Wavelengths in Si3N4 Waveguides Locally Covered by Graphene[END_REF]. In particular, TA could be used to learn the transient dynamics of excited photo-carriers through a pump-probe based method and reveal ultrafast electronelectron or electron-phonon interactions. Third, incoherent photon up-conversion processes, such as two-photon fluorescence of MoS2, and nonlinear photoluminescence of graphene.

Taking graphene as an example, it possesses several relevant properties for nonlinear optics, including, beside a substantial nonlinear optical response, ultrafast photoexcitation dynamics, and significant thermal and optical threshold damage [315][316]. While graphene has received much attention, its intrinsic linear absorption makes it challenging for practical devices applications [314][313]. Graphene oxide represents a better trade-off with a large nonlinear optical response and a two orders of magnitude lower absorption [271][272]; it has been exploited in hybrid waveguides for enhanced FWM, SPM and parametric amplification. More generally, other 2D materials might be better suited for these nonlinear applications, motivating the development of new 2D materials, as intended in this thesis. Ideally, these materials should present a strong nonlinear optical response and a modest absorption, while being compatible with planar optical devices. Understanding their behavior and performance in this sense is crucial for developing next-generation photonic devices.

Gallium nitride: an attractive material for nonlinear optics

Group III-nitrides, specially GaN, owing to its optical properties and wide transmission ranges, are strong candidates for nonlinear optical applications [START_REF] Zheng | Integrated Gallium Nitride Nonlinear Photonics[END_REF]. GaN has a combined transparency range of LiNbO3 and GaAs (365nm to 13.6μm), and therefore this material has a potential of generating wavelengths in either far-Infrared (IR) or near-UV by sum-frequency generation (SFG) or difference frequency generation (DFG) [START_REF] Xiong | Integrated GaN photonic circuits on silicon (100) for second harmonic generation[END_REF]. Additionally, thanks to its non-centrosymmetric crystal structure, GaN possesses both 𝜒(3) and 𝜒(2) nonlinearities, which makes it appealing for electrically tuned chip-based photonic applications as well as secondharmonic generation (SHG).

Moreover, GaN possesses a wide transparency window ranging from ultraviolet to midinfrared due to its large bandgap of 3.4 eV. This property ensures that GaN does not exhibit two-photon absorption (2PA) or three-photon absorption (3PA) at telecommunications wavelengths. Consequently, GaN waveguides hold significant potential for all-optical nonlinear signal processing applications. In addition, the refractive index of GaN at telecom wavelengths is approximately 2.3. The GaN-on-insulator (GaNOI) platform, which offers a high refractive index contrast of around 0.6, is particularly advantageous for all-optical signal processing applications at telecom wavelengths. The nonlinear refractive index of GaN films at telecom wavelengths is 𝑛 2 ≈ 10 -18 𝑚 2 𝑊 -1 [319] [START_REF] Munk | Four-wave mixing and nonlinear parameter measurement in a gallium-nitride ridge waveguide[END_REF], which is about an order of magnitude larger than that of conventional platforms, such as Si3N4 [START_REF] Brasch | Photonic chip based optical frequency comb using soliton induced cherenkov radiation[END_REF][322],

AlN [START_REF] Gong | High-fidelity cavity soliton generation in crystalline AlN micro-ring resonators[END_REF][324], and LiNbO3 [325][326]. These unique properties make GaNOI platform attractive for compact chip-scale nonlinear photonic applications, such as frequency conversion, supercontinuum, and frequency comb generation. SH of thin films of GaN was investigated by J. Miragliotta et al. They showed that for thin films with thickness ranging from 0.74 to 5.3 μm, the SH transmission dependence on incident angle and film thickness permitted a determination of the film orientation and the coherence length [START_REF] Miragliotta | Linearand nonlinear-optical properties of GaN thin films[END_REF]. E. Fazio et al. [START_REF] Fazio | Measurement of pure Kerr nonlinearity in GaN thin films at 800 nm by means of eclipsing Z-scan experiments[END_REF],

performed eclipsing Z-scan analysis of GaN thin films at 800 nm, in order to escape any twophoton absorption at this wavelength and monitor a pure refractive (Kerr) nonlinearity. They have measured the third-order nonlinearities of GaN 302nm thick films in the near IR spectral region while no absorptive nonlinearity (TPA) was observed. Accordingly, efficient refractive Kerr nonlinearity was recorded 𝑛 2 = -(7.3±0.4) × 10 -14 𝑐𝑚 2 𝑊 -1 .

Various strategies can be combined to leverage the nonlinear optical properties of GaN for chip-based photonic devices. Air-suspended GaN waveguides and photonic crystal membranes have been successfully fabricated [START_REF] Dharanipathy | Near-infrared characterization of gallium nitride photonic-crystal waveguides and cavities[END_REF]. Moreover, there has been recent success in reducing propagation loss in GaN waveguides. GaN waveguides with the propagation loss coefficients as low as 0.65dB/cm at 1550nm, 1dB/cm at 1550nm, and 2dB/cm at 700nm have been realized

[330]- [START_REF] Chen | Low loss GaN waveguides at the visible spectral wavelengths for integrated photonics applications[END_REF]. High-Q-factor microring resonators (MRR) based on GaN have been demonstrated in [START_REF] Bruch | Broadband nanophotonic waveguides and resonators based on epitaxial GaN thin films[END_REF][319] a quality factor exceeding 5× 10 4 in the near-infrared, infrared, and visible wavelength ranges [START_REF] Bruch | Broadband nanophotonic waveguides and resonators based on epitaxial GaN thin films[END_REF], and a quality factor of 1× 10 5 at the Telecom wavelength range [START_REF] Stassen | High-confinement gallium nitride-on-sapphire waveguides for integrated nonlinear photonics[END_REF]have been reported. Munk, Dvir, et al. [START_REF] Munk | Four-wave mixing and nonlinear parameter measurement in a gallium-nitride ridge waveguide[END_REF] demonstrated a low-loss GaN ridge waveguide, enabling four-wave mixing at telecommunication wavelengths. Comparatively high nonlinear propagation parameters were observed, which confirm the potential of highly nonlinear GaN waveguides for all-optical signal processing applications.

Nonlinear integrated photonics based on III-nitrides is still in its early stages of development due to the challenges associated with defect mitigation and the lack of a native substrate. These results are presented alongside measurements of nonlinear coefficients in bulk materials. 

As shown in

Conclusion

The field of 2D materials research has been considered one of the most active and dynamic research areas in nanoscience these last few years, due to its exciting properties suitable for several applications. Despite the potential benefits of 2D nanosheets, there are several challenges to synthesizing them in an ultra-thin, large-area form on desired substrates. These limitations have thus far hindered their widespread use for industrial applications. For this, new synthetic approaches must be explored to empower the scalable deposition of wafer-scale 2D nanosheets while maintaining the features associated with their ultra-thin nature. In this chapter, I introduced the Liquid metal chemistry method, which has shown some potential for synthesizing a wide range of 2D materials, including Ga2O3 and GaN, which are at the center of my PhD work. The liquid metal chemistry method has quickly provided large areas, high crystalline quality, and uniform 2D materials. Moreover, with this approach the synthesis of 2D materials and their transfer to device are done within the same step. However, it is still in its infancy, requiring further research while offering significant potential for future discoveries.

Moreover, this technique shall provide an easy path for the direct transfer of 2D materials into device applications compared to traditional methods.

In addition, understanding the behavior of integrated 2D materials on the device and their performance is crucial for developing next-generation photonic devices. In this context, different properties of 2D material have been investigated. In the quest to discover new materials with nonlinear properties to complement silicon photonics for all-optical signal applications, we selected gallium oxide and gallium nitride as promising candidates. In particular, bulk and thin-film GaN have already demonstrated relevant nonlinear optical properties, which have been recently exploited in chip-based nonlinear devices. Currently, there is a paucity of research on the nonlinear properties of Ga2O3, highlighting a need for further exploration in this area. As such 2D GaN, which is compatible with the liquid metal chemistry, and its Ga2O3 precursor, will form the main focus of my PhD thesis. Developing photonic devices with such 2D materials that can be selectively deposited to functionalize an otherwise passive photonic circuit has been the main goal of my PhD work. The first technological challenge to address is the development of a process exploiting the liquid metal chemistry to synthesize high quality Ga2O3 and GaN 2D materials that are readily compatible with integrated optics. This will be the subject of chapter 2 and 3, which will subsequently describe the fabrication/ characterization tools and the associated results of the synthesis of such 2D materials. I leave the integration of these 2D materials into chip-based photonic devices to chapter 4. These last efforts demonstrate the compatibility of this new synthesis approach with integrated optics, and although I could not go as far as a nonlinear optical demonstration, my efforts still provide new pathways for photonic applications using hybrid material platforms.

Chapter 2: Fabrication and Characterization Methods of 2D

Materials

The focal point of this chapter is to establish a novel synthesis approach for 2D materials, specifically Ga₂O₃ and GaN that embodies the following attributes:

 Generic and cost-effectiveness.

 Favorable for integration with chip-based optical devices.

 Independent of the host substrate. This chapter unfolds the innovative synthesis technique that was developed during my PhD studies and, more specifically, implemented for Ga2O3 and GaN 2D materials. This method was primarily based on the liquid metal chemistry approach that was set up at RMIT before I began my PhD. I will also present the characterization tools we used to assess the structural and optical properties of the resulting 2D materials. Understanding these properties can help us make better materials for various applications.

Introduction

Among 2D materials, Ga₂O₃ and GaN stand out due to their interesting optoelectronic properties. Indeed, wide-band-gap Ga₂O₃ films have found unique applications in electronics [START_REF] Sarfo | Investigating Liquid Metal Galinstan as a High Current Carrier and Its Interaction with Collector Electrodes[END_REF], photonics [START_REF] Tak | Recent advances in the growth of gallium oxide thin films employing various growth techniques -a review[END_REF], sensing [START_REF] Kim | Flexible pressure and touch sensor with liquid metal droplet based on gallium alloys[END_REF] , resistive switching [START_REF] Mas-Torrent | Resistive Switching Observation in a Gallium-Based Liquid Metal/ Graphene Junction[END_REF], and bio-inspired artificial technologies [START_REF] Park ; Geun | Liquid Metal-Based Soft Electronics for Wearable Healthcare[END_REF]. Accordingly, the research on 2D surface oxide films of liquid gallium alloys is extensively established to realize economically affordable techniques for synthesizing and extracting high-quality 2D semiconductors [START_REF] Karbalaei | Plasma-enhanced elemental enrichment of liquid metal interfaces : Towards realization of GaS nanodomains in two-dimensional Ga 2 O 3[END_REF]. The choice of the synthesis technique profoundly impacts the morphologies and phases of Ga 2 O 3 and, therefore, its band structure [START_REF] Binions | Gallium Oxide Thin Films from the Atmospheric Pressure Chemical Vapor Deposition Reaction of Gallium Trichloride and Methanol[END_REF]- [START_REF] Geng | Large-scale synthesis and photoluminescence of single-crystalline b -Ga 2 O 3 nanobelts[END_REF]. Many different liquid phase methods have been shown for synthesizing Ga₂O₃ based on hydrothermal, microwave, and other solvothermal approaches [START_REF] Girija | Organic additives assisted synthesis of mesoporous β -Ga 2 O 3 nanostructures for photocatalytic dye degradation[END_REF], [START_REF] Qian | Template-Free Synthesis of Highly Uniform r -GaOOH Spindles and & DESIGN[END_REF], [START_REF] Hou | Synthesis , characterization and photocatalytic activity of β -Ga 2 O 3 nanostructures[END_REF], [START_REF] Zhang | A simple method to synthesize b -Ga 2 O 3 nanorods and their photoluminescence properties[END_REF],

[102]- [START_REF] Li | Ionic liquid-assisted synthesis of mesoporous a-Ga2O3 hierarchical structures with enhanced photocatalytic activity[END_REF]. However, such synthesis techniques generally require an extended processing time of up to several days for acceptable synthesis yields.

On the other hand, GaN has become one of the main materials for the fabrication of optoelectronic devices, such as high-efficiency light-emitting diodes [START_REF] Katona | Ultraviolet light-emitting diodes based on group three nitrides[END_REF][121] [START_REF] Wang | Control performance of a single-chip white light emitting diode by adjusting strain in InGaN underlying layer[END_REF], lasers [START_REF] Strite | and InN: A review[END_REF] [START_REF] Avramescu | InGaN laser diodes with 50 mW output power emitting at 515 nm[END_REF], photodetectors [START_REF] Khan | Ultraviolet Sensors Based on Insulating[END_REF], and solar cells [START_REF] Neufeld | High quantum efficiency InGaN/GaN solar cells with 2.95 eV band gap[END_REF], due to its wide bulk bandgap (3.4 eV) [START_REF] Ponce | Nitride-based semiconductors for blue and green light-emitting devices[END_REF]. Compared with its bulk counterpart, 2D GaN shows enlarged bandgap, thus allowing electronic components to hold their durability even at a higher voltage [START_REF] Al Balushi | Two-dimensional gallium nitride realized via graphene encapsulation[END_REF]. Sanders, Nocona, et al. theoretically demonstrated that light emission from monolayer 2D GaN is blue shifted into the deep ultraviolet range, which is promising for sterilization and water-purification applications [START_REF] Sanders | Electronic and Optical Properties of Two-Dimensional GaN from First-Principles[END_REF]. Chen, Yunxu, et al, fabricated a field effect transistor (FET) device on a 2D GaN crystal to probe the intrinsic electronic property of 2D GaN single crystals [START_REF] Chen | Growth of 2D GaN Single Crystals on Liquid Metals[END_REF]. However, traditional fabrication techniques, such as mechanical exfoliation, cannot be applied to produce 2D GaN due to its wurtzite structure which features covalent bonds in all three dimensions [START_REF] Moram | X-ray diffraction of III-nitrides[END_REF]. Among all the fabrication techniques, CVD and elemental epitaxial methods are the most common methods for the deposition of GaN thin film [START_REF] Kuykendall | Metalorganic chemical vapor deposition route to GaN nanowires with triangular cross sections[END_REF]- [START_REF] Sasaki | Substrate-polarity dependence of metal-organic vapor-phase epitaxy-grown GaN on SiC[END_REF]. The epitaxial method is yet inherently limited by high cost in order to allow control of the formation of thin films. Therefore, developing a substrate-independent, scalable process for synthesizing highly crystalline 2D GaN nanosheets across large areas would grant access to 2D GaN at a low cost.

Here we introduce a new synthesis technique for 2D Ga2O3 and GaN. This chapter will be organized as follows: first, we will present and explain our fabrication process, which nicely expands on the liquid metal chemistry that was recently developed at RMIT. We anticipate that this technique could allow the synthesis of ultra-thin Ga2O3 and GaN nanosheets that can be deposited directly onto flat substrates and silicon photonic devices such as optical waveguides. This technology thus paves the way towards the realization of hybrid photonic circuits that locally exploit 2D materials so as to adjust or enhance the optical properties of mature silicon photonic chips.

Next, we will describe the different characterization tools used to study these materials' structural and optical properties, such as atomic force microscopy (AFM), Transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS), and Spectroscopic ellipsometry (SE). Overall, this chapter will provide a comprehensive overview of the different tools and techniques that we used to fabricate and characterize Ga2O3 and GaN, specifically.

Interestingly, these techniques could be nicely expanded to a wide range of 2D materials achievable with liquid metal chemistry, as well as their oxide derivatives.

Fabrication of 2D materials

This section introduces our fast and low-cost synthesis approach, developed to produce ultrathin Ga2O3 and GaN which is compatible with the integration of 2D materials onto photonic devices. This technique has been recently developed [START_REF] Zavabeti | A liquid metal reaction environment for the room-temperature synthesis of atomically thin metal oxides[END_REF][11] at RMIT university and mainly relies on a two-step process: the first step uses the 'liquid metal chemistry' (LMC) method [START_REF] Zavabeti | A liquid metal reaction environment for the room-temperature synthesis of atomically thin metal oxides[END_REF] [11], which is proven effective for synthesizing large-scale ultrathin oxide and metallic layers with various compositions depending on the liquid metal precursor (Figure 2-1(a)) [START_REF] Aukarasereenont | Liquid metals: An ideal platform for the synthesis of two-dimensional materials[END_REF], the second step involves a microwave plasma-enhanced nitridation reaction (Figure 2-1(b)) [START_REF] Syed | Large Area Ultrathin InN and Tin Doped InN Nanosheets Featuring 2D Electron Gases[END_REF]. The LMC technique has been widely demonstrated for metals and metal alloys present in liquid form below approximately 350°C, which includes several post-transition elements, group 12 elements, and their alloys [START_REF] Aukarasereenont | Liquid metals: An ideal platform for the synthesis of two-dimensional materials[END_REF]. Using this LMC technique, we synthesized here ultrathin Ga2O3 nanosheets from the self-limiting oxide layer that forms on the surface of liquid gallium at room temperature in a few seconds. Next, our ultra-thin Ga2O3 nanosheets undergo a microwave plasma-assisted nitridation reaction, eventually resulting in ultra-thin GaN layers [START_REF] Syed | Large Area Ultrathin InN and Tin Doped InN Nanosheets Featuring 2D Electron Gases[END_REF]. These two steps illustrated in Figure 2-1 are explained in further details in the sections 2.2.1 and 2.2.2.

2D Ga2O3 fabrication using the squeeze printing process

Following the Cabrera-Mott oxidation model depicted in Figure 2-2, an ultrathin and selflimiting oxide layer forms on the liquid metal surface once it is exposed to the ambient atmosphere in the presence of oxygen. Electrons from the metal tunnel through the growing oxide shell, resulting in a self-generated electric field called the Mott field [START_REF] Syed | Large Area Ultrathin InN and Tin Doped InN Nanosheets Featuring 2D Electron Gases[END_REF], [START_REF] Goff | An exploration into two-dimensional metal oxides, and other 2D materials, synthesisedvialiquid metal printing and transfer techniques[END_REF], [START_REF] Aukarasereenont | Liquid metals: An ideal platform for the synthesis of two-dimensional materials[END_REF], [START_REF] Datta | Flexible two-dimensional indium tin oxide fabricated using a liquid metal printing technique[END_REF], [START_REF] Zavabeti | High-mobility p-type semiconducting two-dimensional β-TeO2[END_REF], [START_REF] Syed | Wafer-Sized Ultrathin Gallium and Indium Nitride Nanosheets through the Ammonolysis of Liquid Metal Derived Oxides[END_REF], [START_REF] Wurdack | Ultrathin Ga2O3 Glass: A Large-Scale Passivation and Protection Material for Monolayer WS2[END_REF] This field promotes the diffusion of metal and oxygen ions into the oxide shell, leading to oxide growth. The field strength reduces as the oxide becomes thicker until ion diffusion ceases. This oxide skin is weakly attached to its parent metal, easing exfoliation onto desired substrates through van der Waals adhesion. This indicates no covalent bond between the oxide layer and the base metal. Also, liquid gallium metal is a monoatomic liquid, which is nonpolar by default, which limits the possibility of interactions. Hence, the interaction between the liquid metal and the surface oxide is expected to be minimal. The lack of a stable crystal arrangement hinders the collective atomic bonding of liquid metal across extensive regions, confining any feeble connections to specific areas and preventing significant adhesion. Additionally, due to the liquid state of the parent metal and the absence of covalent bonds between the liquid metal together with the liquid form of the parent metal, there are only minimal interactions between the oxide and the liquid metal. . The SiO2/Si wafer with deposited 2D Ga₂O₃ sheet was submerged in hot ethanol for 1 minute. The metal inclusions can be entirely removed by wiping the SiO2/Si wafer with a polyurethane foam swab while submerged, whereas the Ga2O3 sheet remains anchored on the substrate (Figure 2-2 (e)) [START_REF] Syed | Printing two-dimensional gallium phosphate out of liquid metal[END_REF].

Plasma-assisted nitridation process to convert the 2D Ga2O3 to GaN

In our synthesis approach, which was outlined in Section 2.2, a crucial step is the conversion of 2D Ga2O3 to GaN through a nitridation process. There are two primary techniques for this conversion: ammonolysis reaction and Plasma-assisted nitridation process.

The ammonolysis method involves placing Ga2O3 sheets inside a quartz tube situated within a horizontal tubular furnace. Urea pellets serve as the source material for generating NH3 gas.

With the samples centrally positioned, the tube is heated to 800°C, and N2 gas is introduced at a flow rate of 50 sccm as the carrier gas. The entire process lasts for 90 minutes after the system reaches 800°C. At this temperature, the 2D Ga2O3 samples undergo a reaction with ammonia vapor, resulting in the formation of 2D GaN films [START_REF] Syed | Wafer-Sized Ultrathin Gallium and Indium Nitride Nanosheets through the Ammonolysis of Liquid Metal Derived Oxides[END_REF].

In contrast, the plasma treatment method for nitridation is quicker and can be conducted at lower temperatures, reducing the risk of damaging the final device. For our research, we employed the Plasma-Enhanced Chemical Vapor Deposition (PECVD) equipment at INL's NANOLYON cleanroom to convert the 2D oxide material into nitride. Our technique primarily utilized the plasma generation capability of the PECVD equipment. In this process, a precursor is combined with a plasma-generating gas mixture and exposed to a high-energy plasma field.

The plasma disintegrates the precursor gas into reactive species, which subsequently react with the substrate and 2D oxide material, forming a thin nitride film. As will be demonstrated in Chapter 3, our plasma-assisted nitridation process allows for precise control over the film's properties, including thickness, uniformity, and chemical composition. We will delve into the details of this process in subsequent sections. It is important to note that similar results for the nitridation process can be achieved using alternative equipment, provided it offers control over temperature, gas flow, pressure, and RF power.

General presentation of the plasma process and controlled parameters

The process chamber receives the reactant (and dilution) gases through a shower head situated above the sample. This arrangement ensures an even dispersal of the reactant gases across the sample surface. The shower head is subjected to an RF potential to generate a plasma. Energetic electrons in the plasma ionize or dissociate ("crack") reactant gases to generate more chemically reactive radicals. Instead of forming a thin film through deposition, in our case, these radicals actively participate in the conversion of the 2D oxide material into nitride, Within the PECVD reactor chamber, temperature, pressure, power or gas flow entering the chamber can be adjusted. All these parameters are more or less correlated and will have an impact on the quality of the film obtained, on its growth rate and on the precursor/substrate interactions. We remind these links below.

 Pressure

The pressure in the chamber during PECVD processes is of the order of magnitude of one Torr [START_REF] Ganji | Mathematical Evaluation of a-Si : H Film Formation in rf-PECVD Systems[END_REF] or a hundred milliTorr. These pressure conditions are necessary for the creation of a plasma and its adjustment is a matter of compromise between limiting ion bombardment, avoiding powder formation in the gas phase which can occur in high power/high pressure regimes.

 RF-Power Density

The power supplied by the RF generator allows for the decomposition of the precursors in the gas phase. This power is normalized with respect to the surface of the PECVD reactor electrode to define a power density, often given in mW/cm 2 . An increase in this power density increases gas phase precursor dissociation and therefore increases the concentration of reactive species and ions in the plasma. Depending on the gas mixture in the chamber as well as pressure, a low power density can lead to an unstable plasma or even to the impossibility of igniting it.

 Temperature

Temperature can be limited by the thermal constraints of the device, such as not exceeding 350°C for a substrate integrating Complementary metal-oxide-semiconductor (CMOS) elements with copper interconnections or working below the glass transition for polymers. In our work, where integration with chip-based optical devices is essential, managing temperature during fabrication is crucial. We must ensure temperatures remain within limits to protect both the material and the sensitive optical components like waveguides.

 Gas flow rate

Finally, the gas flow rate is adjusted for each gas, whether they are used as a precursor or a dilution gas. The total gas flow rate is typically given in standard centimeter cube per minute (sccm) and has an impact on the deposition rate since it is directly correlated to the amount of species available for deposition. Even more crucial than total gas flow rate is the relative gas flow rates of the different gases in the mixture, which controls the chemistry and the structural properties of the film. 234) is a shower-head electrode from which the gas mixture is injected into the chamber. The bottom electrode can be heated up to 380 °C and can hold substrates up to 12" in diameter. Among the 10 available gas lines, 2 gases are predominantly used for the nitridation process. Gases have purity levels of 99.9999 % to prevent any unwanted species to be incorporated in the film. The concentration and gas flow rate specification for each of these gases is given in 

Nitridation Procedure

We refer to the transformation of oxide sheets to nitride as the "nitridation process", in the rest of this thesis. During this step, gallium oxide sheets (synthesized by squeeze printing (2.2.1))

were converted into gallium nitride using a microwave-activated plasma reaction (Figure 2-5(a)). The synthesis was carried out in the PECVD equipment presented above using the parameter settings summarized in The small amount of H2 plasma was used to improve the nitridation process by reducing the oxide of the nanosheets. The adoption of plasma reaction assists the transformation of the metal oxides into metal nitrides in the existence of active and high energy nitrogen ions/species at relatively low temperature whereas in other chemical vapor deposition techniques, higher temperature prompts the chemical reaction between the metal oxide and nitrogen source.

During the full transformation of Ga2O3 to GaN, the samples were exposed to the plasma for 10 minutes. During the nitridation process, active NHx • (x = 1, 2) radical species are expected to form within the mixed N2 -H2 plasma [START_REF] Syed | Large Area Ultrathin InN and Tin Doped InN Nanosheets Featuring 2D Electron Gases[END_REF][353] [START_REF] Truscott | Microwave plasma-Activated chemical vapor deposition of nitrogen-Doped diamond. II: CH4/N2/H2 plasmas[END_REF] aside from a variety of NHx • radicals, atomic and ionic N • and N + species are formed. These species are highly reactive and promote the conversion of Ga2O3 to GaN at comparatively low temperatures and pressures.As we shall see, the values mentioned above for the plasma treatment allowed us to fully transform the oxide films into nitrides. However, by slightly modifying the process parameters, such as power and time, we were able to achieve an intermediate level between Ga2O3 and GaN, as will be explained in chapter 3.

Characterization of the synthesized 2D materials

Characterizing 2D materials such Ga2O3 and GaN is critical for understanding their unique properties and potential applications. For example, these materials exhibit size-dependent properties due to the reduced dimensionality, which makes them different from their bulk counterparts. Therefore, the morphology characterization of 2D Ga2O3 and GaN is essential for tailoring their properties for specific applications. We thus used in this thesis a combination of characterization equipment that allow us to assess both the morphology, as well as structure and composition of the thin-films, and eventually their optical properties. However, characterization of 2D Ga2O3 and GaN pose significant challenges. To overcome these challenges, various tools and techniques have been developed to synthesize and characterize 2D Ga2O3 and GaN, and grasp a comprehensive overview of their interdependent properties.

In this section we will describe the different characterization tools used to study these materials' structural and optical properties, such AFM, TEM, XPS, and Spectroscopic Ellipsometry.

Table 2-3 summarizes the different tools and the information they allow us to retrieve.

All of these tools will be extensively used to study the 2D materials synthesized through the 2 step process explained in section 2.2, and the related results will be presented in detail in Chapter 3. 

Ellipsometry

Film thickness, Optical properties (index, dispersion)

Topography characterization

The topography of 2D materials plays a crucial role in their physical, chemical, and electronic properties. Therefore, accurately characterizing their topography, including their uniformity and smoothness, is essential for understanding their behaviour and optimizing their performance. Various techniques have been applied to study the topography of 2D materials.

Among them, AFM and TEM have been actively used for this project. These topography techniques provide different types of information about the structure of 2D materials, and their combined use can offer a comprehensive understanding of these materials.

AFM

The The Scanning Probe Microscope (SPM) revolutionized microscopy by enabling the observation of atoms, earning it the title of the third-generation microscope after optical and electron microscopes. Among SPMs, the Scanning Tunneling Microscope (STM) was the first to image conductive materials through tunneling current. Its limitation with non-conductive materials was overcome by the AFM. AFM can be used to measure almost any sample, regardless of its electrical properties. It is an imaging method with a resolution below one nanometer [START_REF] Ohnesorge | True Atomic Resolution by Atomic Force Microscopy Through Repulsive and Attractive Forces P[END_REF]. It is designed to provide the surface topography of a sample at the nanoscale by measuring the force between a probe and the sample.

The AFM uses a micro-machined cantilever with a sharp tip to measure a sample's surface topography. Central to AFM technology is the feedback loop that maintains a constant force between the cantilever tip and the sample's surface by adjusting the height of the cantilever.

This force is dependent on the distance between the atoms at the tip of the cantilever and those on the sample's surface, and can be either attractive or repulsive. The feedback loop thus plays a crucial role in accurately mapping the topography. The AFM is versatile and can be applied to characterize conductive, non-conductive, and even some liquid samples with minimal sample preparation, which is an advantage over the extensive preparation required for TEM or SEM. In this context, as shown in AFM was conducted on the ultrathin layer of deposited Ga2O3 on the SiO2 substrate to measure the thickness of the deposited layer (2.5 nm in this example).

In our study, AFM was the primary characterization technique used after each deposition. Our decision to utilize AFM stemmed from two key motivations. First, it enabled us to verify deposition in target areas which were impossible to visualize with optical microscopy. SEM, though a powerful tool, was unable to provide information on specific devices like planarized waveguides due to the fabrication technique that obscures surface features from SEM detection.

Thus, AFM was the only technique capable of detecting the deposition area in these cases.

Secondly, AFM empowered us to quantify the thickness of the deposited material. This was achieved by calculating the height difference between the substrate and our material.

Additionally, AFM facilitated the measurement of the homogeneity scale of the layer, the details of which are elaborated in section 3.2.1 of Chapter 3.

Nevertheless, while AFM was invaluable in our research, it is important to note its limitations.

With the Park NX10 AFM that we used, the maximum scan size is constrained to 50x50 µm in the X and Y directions. For our research, it was imperative to determine whether the area of deposition covered the entire device or just partially, and the 50 µm scan size was not sufficiently large to conclusively assess this. A larger scan size would have been invaluable for examining larger areas of the sample, and providing a more comprehensive understanding of the deposition coverage across the device.

TEM

Electron microscopy techniques, including TEM is capable of revealing crystal structures at an atomic or nanometer scale [START_REF] Forbes | Ultramicroscopy Elemental mapping in achromatic atomic-resolution energy-fi ltered transmission electron microscopy[END_REF]. TEM is a high-resolution imaging technique that uses a beam of electrons to interact with a sample, providing images with resolutions as high as a few picometers. This makes TEM a powerful tool for microstructure characterization, allowing the imaging of materials with sub-nanometer precision and providing direct insights into a material system down to the atomic scale. Unlike traditional microscopy techniques that rely on visible light, TEM can reveal the atomic structure and defects of 2D materials, providing crucial information for understanding their behavior and potential applications in various fields. control and changing between imaging and diffraction mode, and an aperture between the electromagnetic lenses to limit light scattering and control the beam diffraction. For the specimen, it requires ultra-thin samples (< 100 nm). Finally, when the electrons pass through the lenses, this data is used to create images directly on a fluorescent screen or onto a computer screen using a charge-coupled device (CCD) camera. grid suits the synthesis process presented in this work (T°<320 °C). The Si3N4 TEM grids also feature pores which are completely empty and allow analysis of the suspended flakes through the pore without contribution of the TEM grid.

Spectroscopy characterization

Spectroscopy characterization plays a critical role in understanding the properties and behavior of 2D materials. It can provide valuable information about the electronic and optical properties of 2D materials, including their band structure, carrier mobility, binding energy, chemical composition, and optical index. This project uses XPS and ellipsometry as the primary spectroscopy characterization of our 2D materials. Combining these two methods can provide a comprehensive description of our materials. XPS can give information about the material's surface, elemental composition and chemical state. In contrast, ellipsometry can provide information about the thickness and optical properties of a thin film. Together, these techniques can provide a complete picture of the material's structure, composition, and properties.

XPS

X-ray photoelectron spectroscopy (XPS) is now the most commonly used technique for surface analysis, as driven by the increasing importance of surfaces, thin films, and interfaces in various areas of science and technology. XPS has also been an essential tool to characterize 2D materials, providing valuable information on their chemical composition, bonding configuration, and electronic structure. It has been widely used to study the surface chemistry of 2D materials, such as graphene [START_REF] Al-Gaashani | XPS and structural studies of high quality graphene oxide and reduced graphene oxide prepared by di ff erent chemical oxidation methods[END_REF][362], transition metal dichalcogenides [START_REF] Young | Chemically exfoliateed transition metaal dichalcogenide nanosheets-based wearable thermoeelectric generators[END_REF][364], and black phosphorus [365][366]. With its high sensitivity to elemental composition and chemical states, and accuracy in quantitative analysis, XPS has proven to be a valuable technique in advancing the understanding of 2D materials and their potential applications. Additionally, the advent of micro-XPS, which employs a focused X-ray beam (10µm), enables localized information to be obtained. This is particularly useful for studying heterogeneities and specific regions within 2D materials, thereby providing insights into their structural and compositional attributes on a nanoscale and microscale.

Working principle

The working principle of XPS relies on the photoelectric effect, whereby electrons (called photoelectrons) are ejected from the surface sample placed under Ultra High Vacuum (UHV) conditions and exposed to soft X-rays. The elements present in the sample can be identified from the analysis of the kinetic energies and binding energies of the detected photoelectrons. The XPS instrument consists of five essential components: 1) An Ultra-High Vacuum (UHV) system that ensures surface cleanliness and allows for longer photoelectron path lengths, 2) An electron analyzer, which includes a lens system for collecting photoelectrons, an analyzer for filtering electron energies, and a detector for counting electrons, 3) An X-ray source, typically using Al Kα radiation, and employing a monochromators with a quartz crystal, 4) A low-energy electron flood gun for analyzing insulating samples, and 5) An ion gun, used for sample cleaning and depth profiling ( VersaProbe III offered a more precise 1-micrometer spot size, which was essential for the detection and localized characterization of 2D materials on the device. This precise spot size is particularly relevant for the integrated devices analyzed later in chapter4. Furthermore, both XPS are equipped with a flood gun which inundates the analysis chamber with low energy Ar+ ions and electrons. For this project, we specifically employed a low-energy electron flood gun as a strategy to mitigate the surface charging effect exhibited by the synthesized materials, avoiding the need for an ion gun. This ensured a more accurate representation of the materials' properties. with the spectral values for thin film and ultrathin Ga2O3 [START_REF] Mahmoodinezhad | Low-temperature growth of gallium oxide thin films by plasma-enhanced atomic layer deposition[END_REF][10], which confirms the effectiveness of this characterization technique for 2D materials. Additionally, we employed XPS to quantitatively determine the conversion of Ga2O3 to GaN, which will be presented in the results section 3.2.2 of Chapter 3.

Ellipsometry

While the above techniques give us some valuable information about the composition, morphology and structure of the ultra-thin films, ellipsometry is a powerful tool for characterizing their optical properties. These are particularly relevant when intending to integrate these 2D materials within optical devices. In recent years, ellipsometry has indeed been applied to measure the optical properties of 2D materials as well [368][369].

Ellipsometry is a commonly used technique to analyze the optical properties of materials, whether in bulk or thin-film format, by using polarized light. The name 'ellipsometry' comes from the fact that polarized light often becomes elliptical upon light reflection. In other words, ellipsometry relies on the measurement of light polarization upon its reflection (or transmission) on a sample under oblique incidence. If the surface is covered by a thin film (or a stack of films), the entire stack and substrate influence the change in polarization. Hence, we can infer information about the characteristics such as its thickness and optical index of the films within the stack. Ellipsometry boasts several notable advantages including its high precision and exceptional sensitivity, particularly when dealing with ultrathin films (less than 10 nm). Moreover, it is a non-destructive, non-invasive, non-contact, and rapid measurement technique.In addition to these benefits, Ellipsometry is characterized by its broad application range. It can accurately measure the ratio of two values with high reproducibility and is versatile in its material applicability, including polymers, semiconductors, dielectrics, metals, and alloys. This makes it ideally suited for in-situ applications Two values, Ψ and Δ, are typically measured by ellipsometry, to characterize the polarization of the light interacting with the sample as a function of wavelength. From these values, several characteristics of the single layer or complex multilayer stack can be retrieved, including the layer thickness(es) within 1 angstrom to several microns, the presence of a native oxide/ roughness at the layer interfaces, the refractive index and extinction coefficient of the different layers, or their anisotropy. Ellipsometry can also indirectly provide material properties such as its composition, crystallinity, microstructure, and film uniformity, which affect the optical properties.

Working principle of the ellipsometry

When light is reflected or transmitted by a sample at oblique incidence, it is classified as being p-and s-polarized depending on the oscillatory direction of its electric field with respect to the plane of incidence. Each polarized light wave shows a distinct reflection behaviour. This effectively distorts the polarization of randomly polarized light upon reflection.

The (𝜓, ∆) measured from ellipsometry are defined from the complex ratio 𝜌 of the amplitude reflection coefficients (𝑟 𝑝 and 𝑟 𝑠 ) for p-and s-polarizations [START_REF] Losurdo | Ellipsometry at the Nanoscale[END_REF] [371] [START_REF] Nestler | Determination of refractive index and layer thickness of nm-thin films via ellipsometry[END_REF]:

𝜌 ≡ 𝑡𝑎𝑛𝜓 exp(𝑖∆) ≡ 𝑟 𝑝 𝑟 𝑠 (2-1)
Figure 2-9 depicts the schematic illustration of ellipsometric measurement.

Ellipsometry components

In my PhD studies, the ellipsometric characterization was performed using a HORIBA-Jobin

Yvon UVISEL Ellipsometry at INL (setup is shown in the Figure 2-10), which is composed of a broadband light source, a polarizer, an analyser, and a monochromator that disperses and redirects the reflected light to two different photo-detectors. The light source is a Xenon lamp, which spans a broad range of wavelengths between 250 and 2100 nm. Once the light passes through the initial polarizer, it becomes linearly polarized before reflecting off the sample at an oblique angle of typically 70°. To determine the polarization state of the reflected beam, an output head consisting of a photoelastic modulator and an analyzing polarizer is employed.

Throughout the measurement process, the two polarizers remain fixed, while the photoelastic modulator is used to generate a modulated phase shift in the reflected beam.

Data analysis in ellipsometry

Ellipsometry is an indirect process in the sense that it does not directly measure physical quantities. Besides, in the case of phase modulated ellipsometers, like the one we use, we do not measure the ellipsometric angles 𝜓 and ∆ directly. A model is typically defined by a "semi-infinite" substrate and a stack of one or several layers defined by their thickness and the material(s) In the fitting process, the thickness of the layer and the parameters of the dispersion formula can be obtained. The quality of the fit is measured by χ2 (equation 2-

2) which should be minimized.

χ 2 = min ∑ [(Ψ theoretical -Ψ experimental ) 2 + (∆ theoretical -∆ experimental ) 2 ] n i=1
(2 -2)

In order to restrict the degrees of freedom of the model, we suppose our materials are isotropic and homogeneous. For materials exhibiting an amorphous to microcrystalline transition, the homogeneity hypothesis may not be valid along the growth direction. This can be accounted for by subdividing the grown layer into several layers in our model which can be fitted independently.

Dispersion formula for Ga2O3 and GaN

Ellipsometry is a versatile tool but it is very sensitive to the choice of the model used for fitting the data. As such, choosing the appropriate dispersion formulas to retrieve the refractive index of our layers is critical. According to the expected nature and chemistry of the fitted material, different dispersion formulas should be used. The dispersion formula is used to calculate the complex dielectric function of the material ε. In this work, for both Ga2O3 and GaN, the The Tauc-Lorentz model is a mathematical formula for the frequency dependence of the complex-valued relative permittivity, referred to as the dielectric function. The model has been used to fit the complex refractive index of amorphous semiconductor materials at frequencies greater than their optical band gap. The dispersion relation bears the names of Jan Tauc and Hendrik Lorentz, whose previous works [START_REF] Tauc | Optical Properties and Electronic Structure of Amorphous Germanium[END_REF] were combined by G. E. Jellison and F. A.

Modine to create the model [374][375]. The formula is defined as below:

Where:

 E is the photon energy,  𝜀 is the relative permittivity,  𝜀 ∞ is the value of the relative permittivity at infinite energy,  A is a fitting parameter related to the strength of the Lorentzian oscillator,  C is a fitting parameter related to the broadening of the Lorentzian oscillator,  E 0 is a fitting parameter related to the resonant frequency of the Lorentzian oscillator,  E g is a fitting parameter related to the bandgap of the material, Solving the integral: Where:

𝜀 = 𝜀 1 + 𝜀 2 (2 -3) 𝜀 1 =
A Tauc-Lorentz model has been employed to perform a fitting analysis on the experimentally acquired data, facilitating the extraction of the optical properties of the ultrathin film deposited on the substrate. The primary result of the deduced optical properties will be quickly covered in the next section, and there will be a more in-depth look at all the details in Chapter 3.

Ellipsometry in 2D compounds

We show in this section, as a typical example, the results of ellipsometry conducted on our Ga2O3 2D materials deposited on Quartz, and the associated fitting analysis. . This layer followed the Classical dispersion formula, and measurements were done at a 55° angle of incidence, which was used as a fitting parameter. After the fitting process, a value of 0.6 was extracted for χ², quantifying the difference between the observed data and the values expected based on the model used for fitting. 

𝑎 𝑙𝑛 = (𝐸 𝑔 2 -𝐸 0 2 )𝐸 2 + 𝐸 𝑔 2 . 𝐶 2 -𝐸 0 2 (𝐸 0 2 + 3𝐸 𝑔 2 ) 𝑎 𝑎𝑡𝑎𝑛 = (𝐸 2 -𝐸 0 2 ) (𝐸 0 2 + 𝐸 𝑔 2 ) + 𝐸 𝑔 2 . 𝐶 2 𝜁 4 =(𝐸 2 -𝛾 2 ) 2 + 𝛼 2 .𝐶 2 4 𝛼=√4. 𝐸 0 2 -𝐶 2 𝛾 = √ 𝐸 0 2 - 𝐶 2 2
data and fitted data of an ultrathin layer of Ga₂O₃ (3nm thickness) deposited on quartz. The measurements were conducted at a 55° angle of incidence, which was also used as one of the fitting parameters. For the fitting, a model was used that included a quartz layer underneath a Ga₂O₃ layer and followed the Tauc-Lorentz dispersion formula. After fitting, values of 2.6±0.72 for Ga₂O₃ thickness and 0.89 for χ² were extracted. The fitting results confirm that specific models accounting for the 2D Ga₂O₃ response can reproduce the measured spectra relatively well. Ellipsometry was also extensively used for measuring the effective index of 2D materials before and after the nitridation process, as discussed in Section 3.2.4 of Chapter 3

Summary

In this chapter, we presented a process to realize ultrathin Ga2O3 and GaN films by liquid metalbased van der Waals squeeze printing technique followed by a plasma-assisted nitridation process. This method was primarily based on the liquid metal chemistry approach that was developed at RMIT a few years ago. During my PhD studies, I mastered it further to provide a better control of the final composition of the 2D material layer between Ga2O3 and GaN, as will be shown in chapter 3. Essentially, our approach exploits the oxidation of naturally occurring interfacial oxide of molten gallium to first synthesize ultra-thin Ga2O3 layers. A subsequent microwave plasma enhanced nitridation reaction, is then further used to obtain ultrathin 2D GaN sheets. As will be demonstrated in chapter 3, the use of a reactive N 2 /H 2 plasma was found to induce the replacement of oxygen atoms with nitrogen. The proposed synthesis method is scalable and fast, providing access to large-area 2D GaN nanosheets. Most specifically, the plasma treatment that allows us to reliably control the composition of the resulting 2D material layer. Alterations to the plasma treatment conditions outlined in this chapter enable precise manipulation of the composition within the Gallium OxyNitride (GaOxNy) layer, which acts as an intermediate between GaN and Ga2O3 that will be discuss in the next chapter. Most importantly, I will demonstrate in chapter 4 that, as intended for optoelectronic applications, this method lends itself to the integration of the resulting 2D materials within chip-based optical devices.

This chapter also presented the different characterization techniques (XPS, AFM, TEM, and ellipsometry) that we used to characterize the composition, structure and optical properties of the resulting nm-thick, GaN, and Ga2O3 ultrathin films. We showed that these characterization tools are adequate to characterize ultra-thin layers of materials, confirming their sensitivity to 2D materials.

The next chapter will present the combined characterization results and discuss the resulting properties of Ga2O3, GaN and GaOxNy ultra-thin layers that can be achieved in a controlled manner with this approach.

Introduction

In the previous chapters, we delved into the fabrication of ultarthin Ga2O3 and GaN using the liquid metal chemistry method. The use of PECVD for transforming Ga2O3 to GaN was also discussed, along with the characterization tools employed in the study. In this chapter, we present the results of our characterization techniques introduced in chapter 2; namely AFM, TEM, XPS, Ellipsometry, Raman, and DFT, which confirm the effectiveness of our synthesis method as well as the nitridation process. AFM and TEM were utilized to study the morphology, thickness, and crystalline structure of ultrathin Ga2O3 and GaN. XPS provided a comparative analysis of the material composition before and after the nitridation process.

Furthermore, we examined the optical properties of ultrathin Ga2O3 and GaN through the measurement of their refractive indices by spectroscopic ellipsometry. These results were then compared with those obtained from density functional theory (DFT) calculations conducted by our collaborators at NANO Istituto Nanoscienze(Modena-Italy) . Notably, our collaborators at CEA-LETI-LTM laboratory (Grenoble, France) performed Raman measurements to furnish additional information regarding the structure of the synthesized material.

As we transition to Chapter 3, our focus will shift to exploring GaOxNy compounds, which represent an intermediate phase between Ga2O3 and GaN, as well as examining our characterization results for these compounds. The presence of intermediate phases in the transformation process between ultrathin Ga2O3 and GaN is a significant aspect of this research. Within this chapter, we will scrutinize the various parameters that influence the formation of these intermediate phases during the PECVD process. To analyze the intermediate phases, we will employ the characterization tools introduced in Chapter 3. XPS will be deployed to investigate the elemental composition and chemical states of the intermediate phases. Most importantly, through XPS measurements, we demonstrate that this two-step process allows us to access intermediate GaOxNy compounds. Additionally, we will obtain information on the distinct optical properties of the intermediates through ellipsometry measurements. This study significantly broadens our knowledge of GaOxNy compounds, which have been relatively under-researched compared to their GaN and Ga2O3 counterparts [START_REF] Martin | Thermodynamics, structure and kinetics in the system Ga-O-N[END_REF].

In conclusion, this chapter offers a thorough analysis of the topography, structure and optical properties of ultrathin Ga2O3 (before nitridation), GaN (after nitridation), and their intermediate levels. Our aim is to augment our understanding of ultrathin gallium compounds and to explore the potential applications of these materials across various fields.

Characterization

The composition and optical properties of these ultra-thin-films are characterized using XPS, AFM, TEM, Ellipsometry and Raman measurements. Finally, the optical indices measured by ellipsometry are compared with theoretical results obtained by density functional theory (DFT).

AFM results for Ga2O3 and GaN

In order to explore the uniformity of the synthesized ultrathin GaN sheets, atomic force microscopy (AFM) was conducted on the deposited layer. 

XPS result for Ga2O3 and GaN

To ascertain that a quantitative conversion of Ga2O3 to GaN occurred, XPS was utilized and relevant spectra were compared before (Figure 3 It is important to note that the full spectra provide an overview of the elemental composition, but the difference between the peaks corresponding to gallium oxide and gallium nitride are not clearly distinguishable in this representation. To gain a deeper understanding of the changes undergone by nitridation process, a detailed examination of the peaks is necessary which is shown in Figure 3-3. eV corresponding to 2p 3/2 and 2p 1/2 , respectively, in good agreement with the spectral values for bulk and ultrathin Ga2O3 and GaN [START_REF] Schön | Auger and direct electron spectra in X-ray photoelectron studies of zinc, zinc oxide, gallium and gallium oxide[END_REF][10] [START_REF] Elkashef | Sputter deposition of gallium nitride films using a GaAs target[END_REF]. As anticipated, these signatures do not exhibit significant changes between Ga2O3 and GaN, with the two peaks observed at the same positions for both samples. Indeed, the electronic configuration of gallium remains similar in both compounds, with only the anion (oxygen or nitrogen) being replaced during the transformation process. As a result, the Ga 2p doublet peaks serve as a reliable marker for the presence of gallium in both Ga2O3 and GaN films, while further analysis is required to differentiate between the two materials and investigate the extent of the conversion. To that aim, we compared next the O1s peak for Ga2O3 and GaN (i.e. before and after the nitridation process).In peak with a slightly larger binding energy centered at 398.1 eV, which is attributed to nitrogen bonded to gallium (Ga -N) [381][380]. This peak signifies the formation of the Ga-N bond, which is not observed in the XPS analysis of Ga2O3. It is unfortunately not prominent since it is overlapped with the Ga-LMM peak and is thus not used for quantification.Consequently, it is deduced that the presence of the two peaks at binding energies of 394.7 eV and 397.4 eV, characteristic of the Auger lines of gallium (Ga LMM), persist in GaN. However, the emergence of an additional peak at 398.1 eV (orange line), exclusive to the post-nitridation spectrum, substantiates the conversion of oxygen to nitrogen, and corroborates the formation of Ga-N bonds. N1s is the allowable range of the Nitrogen binding energy for the Thermo Fisher Scientific XPS instrument. We have performed control experiments by measuring the Auger peaks of Ga, GaN and Ga2O3 within the binding energy ranges of Nitrogen to identify and deconvolve Ga LMM Auger peaks. The Ga-LMM has a lower binding energy than that of metal Nitride peaks.

TEM result for Ga2O3 and GaN

To gain further insight into the atomic structure of the synthesized Ga2O3 and GaN nanosheets, TEM and HRTEM were utilized to further characterize the morphology and assess the crystallographic properties of the Gallium sheets before and after nitridation. In this case, gallium oxide was directly deposited onto a Si3N4 TEM grid. 

Ellipsometry results for Ga2O3 and GaN

The knowledge of the Ga2O3 and GaN optical index is essential to properly design galliumbased optoelectronic devices. Although the optical properties of Ga2O3 thin films (down to sev.

10's nm) have been investigated [START_REF] Liu | O2 and CO sensing of Ga2O3 multiple nanowire gas sensors[END_REF]- [START_REF] Marie | Growth and characterization of gallium oxide thin films by radiofrequency magnetron sputtering[END_REF], there remains a lack of experimental measurements of the properties of ultrathin Ga2O3 sheets with a few nanometers thickness.

Similarly, for GaN, the available data focus on either bulk or thin layers (mentioned in Table3.2) and are not directly applicable to ultrathin (~3nm) GaN sheets [START_REF] Lin | Refractive indices of wurtzite and zincblende GaN[END_REF]- [START_REF] Yu | Optical properties of AlxGa1-xN/GaN heterostructures on sapphire by spectroscopic ellipsometry[END_REF].

Therefore, the properties of both materials in their 2D form remains elusive. Spectroscopic ellipsometry (SE) has been used to study bulk optical properties of Ga2O3 [START_REF] Onuma | Spectroscopic ellipsometry studies on β-Ga2O3 films and single crystal[END_REF]- [START_REF] Roberts | Low temperature growth and optical properties of α -Ga 2 O 3 deposited on sapphire by plasma enhanced atomic layer deposition[END_REF] and GaN [START_REF] Kim | Optical properties of GaN by using ellipsometry and a band calculation[END_REF], [START_REF] Zauner | Spectroscopic Ellipsometry on GaN: Comparison Between Hetero-epitaxial Layers and Bulk Crystals[END_REF]- [START_REF] Biswas | Spectroscopic ellipsometry studies of GaN films deposited by reactive rf sputtering of GaAs target[END_REF]. Here, we characterized the Ga2O3 and GaN ultrathin films with spectroscopic ellipsometer. The substrate used for all the ultra-thin films was SiO2/ Si with a 3 nm thick silica layer.The refractive indices of Ga2O3 and GaN were determined through the fitting of Is and Ic parameters of SE data obtained before or after the full nitridation process Regarding the bandgap, denoted as Eg, for Ga2O3 it was found to be 3.8±0.11 eV, which is intermediate between the bandgap of bulk β-Ga2O3 (4.8 eV) /𝛾-Ga2O3 (7.0eV) [START_REF] Ping | Properties and perspectives of ultrawide bandgap Ga2O3 in optoelectronic applications[END_REF] and that of a monolayer (2.9 eV) [START_REF] Shao | Two-dimensional Ga2O2 monolayer with tunable band gap and high hole mobility[END_REF]. Similarly, for GaN, the extracted bandgap was 2.4±0.2 eV, which is lower than the bandgap of bulk GaN (3.4 eV) [START_REF] Daudin | How to grow cubic GaN with low hexagonal phase content on (001) SiC by molecular beam epitaxy[END_REF] and closer to a single-layer (2.95

eV) [START_REF] Sanders | Electronic and Optical Properties of Two-Dimensional GaN from First-Principles[END_REF] .These findings confirm that the bandgap of the synthesized ultra-thin materials are distinct from both bulk and monolayer forms, which is consistent with our results given the thickness of the materials (3 nm) being greater than that of a monolayer but less than their bulk (for GaN is lower than the monolayer). AOI denotes the Angle of Incidence, which was determined and subsequently fixed at 70 degrees in accordance with the measurements. From this fitting procedure, we can extract the optical index of the films, so as to assess the linear optical properties of the Ga2O3 and GaN ultra-thin materials and their potential difference. from Ref. [START_REF] Zauner | Spectroscopic Ellipsometry on GaN: Comparison Between Hetero-epitaxial Layers and Bulk Crystals[END_REF] and GaN epilayers (n~2.42 at 632 nm) from Ref. [START_REF] Boher | SPECTROSCOPIC ELLIPSOMETRY APPLIED TO THE CHARACTERIZATION OF GaN AND AlGaN/GaN HETERO-STRUCTURES[END_REF]. Moreover, the refractive index at 1200 nm is consistent with Ref [START_REF] Biswas | Spectroscopic ellipsometry studies of GaN films deposited by reactive rf sputtering of GaAs target[END_REF] for GaN films with 532 nm thickness.Moreover, the extinction coefficient, denoted as "k", an equally important parameter, we observe a remarkable trait in both Ga2O3 and GaN at a wavelength of 1550 nm. The extinction coefficient, which is an indicator of the absorption characteristics of the material, is found to be 0 for both materials at this wavelength. This essentially implies a negligible absorption of the incident light, highlighting the high transparency of the materials in this spectral region. This behavior of Ga2O3 and GaN at 1550 nm is of essential significance, 

DFT result for Ga2O3 and GaN

In addition, density functional theory (DFT) calculation was used by our collaborator at CNR-NANO Istituto Nanoscienze (Modena-Italy) to study crystallographic and optical indices of GaN and Ga2O3.

First principles simulations were carried out to corroborate the optical properties of GaN and Ga2O3. The theoretical calculations were performed within the framework of density functional theory (DFT) as implemented in the Quantum Espresso package [START_REF] Scandolo | First-principles codes for computational crystallography in the Quantum-ESPRESSO package[END_REF] (see the methods section). In order to get rid the statistical complexity of dealing with amorphous systems, in this work we considered the electronic and optical properties only of Ga2O3 crystal in the monoclinic phase. Even though this may appear as a too crude approximation, this choice is justified by the well-known observation [START_REF] Miao | Polarization-Driven Topological Insulator Transition in a GaN = InN = GaN Quantum Well[END_REF][START_REF] Ponce | Nitride-based semiconductors for blue and green light-emitting devices[END_REF] that the polar nature of the bonds in metaloxides (with respect, e.g. to the covalent character of Si or Ge) makes the system almost insensitive to structural distortions. As a consequence, the optical properties of most amorphous oxides are very similar to their crystalline counterpart [START_REF] Miao | Polarization-Driven Topological Insulator Transition in a GaN = InN = GaN Quantum Well[END_REF][START_REF] Ponce | Nitride-based semiconductors for blue and green light-emitting devices[END_REF]. The experimental data for ultrathin layers well fit the results for extended bulk (i.e. extended) materials. This confirms the observation that ultra-thin films fast recover the bulk/thick film properties, getting rid of strong-localization and or major surface effects.

Raman measurement

To gain a deeper understanding of the structure of synthesized ultrathin materials, we conducted Raman measurements on deposited gallium on SiO2/Si substrates both before and after the nitridation process. These measurements were carried out by our collaborator at the CEA-LETI-LTM laboratory in Grenoble, France. The instrument employed for this purpose was LabRAM Soleil_Impact_Renishaw, which is renowned for being an apt tool for studying In Figure 3456789, broad bands attributed to the bending and stretching of the Ga-O bond can be observed in the Raman spectrum of γ-Ga2O3. This observation confirms the γ-phase of Ga2O3 and also strongly supports the notion of γ-Ga2O3 having low crystallinity [START_REF] Jędrzejczyk | Wide band gap Ga2O3 as efficient UV-C photocatalyst for gas-phase degradation applications[END_REF] . These findings are in agreement with our TEM results, as depicted in Figure 34, which show the amorphous structure of Ga2O3. Furthermore, recent studies have reported that the γ-Ga2O3 phase is not completely crystalline but may exhibit varying degrees of crystallinity. It is regarded as either an amorphous phase or a partially crystalline phase. The crystalline structure of γ-Ga2O3 may contain defects, imperfections, or structural disorders that bestow specific properties upon the material [START_REF] Ratclif | Tackling Disorder in -Ga2O3.pdf[END_REF] .It is imperative to highlight that the crystallinity of γ-Ga2O3 can fluctuate depending on the growth conditions or preparation methods employed. In certain instances, regions of crystalline order may emerge, while other portions of the structure may remain more disordered [START_REF] Ratclif | Tackling Disorder in -Ga2O3.pdf[END_REF].

In Figure 3456789, the red spectra represents the Raman measurements for GaN. The detected peak is consistent with GaN peaks reported in the literature [START_REF] Cros | Ultraviolet Raman spectroscopy of GaN/AlN core-shell nanowires: Core, shell, and interface modes[END_REF][424] [START_REF] Asghar | P HYSICAL J OURNAL Characterization of reactively evaporated TiO 2 thin films as high[END_REF]. The observed red shift of 5 cm⁻¹ can be attributed to the marginally compressive strain in the sample relative to that of Ga2O3/Si. It is also show that the intensity of Raman spectra slightly increases after the growth of GaN films. These results corroborate the transformation of γ-Ga2O3 into γ-GaN on Si through nitridation. 

Tailoring GaOxNy Composition via Plasma assisted nitridation

Although extensive research has been conducted on Ga2O3 and GaN, limited information is available on their compounds, specifically GaOxNy [START_REF] Martin | Thermodynamics, structure and kinetics in the system Ga-O-N[END_REF]. Given that Ga2O3 and GaN find broad applications in luminescent and power devices, investigating their alloys could offer opportunities to enhance device performance by controlling their composition and crystalline structure. For example, by modifying its optical bandgap, GaOxNy may serve as an efficient photo catalyst [START_REF] Iqbal | Sonochemical Assisted Solvothermal Synthesis of Gallium Oxynitride Nanosheets and their Solar-Driven Photoelectrochemical Water-Splitting Applications[END_REF]- [START_REF] Asakura | Synthesis of gallium oxynitride nanoparticles through hydrothermal reaction in the presence of acetylene black and their photocatalytic NO: X decomposition[END_REF]. Some experimental studies have reported the conversion of GaN to Ga2O3 through oxidation, as well as the transformation of Ga2O3 to GaN via nitridation [START_REF] Ghazali | Synthesis of gallium nitride nanostructures by nitridation of electrochemically deposited gallium oxide on silicon substrate[END_REF][432] [433]. Nonetheless, no comprehensive research has been conducted on GaOxNy films while progressively altering the O/N composition ratio. In one of the pioneering studies by H. Akazawa, the fabrication of GaOxNy thin films was investigated [START_REF] Akazawa | Crystallization of gallium oxynitride thin films[END_REF]. These films were produced by RF magnetron sputtering on Si (100) substrates at room temperature, using O2 and N2 gas flows at different rates. However, the film thickness in Akazawa's work ranged between 300 and 400 nm. In contrast, our research focuses on much thinner films with a thickness of approximately 3 nm, representing a novel approach to the study of GaOxNy films and their properties.

In this research, I explore the formation of intermediate levels during the transformation of ultrathin Ga2O3 to ultrathin GaN using plasma. Since the presence of oxygen can significantly affect the material's structural, electrical, and optical properties, in this context, during the nitridation process, careful control of the plasma conditions, such as power, pressure, and gas flow, could enable us to tailor the level of oxygen substitution. The ultrathin Ga2O3 films are fabricated using the squeeze printing technique of liquid metal chemistry method (explained in Chapter 2 section 2.2.2.1 and 2.2.2). To investigate the intermediate levels and understand how the degree of oxygen substitution in the developed ultrathin material samples could be changed, the nitridation process was conducted under various powers and time durations. Modifying the nitridation time allows us to monitor the gradual transition and identify the various intermediate levels during the transformation process. This approach enables us to determine the optimal conditions for achieving desired intermediate compositions and properties. In addition to varying the time, I also adjusted the PECVD power. By investigating the impact of power on the transformation process, we can better understand the role of plasma energy in driving the reaction kinetics and controlling the formation of intermediate levels. After fabricating the intermediate levels, we will analyze its composition using XPS. Detailed XPS results for these intermediate levels will be presented in the subsequent characterization section, along with the analysis and discussion.

Overall, this comprehensive study of the intermediate levels formed during the transformation of ultrathin layer of Ga2O3 to ultrathin layer of GaN using PECVD provides valuable insights into the underlying mechanisms and the influence of process parameters on the resulting material properties. By systematically varying the time and power, we can elucidate the optimal conditions for achieving specific intermediate compositions of these materials for various applications.

XPS result for GaOxNy

The presence of residual oxygen can significantly affect the structural, electrical, and optical properties of the material. In this context, during the nitridation process, a carefully control of the plasma conditions, such as power, pressure, and gas flow, enable the tailoring of the amount of the oxygen substitution. In order to explore how the oxygen substitution can be controlled, the nitridation process was conducted under various powers and time duration. First, the plasma was generated for 10 minutes at different powers of 100 W, 150 W and 200 W.

High-resolution spectra were achieved by 50 eV pass energy and 70 number of scans. The typical penetration depth of XPS is ~10 nm of the surface. The liquid metal exfoliated materials thickness is always below this range. In addition, these deposited layers are flat and smooth.

The few nm thickness nature of the sheets is always within the interaction volume of the XPS.

The sensitivity factor of N 1s, Ga2p and O 1s are 1.8, 21.4 and of 2.93, respectively obtained from Thermo Fisher Advantage Software version 5.9. The software automatically incorporates the correct sensitivity factor during the fitting of the spectra to calculate the atomic ratios. In addition, the spot size of XPS was set to 400 µm covering large lateral area of the sheets and the measurements were repeated on several samples (N=x) resulting in a small measured standard deviation.

In the XPS spectra, the peaks corresponding to gallium, oxygen, and nitrogen were fitted, using Gaussian functions, to estimate the area under each peak, which is proportional to the concentration of the respective element. These raw peak areas were then corrected using element-specific sensitivity factors to account for the different cross-sections for photoelectron emission among the elements. The corrected peak areas were normalized such that the sum of the atomic percentages of all elements equals 100% for each set of conditions. As displayed in presents the XPS results of 5 samples with different nitridation times varying from 0 to 10 min.

During this experiment, power was kept constant at 150 W. Over time, as plasma exposure continues, the Ga2O3 film is gradually converted to GaN. This evidence is proved by the decrease in the oxygen percentage to gallium bond from 57.2% to 2.5% and an increase in the rate of nitrogen bonds to gallium from 0% to 46.5%.This demonstrates that the control of either the power and/or time duration of the plasma assisted nitridation process allows us to reliably obtain intermediate compositions of GaOxNy films. This provides us with an additional degree of freedom to change the optical properties of the ultra-thin film deposited on top of optical devices.

Ellipsometry result for GaOxNy

In order to measure the effective index of the intermediate GaOxNy layers, ellipsometry spectra were fitted using the effective layer model. This model considers that the layer on top of the SiO2/ Si consists of a composite (mixed) GaN/ Ga2O3 layer, with each material following the Tauc-Lorentz dispersion formula extracted from the previous measurements (i.e. for the GaN and Ga2O3 layer, see section 3.2.4 above). For these intermediate GaOxNy compounds, only the percentage ratio of GaN to Ga2O3 in the mixed layer is used to fit the data, while the According to this model, we extract the effective refractive index, extinction coefficient of the GaOxNy layer in the modeled composite layer. indicate that the optical properties of the ultra-thin GaOxNy film can be reliably adjusted by the plasma parameters in a controlled manner, as would be useful for photonic device applications. 

Conclusion

In conclusion, we have successfully synthesized ultra-thin layer of Ga2O3, which are amorphous and approximately 3 nm thick. This was confirmed through the use of AFM and TEM. Additionally, we observed the wurtzite crystalline structure of GaN using TEM. We further validated the effectiveness of the nitridation process by employing XPS and Raman spectroscopy.

Our ellipsometry measurements provided crucial insights by revealing the unique refractive indices of Ga2O3 and GaN. We compared the refractive index of the ultra-thin layers with data on bulk and thick materials from existing literature. Interestingly, the refractive index of these ultra-thin sheets of Ga2O3 and GaN does not vary significantly with thickness, at least down to the 3 nm thickness that we explored. Furthermore, we determined the bandgap of the ultra-thin Ga2O3 and GaN through an ellipsometry fitting model. The bandgap that we obtained is smaller than that of bulk materials but larger than that of a single layer, as reported in the literature. We also found that the optical properties measured through ellipsometry are in agreement with DFT calculations. It is worth mentioning that these DFT calculations were carried out for bulk Ga2O3 and GaN. Hence, our results indicate that the material we synthesized belongs to a category of ultra-thin materials, as it possesses distinct properties compared to traditional 2D materials considering their bandgap and DFT calculation.

Considering that Ga2O3 and GaN are widely used in luminescent and power devices, characterization of their alloys could enable the development of materials with tailored properties and provide opportunities to improve device performance if the composition and crystal structures can be properly controlled. Our work demonstrates that the plasma-assisted nitridation process allows us to fine-tune the composition of GaOxNy ultra-thin layers. This results in optical properties that are intermediate between Ga2O3 and GaN. We characterized the composition and optical properties of the GaOxNy ultra-thin films using XPS and ellipsometry measurements. The measurement of the effective index of the GaOxNy ultra-thin film across the visible and near-IR range shows that a significant and controlled 20% variation of the ultra-thin film refractive index can be achieved by tuning the composition. In the next chapter, we will explore how we can integrate these ultrathin layer on the device and how this refractive index variation impacts when this material is coated on top of a SiN waveguide. This knowledge can be leveraged to adjust the properties of optical devices based on these materials.

Additionally, this research offers a strategy for integrating 2D materials into hybrid photonic chips, which allows for the local modification or enhancement of an otherwise passive optical circuit.

Introduction

In this final chapter, I focus on integrating 2D Ga2O3 and GaN materials into MZI as a key step towards realizing hybrid integrated photonics with these 2D materials. Building on the previous chapters, where I showed an effective approach to synthesize 2D materials with interesting optical properties, this last one shows a pathway towards their integration onto chip-based photonic devices, to locally enhance the photonic device performance and potentially achieve new functionalities.

As mentioned in Chapter 1, Section 1.5.2 integrating 2D materials into photonic devices, such as waveguides, has attracted significant attention in recent years due to the unique properties of these materials. These include a high refractive index contrast, tunable optical properties, and inherent light emission capabilities or high absorption. These properties, coupled with the possibility to engineer the device geometry can enable strong light-matter interactions with the 2D materials. Numerous research groups have reported promising results in integrating 2D materials such as graphene, transition metal dichalcogenides, and black phosphorus into various photonic devices, leading to optical modulators, switches, and sensors with improved performance [START_REF] Xia | Two-Dimensional Material Nanophotonics[END_REF], [START_REF] Coletti | Wafer-scale integration of graphene-based photonic devices[END_REF]- [START_REF] Sorianello | Graphene-silicon phase modulators with gigahertz bandwidth[END_REF]. As a first step towards demonstrating the potential of these hybrid structures in device applications, MZIs can serve as an effective test structure for the integration and characterization of the 2D materials.

In this chapter, MZI are used as a platform for studying GaN and Ga2O3 2D materials.

Researchers have shown that by incorporating 2D materials into the waveguides or junctions of MZIs, device architectures can be developed. For example, recent studies have demonstrated the use of ultrathin gallium sulfide (Ga2S3) [START_REF] Xu | A high-performance visible-light-driven all-optical switch enabled by ultra-thin gallium sulfide[END_REF], few-layer indium selenide (InSe) [START_REF] Wang | A few-layer InSe-based sensitivity-enhanced photothermal fiber sensor[END_REF] and monolayer WS2 [START_REF] Datta | Low-loss composite photonic platform based on 2D semiconductor monolayers[END_REF] in MZIs to create ultrafast optical switches, enhance sensitivity of sensors, and develop low-loss phase modulators. These demonstrations hold great potential for optical communication, sensing, and signal processing, paving the way to faster, more energyefficient, and compact optoelectronic systems fully integrated on photonic chips. However, integrating wide bandgap Ga2O3 and GaN into photonic devices, particularly MZIs, remains relatively unexplored, presenting an opportunity to expand the scope of hybrid integrated photonics. In line with the recent progress relying on 2D materials integrated into MZIs, I explore here the impact of Ga2O3 and GaN onto the optical and spectral response of MZIs.

According to the characterization results of chapter 3, both ultra-thin Ga2O3 and GaN layers possess favorable material characteristics such as a wide bandgap, making them promising candidates not only for use in optical devices but also, potentially, for nonlinear optics.

On the other hand, although the design of the underlying photonic devices could be further optimized to enhance the typically low light-matter interaction with these ultra-thin materials, integrating them into photonic devices already represents a significant technological challenge.

Developing new fabrication techniques for these 2D materials, wherein integration and synthesis could be seamlessly achieved and independently of the host photonic device platform, would greatly facilitate the development of hybrid 2D material optoelectronics devices.

Fortunately, the squeeze printing of liquid metal introduced in Chapter 2-3 offers a promising solution for direct deposition on devices, potentially addressing this technological challenge.

To ensure the 2D materials cover only certain locations of the photonic chip, a controlled way of patterning is necessary. Therefore, I detail here the use of the photolithography and lift-off steps to pattern the 2D materials. The resulting devices provide us with a suitable platform for experimentally probing the linear properties of Ga2O3 and GaN after their integration on photonic chips. I present experimental measurements of MZI locally coated/ uncoated with 2D materials. I extract the effective index of the hybrid mode coated with the 2D material and show the impact of the nitridation process on the device response. Our present investigation is also supported by numerical simulations of the hybrid mode associated with the SiN waveguide coated with the GaN or Ga2O3 2D materials, respectively. These preliminary measurements allow us to validate our technological process and evaluate the impact of the 2D materials onto hybrid waveguides in simple structures. Furthermore, they lay the foundation for future investigations, involving e.g. nonlinear measurements on GaN, which are not discussed in this chapter.

Integration of 2D material onto photonic chip-based devices

Before we delve into the next sections, it is crucial to emphasize that our investigation focuses on the interaction of 2D materials with unclad SiN waveguides. These waveguides serve as a mature platform for passive photonic circuits at 1.55µm. The interaction between light and the 2D material that is coated on top of the waveguide is mediated by the evanescent field of the guided mode which extends outside the waveguide core. We first explore numerically how the guided mode of these structures is affected by the additional ultra-thin layer of Ga2O3 and GaN.

It is important to note that this waveguide design has not been optimized for increasing the interaction of light with the 2D material. We use here simulations to evaluate this interaction by quantifying the energy overlap of the guided mode with the 2D material.

Lastly, I present in the second part of this section the SiN-based Mach-Zehnder interferometer fabricated by ST-microelectronics and that is used as the test device to measure the optical properties of the 2D materials. I received the help of Prof. Regis OROBTCHOUK for the optical characterization of these devices at INL as well as the data analysis that is presented towards the end of this chapter.

Numerical mode simulations of 2D material hybrid photonic waveguides

Optical device geometry

The first device geometry selected for probing our 2D material is a SiN waveguide fabricated at ST Microelectronics [START_REF] Taute | Emerging Low-Loss Phase Change Material Enabling Non-Volatile Phase Modulation To cite this version : HAL Id : hal-03834997 Emerging Low-Loss Phase Change Material Enabling Non-Volatile Phase Modulation[END_REF]. The substrate consists of a 750 µm thick Si layer covered by a 2 µm layer of SiO2. A 600 nm layer of SiN is deposited on top of the SiO2 layer using PECVD.

The material's characteristics, such as dispersion and absorption, were measured using 

4.2.1.2Material refractive indices

For the numerical simulations, we considered the optical indices of Ga2O3 and GaN that were determined by ellipsometry (see section 3.2.4 of Chapter 3). All measured refractive indices were fitted to a Cauchy law from 1.2μm to 1.7μm in order to avoid discontinuities arising from sampling. The Cauchy expression is the following:

𝑛 = 𝑁 0 + 𝑁 1 𝜆 2 + 𝑁 2 𝜆 4 + 𝑁 3 𝜆 6 + 𝑁 4 𝜆 8
where 𝑛 is the refractive index, 𝜆 the wavelength (in μm) and 𝑁 0 , 𝑁 1 (in μm 2 ), 𝑁 2 (in μm 4 ), … are the Cauchy coefficients of the material determined through least squares fitting. 

Eigenmode calculations of the SiN waveguides with and without 2D materials

The optical modes supported by the waveguides at 𝜆 = 1.55μm are shown in The difference between both polarizations owe to the difference between the horizontal and vertical index profiles of the cross-section, which makes it so that in TM polarization, a higher fraction of the field travels through air rather than SiO2.

The effective indices of the coated waveguides are very close (within 0.2%) to the effective index of the bare waveguide, as shown in Subsequently, the data is fitted using a third order polynomial to provide an analytical description of n eff (λ) used in later stages of the work:

n eff (λ) = a 1 + a 2 λ + a 3 λ 2 + a 4 λ 3 (1) 
Where n eff is the effective index, λ is wavelength expressed in μm and a 1 , a 2 , a 3 , a 4 are the polynomial coefficients. From the numerical mode simulations of the hybrid photonic waveguides coated with 2D materials, we can also compute the fraction of the electric field intensity |E| 2 propagating through the 2D material layer by integrating its value over the 2D material cross-section, and dividing that value by the total intensity. This fraction is a critical quantity, as it gives an estimate of the interaction between the propagating mode and the 2D material, thereby offering insights into how the mode's properties might be altered due to the presence of the 2D layer, as well as the intensity needed in the waveguide to start observing non-linear behavior.

We have calculated these fractions using Lumerical MODE's built-in functionality for both Ga2O3 and GaN and for both TE and TM polarizations. Our results, presented in the indicate that, in all cases, only a small portion of the electric field (≈ 0.18%) effectively travels through the material. These values are also consistent with the low impact of the 2D materials on the effective index of the waveguide (Δn eff ≈ 0.2%) as was plotted on Figure 4-4. We note that the overlap is very similar in both polarizations, except for a slight improvement in the case of GaN in TE polarization over TM polarization. This lack of preferential polarization for interacting with the 2D material is not a surprising result considering the square cross-section of the waveguide. This low interaction sets a limit to the changes that could be detected from measurements on those chips later in the chapter. Globally, these results are not surprising as the waveguide geometry has not been optimized yet for these applications, and because the thickness of the 2D material is very small. Nevertheless, the light-2D material interaction should still enable the experimental investigation of the properties of 2D materials coated on photonic devices.

In future works, the overlap with the guided mode could be substantially enhanced by making use of thinner waveguide cross-sections or anti-resonant slot waveguides [START_REF] Orobtchouk | Slot ARROW Waveguide : A New Platform for Optical Sensing To cite this version : HAL Id : hal-03517859 Slot ARROW Waveguide : A New Platform for Optical Sensing[END_REF] , opening up another avenue for the control and optimization of the resulting hybrid device.

Mach-Zehnder Interferometers (MZI)

The Mach-Zehnder Interferomete, initially developed by Ludwig Mach and Ludwig Zehnder, involves two beam splitters that can split two beams of light and recombine them into one output. It is a simple device that demonstrates the appearance of interference patterns when the two beams experience different optical lengths, illustrating the wave nature of light.

In integrated photonics, the MZI structure consists of an input waveguide and an output waveguide, as well as two straight waveguides that function as the sensing arm and the reference arm, respectively. In this work, we considered an asymmetric MZI, where the two Where 𝜆 is the wavelength, n eff is the effective index of the mode, and P in and P offset are used to cover effects stemming from the emission spectrum of the source, the photodetector's response, and MZI imperfections. 

Technological development for selective transfer of Ga-based 2D materials

In our study, we aim to explore the potential of Ga-based 2D materials in integrated photonics.

The selective transfer of these materials onto photonic devices, like in the MZI test structure described in the previous section, is needed for this. From a broader perspective, for our experiments serves here as a testbed to validate our technological developments.

Notably, with patterning the substrate we want to control where the 2D material is deposited on the waveguides. Nonetheless, several issues may arise. One concern is that metal residues from the deposition process could negatively affect the optical properties of the device, resulting in increased absorption of light and reduced transmission. These issues are related to the use of these liquid based 2D materials in general, and addressing them is a necessary step for their successful incorporation into devices. By patterning the substrate with a mask through photolithography prior to the integration of the 2D materials, the latter can be confined to specific substrate areas, avoiding deposition in unwanted areas and minimizing the impact of metal residues. The details of this process and our findings will be discussed in the subsequent sections. (a) (b)

Substrate patterning for selective transfer of 2D materials

Selective transfer of 2D materials onto a patterned substrate is needed to constrain their location where intended for optimal device performance, and to avoid any unwanted interaction between neighbouring components, which can adversely impact the device's functionality. I developed here this selective transfer process by making use of photolithography patterned substrates. This approach should also enable the integration of multiple 2D materials with different properties within a single device.

Photolithography is a process originating from the words "Photo," "Lithos," and "Graphy," meaning "Light," "Stone," and "Write," respectively. It is well-known in integrated circuit fabrication, imprinting patterns on wafers to create various devices. Photolithography process includes an illuminator, a photomask, an optical system, and the photoresist applied on the wafer. These fundamental components are assembled as depicted in We first tested the integration of our 2D materials using a Si/SiO2 substrate (Si with 200nm

SiO2) that was patterned using photolithography and etching techniques. The three main steps of our photolithography process involve (1) photoresist coating, (2) UV light exposure through a hard mask and (3) the resist development.

1. Photoresist coating: For the first step, we must prepare the surface condition to accept the photoresist by providing a clean surface. Next, we coat the wafer with a chemical that boosts the adhesion of the photoresist to the wafer's surface. It starts with applying a primer to create a hydrophobic surface. Consequently, the sample is placed on a vacuum chuck of a spin coater. The positive photoresist process was employed, with AZ5214 photoresist applied to the substrate surface (Figure 4-9(a)). The sample was subsequently subjected to spin coating for 30 seconds at a speed of 5500 rpm and an acceleration of 4000 rpm/s, resulting in a photoresist layer with a thickness of approximately 1.2-1.3µm. Following this, the sample underwent a soft bake on a hot plate for 90 seconds at 110°C to remove the residual solvents of the photoresist. After the soft bake, the wafer is cooled to room temperature. After the photolithography process, the Si layer was etched using Inductively Coupled Plasma (ICP) to achieve the final patterned substrate, depicted in gallium deposition, the material deposited solely on areas not covered by photoresist (SiO2), leaving the rest of the sample unscathed by gallium. It is important to note that the photoresist applied during the patterning process was not removed after the ICP etching of the substrate.

This remaining photoresist played a protective role, preventing gallium deposition on the covered areas. By comparing In conclusion, this method enables control over the transfer of 2D materials onto the substrate, potentially resulting in selective deposition onto a photonic device, which will be further discussed in the following sections.

Patterning MZI for selective deposition of 2D materials

Building on the approach described in the previous section, opening a window on top of the sensing arm of a MZI for selectively coating this area with the 2D material, can be achieved using photolithography. The size and shape of the sensing window can be controlled by adjusting the exposure time and mask design. The mask and the substrate should be aligned to ensure that the patterned window is located in the desired areas. For creating the sensing window, I leveraged an Image Reversal procedure. This approach slightly deviates from the technique we used for patterning the Si/SiO2 substrate (as detailed in section 4.3.1), specifically in terms of exposure and baking steps. First, the sample was coated with AZ5214 photoresist and spun at 5500 rpm with an acceleration of 4000 for 30 seconds .The coated sample was then Thereby illustrating the capability of this approach to enable the precise deposition of Ga2O3 onto the sensing window of the MZI. To eventually convert the deposited Ga2O3 to GaN, a nitridation process was employed following the procedure described in detail in Section 2. only presents a localized view of the sensing arm. While the 2D material is obvious in this region, it does not appear to cover the entire intended window of 100µm across the sensing arm. Therefore, future work needs to focus on refining the deposition method to ensure that the 2D material can fully cover the sensing arm, which is crucial for optimal device performance.

XPS analysis of the 2D material deposited on the MZI

The MZI with the deposited material was characterized by XPS before and after the nitridation process to confirm the replacement of oxygen by nitrogen. As illustrated in Section 3. 

MZI transmission measurements

We probed our MZI structure in transmission using the optical setup shown in transfer light from a fiber to a chip: grating coupling and butt coupling [START_REF] Tamir | [END_REF].

We have used a Butt coupling method in our measurement to launch the broadband light signal between 1.2 to 1.7 µm into our chip. For this, two lensed fibers with a 1.2 µm mode field spot diameter are brought in the close surrounding of the waveguide end-facets (input and output).

Butt coupling has less constraints in terms of polarization and bandwidth compared to grating coupling, thus making this method better suited to test devices. Above the chip, a white light source (Fiber-Lite DC-950) and a camera ranging from the visible to the infrared (WiDy SenS 640V-ST from NIT) enable the visualization of the chip and the fibers. While transmission decreases after deposition of 2D material, the fringe pattern remains mostly unaffected, indicating that loss has increased globally and not only on the sensing arm. Indeed, if one arm of the MZI had higher loss than the other, then the output light would never be fully cancelled out through interference, and we would observe a non-zero offset of the output.For all devices, the lower envelope of the signal, drafted by the minima of transmissions, is close to zero, indicating that there is a good balance of losses between both arms. We can note a small anomaly Ga2O3 between 1.45µm and 1.5µm, where measurements in both TE and TM

show that losses are perceptibly different between MZI arms at these wavelengths specifically.

To a lesser degree, we make a similar comment about the measured transmission of the bare waveguide.While this oddity will have to be investigated in future works, we can conclude that the deposition of the 2D material on the sensing arm did not introduce significant losses, and that the expected fringe pattern can be seen in the output.

Data analysis of the MZI transmission measurements

Using the transmission model described in 4. A key observation from these results is the relatively high deviation between nominal and experimental values for SiN (TE) and SiN+GaN (both TE and TM), as evidenced by the inset graphs. In particular, the experimental findings for the GaN coated waveguide are unexpected, as n eff is supposed to increase after the addition of GaN to the structure. Microscope observations provided visual confirmation that the GaN material was still present on the sensing arm of the device.

These observations suggest that either another aspect of the device impacts its behavior in a way that breaks the assumed model or the mode calculations, such as the temperature variations between experiments, or that we were not able to fit the model properly.

In the case of the SiN (TE) data, because we were able to closely match the expected transmission for SiN (TM) and SiN+Ga2O3 in both polarizations, we can assume that we could likely reach a good fit if the algorithm is adjusted.

In the case of the SiN+GaN data, there is unfortunately not enough data to conclude with certainty on whether the discrepancy comes from the fitting procedure or from wrong assumptions. Additional experiments and analyses are needed to reach a more conclusive answer.

However, in general, all measurements can be matched fairly well by the model using coefficients relatively close to the theoretical values. This would have been very unlikely if our initial assumptions and the model were incorrect. Additionally, the fact that the behavior of the circuit changes after nitridation confirms that there is an impact from turning the Ga2O3 into GaN.

Finally, the fitting procedure allows us to approximate the length of the Ga2O3 and GaN layers deposited on the sensing arm of the MZI. While the nominal length of the sensing window MZI arm is L 1 = 100 µm, the results indicates that the effective length of the 2D material is approximately L MUT = 63 µm instead. This discrepancy could be attributed to multiple factors.

A plausible explanation could be the variance in material thickness across the length of the sensing section. In our fitting process, we considered a uniform thickness of 4 nm. It is therefore likely that the difference between the effective MUT length and its theoretical value encompasses the variation of 2D material thickness along the waveguide as well as potential absence from some parts of the sensing arm.

Therefore, the fitted L MUT can be thought of as the equivalent length of the MUT covered section if it had indeed been 4 nm thick over the whole sensing section arm.

To improve the certainty of future experiments, the waveguide geometry should be optimized in order to maximize the interaction with the 2D material, as discussed in section 4.2.1.3, which will likely simplify fitting the results and increase the accuracy in the extracted values.

Conclusion

In Chapter 4, we navigate through the essential process of integrating 2D Ga2O3 and GaN materials into the MZI device, a crucial component of our exploration in hybrid integrated photonics. The successful application of photolithography, as detailed in this chapter, proves an effective means for controlling the deposition area of the 2D materials onto the final device.

Our flexible methodology was put to test in patterning the SiN MZI waveguide, our chosen photonic device, displaying its broad applicability. The practicality of our direct transfer technique for synthesized 2D materials, particularly the squeeze printing method using liquid metal, was underscored, affirming its compatibility with the central project goal of integrating 2D materials onto devices without complications.

Valuable insights were gleaned from the characterization of integrated 2D materials, utilizing characterization techniques such as AFM, XPS, and Optical Characterization. These insights provide a clearer path towards refining the integration process and enhancing the performance of the integrated devices. The successful integration of a 2D material onto the device, as highlighted in this section, promises potential advancements in nonlinear measurements. While the ultra-thin nature of the Ga2O3 and GaN layers results in minimal variations observable in the linear regime, these findings remain critical for future studies.

Our evaluations confirm the operational functionality of the device post-deposition and postnitridation processes, signifying the successful incorporation of the 2D material. Furthermore, the integration of the MZI yields valuable insights into the device's performance. This chapter, therefore, not only fulfills the objectives set out initially but also lays some foundation for further explorations in the domain of nonlinear optical properties of the integrated 2D material. than 5 nm), especially at the near-infrared range that we target. Therefore, our research filled this gap.

We demonstrated the synthesis of ultrathin layers of GaN using a fabrication technique known as Liquid Metal Chemistry has been recently developed at RMIT University. This technique consists of two main steps: squeeze printing of liquid droplets of gallium followed by a plasma nitridation process. We elaborated on the first step of our technique, showing that by squeezing a gallium droplet at room temperature onto any substrate with low surface roughness, we could easily synthesize an ultrathin layer of Ga2O3. We then demonstrated that with the aid of plasma, we could efficiently convert Ga2O3 to GaN. This two-step method allowed us to study the structural and optical properties of both Ga2O3 and the GaN we initially targeted. Our fabrication method proved its utility, cost-effectiveness, and time-saving potential. Moreover, this technique enables the synthesis of materials that cannot be achieved using traditional methods such as mechanical exfoliation, for instance, GaN, due to its wurtzite structure.

Consequently, we believe this fabrication technique could be a pathway to synthesize other 2D materials using the Liquid Metal Chemistry method rather than traditional techniques.

Furthermore, we employed various characterization techniques to confirm the fabrication of ultrathin layers, gain information about the chemical composition and structure of our synthesized material, and compare the differences before and after the nitridation process. We studied the nature of this transformation. Thanks to Atomic Force Microscopy (AFM), we showed that our ultrathin layer, was relatively homogeneous, with a thickness of around 3 nm.

Moreover, optical microscopy confirmed that our ultrathin layer extends to several millimeters in lateral size.

In the process of converting oxide sheets to nitride sheets, we optimized various plasma parameters of the nitridation treatment. Notably, we showed that time and power parameters played a pivotal role in this transformation and could be reliably used to control the composition of the final layer. We could thus monitor the gradual transition from Ga2O3 to GaN by manipulating these two parameters. This allowed us to create intermediate GaOxNy compounds, which have not been widely studied, and we characterized their properties.

We used X-ray Photoelectron Spectroscopy (XPS) to reveal the bonding configuration and chemical composition of the deposited oxide layer as well as every stage of the transformation to nitride. Moreover, by extracting the atomic percentage of XPS for each GaNxOy intermediate level, we observed how control over time and power led to different levels, each possessing a unique chemical composition. With the aid of XPS, we also examined in detail the change in the different spectra peaks, especially the O1s peak after nitridation, which confirmed a complete transformation to nitride at optimized parameters (time: 10 minutes and power: 200 W). Thanks to Raman measurements conducted by our collaborators at CEA, this transformation was confirmed as well.

To investigate the crystalline structure of our fabricated material, we conducted Transmission

Electron Microscopy (TEM) on the oxide and nitride ultrathin layers. We found that our Ga2O3 possessed an amorphous structure, which transformed into a crystalline structure when it was converted into nitride. The nitride had a lattice spacing of approximately 0.189 nm, corresponding to the (102) planes, a characteristic of the wurtzite crystalline structure of GaN.

This result added another layer of confirmation to the XPS and Raman findings concerning the transformation of oxide to nitride.

On the other hand, as two-dimensional Ga2O3 and GaN have not been widely used in applications, their optical properties remain largely unknown and might differ from that of their bulk counterparts. In general, gallium compounds hold promise for photonic applications due to their wide bandgap. One of our first steps, was to measure the optical indices of these ultrathin layers of Ga2O3 and GaN using ellipsometry. The obtained refractive index for 3 nm Ga2O3 and GaN was similar to the refractive index value of their bulk counterparts found in the literature. From this, we concluded that the refractive index for Ga2O3 and GaN is independent of their thickness (down to 3nm). In our work, while we have been able to achieve a minimum thickness of 2.5 nm, it is important to note that we have not yet been able to achieve the synthesis of monolayer material. Interestingly, the difference in refractive index between Ga2O3 and GaN (Δn= 0.23 at 1550 nm) confirmed an effective nitridation process, and shows a pathway to control the optical properties of the 2D layer to be integrated onto photonic devices. By extending our dispersion measurement to each intermediate level, we clearly observed the evolution of n (refractive index) and k (extinction coefficient) as the plasma power or time duration increased. The variations seen in these curves were strongly dependent on the degree of nitridation of the oxide film. These results indicate that the optical properties of the ultra-thin GaOxNy film can be reliably adjusted by the plasma parameters in a controlled manner, useful for photonic device applications. Therefore, these results offer a pathway to the integration of 2D materials with adjustable optical properties onto silicon photonic devices.

Furthermore, with ellipsometry, we were able to determine the ratio of GaN in the modeled composite layer. The result showed an increase in the fitted percentage of GaN in the modeled layer as a function of the plasma parameters, which is consistent with the XPS measurements.

This reaffirms the effectiveness of the plasma treatment to transform the oxide layer into GaN in a gradual and controlled manner.

Density Functional Theory (DFT) calculations, performed by our collaborators at CNR-NANO institution, were used to study the optical properties of Ga2O3 and GaN and compare with our experimental results. It is important to note that due to the difficulty of applying DFT to amorphous material, Ga2O3 was considered as crystalline in this case. The final results showed compatibility between the refractive index calculations afforded by DFT for both Ga2O3 and

GaN and the values extracted from ellipsometry. The extracted bandgap values confirm that the bandgaps of the synthesized ultra-thin materials are lower than those of their bulk forms and higher than those of their monolayer forms. This observation is consistent with our results, given that the material's thickness is intermediate, falling between that of a monolayer and a bulk structure .

In the final chapter of this manuscript, we focused on the integration of ultra-thin materials on a photonic integrated circuit manufactured by ST microelectronics. We chose an unclad SiN waveguide of a MZI as a test structure device. Our fabrication technique offered us the advantage of directly transferring the 2D material onto the device. Moreover, thanks to the second step of our fabrication process, nitridation by plasma, we could transition from oxide to nitride on the device with a high degree of precision, and study the impact on the device transmission.

To ensure accurate deposition on the MZI's sensing arm, we developed a technique based on photolithography to pattern the substrate with photoresist. We found that photoresist acted as a repellant for the deposited 2D materials and could be used for constraining its coating to specific areas of the chip. We developed this process further to localize the 2D material on one arm of an SiN MZI structure. Transmission measurements were performed and compared for the structure without 2D material, or selectively coated with Ga2O3 and GaN, and slightly distinct responses were obtained. The extinction coefficients obtained for Ga2O3 and GaN are both 0 at the wavelength of 1550 nm. This indicates a nearly non-existent absorption of incident light, underlining the impressive transparency of these materials within this spectral region.

This characteristic behavior of Ga2O3 and GaN at 1550 nm is of paramount importance.The successful integration of a 2D material onto the device was also confirmed by AFM and XPS.

Even if the effect on the effective index was relatively low on these non-optimized structures where the light-matter interaction with the 2D material was reduced to 0.2%, this shows some promise for further applications of these hybrid passive photonic circuits locally functionalized with 2D materials.

In addition, all the results extracted from our various characterization methods in chapters 3 Consequently, our journey toward unlocking the full potential of these materials for various applications continues unabated.

Looking ahead, this work opens up multiple promising avenues for exploration and development.

 Technological Prospects: There is potential to refine and expand this innovative method towards a more reliable and controlled synthesis/transfer approach. This would involve addressing challenges such as the residual metal from the process and enhancing reproducibility. Furthermore, the adoption of sophisticated tools such as nano-imprint equipment could potentially optimize the fabrication process.

 Material Prospects: Our approach could also be extended to synthesize other materials, such as InN. By employing multiple steps of this process, it might be feasible to create 2D heterostructures combining GaN and Ga2O3, thus expanding the range of potential materials with unique properties.

 Device Prospects: The device's performance could be significantly improved by optimizing its geometry, specifically the waveguide cross-section, to augment the lightmatter interaction with the 2D material. Other strategies to enhance this interaction could include the use of slot waveguides or optical cavities. These modifications could allow for greater control and increased efficiency in light manipulation, paving the way for a new generation of photonic devices.

In conclusion, our work provides a strong foundation for future research in the field of 2D materials and their incorporation into photonic devices.

E B = e jΔφ MMI √2 (E ref + E sensing ) = A 2 (e j (2β MMI L MMI +4β b L b +β s L 1 ) + e j (2β MMI L MMI +4β b L b +2β s L 2 +β MUT L 1 ) ) (4)
Before deposition of material on the sensing arm the phase shift from formula (3) changes to:

Δφ sensing = β MMI L MMI + 4β b L b + 2β s L 2 (5)
After some algebraic manipulations and applying Euler's equation, from equation ( 5) we obtain formula [START_REF]Nonlinear photonics | Nonlinear Nanophotonics (NLNP)[END_REF] for the output amplitude and (7) for the output power considering that β = 2πn eff λ :

E(λ) = A cos ( 2πn eff L 2 λ ) (6) 
P(λ) ∝ E(λ) 2 = A 2 cos 2 ( 2πn eff L 2 λ ) (7) 
In order to consider imperfections of the MMI, difference of propagation losses in the 2 arms of the devices, the transmission formula used to extract the refractive indices of the waveguides modes is given by:

P(λ) = P in (λ) ⋅ cos 2 ( 2π ⋅ n eff λ L 2 ) + P offset (λ) ( 8 
)
Where 𝜆 is the wavelength, n eff is the effective refractive index of the mode. Where refractive index is approximated by a 3rd order polynomial.

After deposition of material on the sensing arm, the transmission formula (formula 8) used to extract the refractive indices of the waveguides modes, becomes:

P(λ) = P in (λ) ⋅ cos 2 ( 2πn eff λ L 2 + π λ (n eff MUT -n eff SiN )L MUT ) + P offset (λ) (9)
Equation ( 7) and ( 9) reveal that the real component of neff influences only the oscillatory element of the output power. The P in (λ) term is introduced to account for variation of the light amplitude due to several factors: the power intensity of the light source used in conjunction with λ, the coupling and uncoupling factors between the lensed beams and the device, and the propagation losses incurred across different segments of the device. The P offset (λ)term is 
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  photonics emerging as a mature technological platform. By integrating various optical components on a silicon substrate, it can provide advanced functionality while harnessing the advantages of silicon's well-established manufacturing processes. With its ability to transfer optical data at very high speeds, across a wide bandwidth, with its power efficiency and scalability, silicon photonics has created an effective and compact technology for telecommunications, data centers, and sensing systems[3][4]. Nowadays, multiple optical functions can be integrated onto a single chip, resulting in the availability of optical systems including electro-optic modulators, Silicon germanium (SiGe) photodetectors, and low-loss silicon waveguides (Figure0-1).However, silicon encounters intrinsic limitations regarding light emission or nonlinear functions, calling for the use of complementary materials. Light emission enables high-speed data transmission, optical sensing, and imaging through efficient generation and control of light. It plays a vital role in technologies like lasers, light sources, and optical communication, offering faster and more secure communication compared to traditional electronic systems.
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 01 Figure 0-1. A schematic representation of a silicon photonic integrated circuit [5][6]

Chapter 3 :

 3 presents the experimental results of the Ga-based ultra-thin layers synthesized by the method developed in chapter 2. It also turns our attention to a pivotal element of our researchexploring Gallium OxyNitride (GaOxNy) compounds. These intriguing compounds represent an intermediate stage between Ga2O3 and GaN. Understanding these intermediate compounds is essential as it sheds light on the transformation process from Ga2O3 to GaN. Additionally, this chapter exhibits the results from the characterization methods previously introduced in Chapter 2. It proffers an in-depth examination of the structural and optical attributes of these intermediate compounds and Ga2O3 and GaN. We combined sophisticated characterization methods, Raman measurement, and Density functional theory (DFT) calculations to achieve this.

  bandwidth for multichannel voice, video, and data signal transmission. In addition, computer networks such as the Internet have provided access to worldwide communications and data banks. As a result, we are developing what some have called the "Information superhighway." The implementation of this technology has provided the continuing impetus to the development of new integrated optic devices and systems at the beginning of the 21st century. Improved fabrication methods have played a significant role in driving the development of integrated optic devices. With the evolution of microtechnology, which works at micrometer dimensions, it has now advanced to nanotechnology where features are produced at the nanometer scale.

Figure 1 - 1 .

 11 

Figure 1 - 1

 11 Figure 1-1 Chart illustrating the categorized library of 2D materials. hBN is a hexagonal boron nitride; BCN is 2D nanocomposites containing boron, carbon and nitrogen; BSCCO is bismuth strontium calcium copper oxide [62].

Figure 1 - 2

 12 Figure 1-2 Schematic diagram of currently used chemical and physical methods of nanoparticle synthesis[74]. It

Figure 1 - 3

 13 Figure 1-3 (a) weakly bonded graphene layers found in graphite. (b) A layer of graphene peeled away from the graphite found in a common pencil [85].
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 14 Figure 1-4 Unit cell of Ga2O3. It possesses two inequivalent Ga sites: Ga (I), Ga (II) and three inequivalent Osites: O(I), O(II) and O(III). The Ga (I) sites have tetrahedral coordination, and the Ga (II) sites have octahedral coordination. Depicted is the projection of the unit cell of Ga2O3 along the c-(1), a-(2) and b-axis (3) [90].
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 15 Figure 1-5 Ball and stick model of GaN crystal structure with lattice constants a and c. The green balls represent Ga atoms and grey balls represent N atoms. The hexagonal unit cell is represented by dotted lines [123].
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 16 Figure 1-6 (a) Crystal structure of α-Ga (b) crystal structure of a-Ga showing only short bonds d < 2.5 Å, (c) crystal structure of α -Ga showing only the long bonds 2.5 Å<d<3 Å [18], [78].
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 17 Figure 1-7 (a) A cross-sectional diagram of a liquid metal droplet, with possible crystal structures of thin layers of HfO2, Al2O3,and Ga2O3 as indicated [10], [162]. (b) Cabrera-Mott oxidation occurs at the surface of liquid metals in the presence of oxygen. Electrons from the metal tunnel through the growing oxide shell, resulting in a self-generated electric field called the Mott field. This field promotes the diffusion of metal and oxygen ions into the oxide shell, leading to oxide growth. As the oxide becomes thicker, the field strength reduces until ion diffusion ceases [164].
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 18 Figure 1-8 Schematic of the surface oxide of Ga, with the electron density profile plotted for the interface. Top:the projected atomic structure of gallium and gallium oxide layer where the atomic diameters for O2-, Ga3+, covalent (Cv) Ga and metal (Me) Ga is 2.64 Å, 1.24 Å , 2.44 Å and 2.50 Å, respectively. Bottom: the thin solid line represents the corresponding electron density profile with its different components; the underlying liquid Ga (large dash line) and the Gaussians representing the Ga3+ (dash-dotted line) and O2-layers(short-dashed line)[START_REF] Zhao | Liquid Metals : A Novel Possibility of Fabricating 2D Metal Oxides[END_REF].
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 19 Figure 1-9 Integration fabrication techniques for 2D materials (Reproduced from [238])

3

 3 outlines several techniques that can achieve large-area coating, with the exception of dry transfer approaches. The latter have limitations due to the relatively small lateral size of exfoliated 2D flakes, which restricts the coating area. The use of wet transfer and solution-dropping methods leads to poor film uniformity due to the occurrence of imperfections like wrinkling, voids, and layer overlap that are introduced during the transfer process. On the other hand, the different fabrication techniques mentioned in Figure1-9have their difficulties for the fabrication of some 2D materials ; hence, developing new fabrication techniques for these 2D materials, wherein integration and synthesis could be readily achieved, would greatly facilitate the development of hybrid 2D material optoelectronics devices.

  infrared (MIR) photonics[START_REF] Lin | Demonstration of high-Q mid-infrared chalcogenide glass-on-silicon resonators[END_REF][257], terahertz technology[START_REF] Tonouchi | Cutting-edge terahertz technology[END_REF]-[START_REF] Ko¨hler | Terahertz semiconductor-heterostructure laser[END_REF], quantum optics[START_REF] Duan | Long-distance quantum communication with atomic ensembles and linear optics[END_REF]-[START_REF] Lu | Chip-integrated visible-telecom entangled photon pair source for quantum communication[END_REF], microwave photonics[START_REF] Yao | Microwave photonics[END_REF]-[START_REF] Capmany | Microwave photonics combines two worlds[END_REF], etc. all highlight the need for new functionalities and tailored material properties, as well as compatibility with nanofabrication processing technologies (Figure1-10).
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 110 Figure 1-10 Some emerging photonic applications based on 2DMs have been demonstrated, including flexible photonics [flexible emitter, flexible detector, and image sensor], MIR photonics [MIR emitter, MIR modulator, and MIR detector], terahertz technology [terahertz generation, terahertz modulator, and terahertz detector], microwave [frequency combs, and four-wave mixing], quantum optics [quantum emitter and moire exciton], and other photonic applications [synaptic devices, metamaterials, and photothermal therapy ][267].
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 21 Figure 2-1 Synthesis process of large-area ultrathin GaN nanosheets. (a) Schematic illustration of the Cabrera-Mott oxidation that occurs at the surface of liquid metals in the presence of oxygen followed by the printing technique used to exfoliate 2D oxides from molten metal. The liquid metal droplet is squeezed between two substrates allowing the transfer of the Ga2O3 layer. (b) Synthesis process of the ultrathin GaN nanosheet from ultrathin layer of Ga2O3 utilizing a microwave-activated nitrogen/hydrogen plasma conducted in a cylindrical cavity plasma reactor. (c) Optical image of the synthesized GaN on SiO2/Si, confirming the presence of an ultrathin and homogeneous layer reaching several millimeters in lateral size.
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 22 Figure 2-2 Fabrication process of Ga2O3 ultra-thin layers (a) Gallium droplets with ~1 mm in diameter (b) Schematic illustration of the Cabrera-Mott oxidation occuring at the surface of liquid metals in the presence of oxygen followed by the printing technique used to exfoliate 2D oxides from molten metal..Mechanical cleaning procedure (c) Squeezed droplet after removing the top substrate (d) washing the sample with hot ethanol to remove the micro droplets (e) washed sample without any residue and with 2D materials attached to the substrate
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 2 Figure 2-3Schematic of PECVD operation

  The equipment used over the course of this PhD project is a commercially available PlasmaTherm Vision 310 PECVD (Figure2-4(a)) at INL. It is a capacitively coupled PECVD with a 13.56 MHz radiofrequency generator and a low frequency 100-460 kHz generator which can be used simultaneously. The low-frequency capability was only used for post-deposition cleaning of the chamber. A summary of main characteristics are given in
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 24 Figure 2-4 (a) Photo of the PlasmaTherm Vision 310 PECVD equipment used (b) Schematic cross-section of the reactor chamber @ PlasmaTherm

Figure 2 -

 2 Figure 2-5(a) Synthesis process of the 2D GaN nanosheet from 2D Ga2O3 utilizing a microwaveactivated nitrogen/hydrogen plasma conducted in a cylindrical cavity plasma reactor. (b)Optical image of the synthesized GaN on SiO2 confirming the presence of an ultrathin and homogeneous layer reaching hundreds of micrometers in lateral size
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 26 a) displays the basic configuration for most AFMs along with a topography of 2D Ga2O3 synthesized by liquid metal. The force between the atoms at the sample's surface and those at the cantilever's tip is detected by monitoring the cantilever's deflection. This deflection can be quantified by measuring a beam that is reflected off the backside of the cantilever and onto a Position Sensitive Photo Detector (PSPD). The tube-shaped scanner located under the sample moves the sample in the horizontal (X-Y) and vertical (Z) directions. It scans the sample line by line, and the PSPD signal is used to establish the aforementioned feedback loop, which controls the vertical movement of the scanner as the cantilever moves across the sample surface.
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 26 (b),
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 26 Figure 2-6 (a) Diagram of Conventional AFM's scanning (b) topography of 2D Ga2O3 on SiO2 substrate

Figure 2 -

 2 Figure 2-7(a) Simplified schematic of the TEM optical path (b) JEOL JEM-F200 TEM (c) Image of TEM grid (d) Holey 200nm silicon nitride support frame on 3mm frame (e) 0.5 x 0.5mm window with holey silicon nitride membrane imaged from back side (f) image of 2.5μm circular holes (Image d, e and f are taken from [360])

  Additionally, the intensities of specific photoelectrons provide information about the concentration of the related element in the sample. An electron energy analyzer measures the kinetic energy E k of the ejected electrons. The original binding energy E b experienced by an electron (before being ejected) in the sample can be calculated from E k using the simple relationship (𝐸 𝑘 = ℎ𝜈 -𝐸 𝑏 -𝜙 (Figure2-8(a)), where hν is the incident photon energy and ϕ is the work function of the spectrometer. Through analysis of kinetic energies and intensities of the photoelectrons, XPS can identify elemental composition and characterize chemical bonds, making it an invaluable tool for material analysis.
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 28 (b)).In this study, XPS analyses were performed using two different instruments: a Thermo Scientific K-alpha XPS at RMIT University in Melbourne and a PHI 5000 VersaProbe III at LTDS Laboratory in Ecole Centrale de Lyon. The materials, grown on SiO2/Si substrates, were subjected to XPS analysis with Thermo Scientific K-alpha utilizing a spectrometer furnished with a monochromatic Al K-α source (hv ≈ 1486.7 eV). The Thermo Scientific K-alpha XPS was operated with a pass energy of 50 eV, recording corelevel spectra at a 300 μm spot size across 50 scans for each sample. In contrast, the PHI 5000
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 2828 Figure 2-8 (a) Schematic of photoelectric effect (b) Simplified schematic of an XPS equipment (c) Illustrative XPS spectrum of SiO2/Si and (d) of 2D Ga2O3 onto SiO2/Si obtained with Thermo Scientific K-alpha
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 28 Figure 2-8 (d) , the spectra contain the expected photoemission lines of Ga (Ga2p at 1117 eV, Ga3s at 159.5 eV, Ga3p at 109 eV, Ga3d at 18.7 eV and GaLMM Auger) in good agreement
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 29 Figure 2-9 Schematics of ellipsometric measurement principle, taken from[START_REF] Ogieglo | Spectroscopic ellipsometry analysis of a thin film composite membrane consisting of polysulfone on a porous α-alumina support[END_REF] 

  Instead the three measured values are Is, Ic, and Ic', which are functions of ψ and Δ according to I s = sin2ψ.sin Δ, I c = sin 2ψ cos Δ, and Ic' = cos 2ψ. Information such as the layer thickness and optical dispersion are therefore extracted via a model that represents the sample structure and yields the same polarization change (i.e. Is and Ic) as that measured for light interacting with the sample. Accordingly, the experimental data is fitted using Horiba's DeltaPsi2 software. Once a model has been built to describe the characterized sample, the parameters of this model can be fitted to best match the observables Is and Ic obtained (Figure 2-11).
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 210 Figure 2-10: HORIBA-Jobin Yvon UVISEL Ellipsometry setup
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 211 Figure 2-11 Schematic showing the data analysis procedure in ellipsometry

Figure 2 -

 2 Figure 2-12(a) and (b) display the ellipsometry data obtained on the Quartz substrate before andafter the deposition of Ga₂O₃ 2D material. Comparing these two spectra reveals a distinct signature before and after the deposition, which indicates that the ellipsometry equipment is sufficiently sensitive to detect changes induced by very thin films. This validates that ellipsometry can provide accurate and reliable measurements for 2D materials, which typically have thicknesses on the order of a few nanometers.
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 2 Figure 2-12 (a) presents the Is and Ic for both experimental data and fitted data of quartz as a function of wavelength. The data were fitted with a model that includes a single layer of quartz.
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 2 [START_REF] Syed | Large Area Ultrathin InN and Tin Doped InN Nanosheets Featuring 2D Electron Gases[END_REF] (b) shows Is and Ic for experimental
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 212 Figure 2-12 Ellipsometry data for quartz substrate before and after deposition of ultrathin Ga₂O₃ layer (a) Experimental and fitted data for a single layer of quartz, showing Is and Ic as functions of wavelength. (b) Experimental and fitted data for an ultrathin layer of Ga₂O₃ (3nm thickness) deposited on quartz, showing Is and Ic as functions of wavelength
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 31 a) shows the results from the measurement of Ga2O3 before nitridation, it shows a homogenous deposited layer with 3 ± 0.2 thickness. AFM was conducted on the ultrathin layer after the full nitridation process as well (Figure3-1 (b)). The GaN was found to have formed a continuous and atomically flat nanosheet, approximately 3 ± 0.2 nm in thickness across an area of a few microns. This thickness was found to be similar to that of the initial Ga2O3 layer, showing that the nitridation did not affect the thickness of the film. In general, the ultrathin sheets featured minimal cracks and holes, and relatively homogeneous thickness across large distances, on the order of ~100µm (see Figure 2-6(b) in Chapter 2). This length scale is compatible with the typical size of integrated optical devices, as intended for this PhD study.
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 2 a)) and after nitridation (Figure 3-2 (b)).
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 31 Figure 3-1 Morphology of 2D Ga 2 O 3 and GaN. (a) AFM topography image of a Ga 2 O 3 sample before nitridation, taken at the edge of a nanosheet; the height profile was measured along the blue line (b) AFM topography image of a GaN sample after nitridation, taken at the edge of a nanosheet; the height profile was measured along the blue line
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 33 (b) (Ga2O3), we can see a double peak for O 1s: the peak at ~530.9 eV can be assigned to the O-Ga-O bonds in gallium oxide, and the O 1s peak at slightly larger binding energy ~532.2eV can be ascribed to the Si-O bonding from the SiO2 substrate layer underneath[START_REF] Wurdack | Ultrathin Ga2O3 Glass: A Large-Scale Passivation and Protection Material for Monolayer WS2[END_REF]. In contrast, after the nitridation process, only one single O 1s peak is detected on Figure3-3 (e), centered at ~532.2 eV. The disappearance of the shorter binding energy peak thus confirms the effectiveness of the nitridation process for fully converting Ga2O3 into GaN.
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 3233 Figure 3-2. XPS spectrum of ultrathin layer of Gallium before and after nitridation (a) Illustrative XPS spectrum of Ga2O3 on SiO2/Si (before nitridation) and (b) Illustrative XPS spectrum of GaN on SiO2/Si (after nitridation)
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 33 Figure 3-3 (c) shows the XPS spectrum of N1s before nitridation, this spectrum shows two pronounced peaks at 394.7 eV and 397.4 eV, corresponding to the Auger lines of gallium (Ga LMM)[379][380]. In contrast, in Figure 3-3 (f ) the XPS spectrum of GaN exhibits a main
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 34 a) shows that no crystalline structure is visible in the TEM measurements of the ultrathin Ga2O3, confirming that the latter has an amorphous structure. Afterwards, the Ga2O3 deposited on the Si3N4 TEM grid was converted to GaN using the above mentioned plasma treatment. Ultrathin nanosheets could be found during TEM imaging, with the sheets being highly translucent, indicating the thin nature of the final GaN sample (Figure3-4 (b)) HRTEM confirms the crystalline nature of the synthesized GaN with a lattice spacing of ∼0.189 nm, corresponding to the (102) planes of wurtzite GaN.
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 34 Figure 3-4 Structural characterization of the ultrathin film before and after full nitridation (a) TEM micrograph of the Ga2O3 (b) Ga2O3 lattice fringe and the corresponding SAED pattern (c) HRTEM micrograph of the GaN (d) The insets represent the lattice fringes (e) FFT pattern demonstrating (102) plane of the GaN sheet
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 36 a) shows the refractive index (n) and extinction coefficient (k) of the Ga2O3 material. The resulting refractive index is around 1.89 at 632nm and 1.865 at 980 nm wavelength. Despite the reduced thickness of our films (~3nm), these values are very close to those measured for Ga2O3 68nm thick films (n=1.84 at 632 nm)[START_REF] Shan | Structural, electrical, and optical properties of transparent gallium oxide thin films grown by plasma-enhanced atomic layer deposition[END_REF], or Ga2O3 800nm thick films (n=1.82 at 600 nm)[START_REF] Bordun | Dispersion of Refractive Index of β-Ga2O3 Thin Films[END_REF]. Similarly, Figure3-6 (b) displays the n and k spectra of GaN measured after the full nitridation process. The extracted refractive index is 2.318 at 632 nm and 2.1 at 1200 nm, showing that the nitridation process was effective in turning the oxide films into GaN with very distinct optical properties. Again, this refractive index value is only slightly lower than the values found in the literature for bulk GaN crystals (n = 2.34 at 632nm), metalorganic chemical vapor deposited (MOCVD) GaN layers (n = 2.33 at 632 nm) on sapphire
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 35 Figure 3-5 Is and Ic as a function of wavelength (a) Ga2O3 (b)GaN (The solid lines are experimental data while the circles show the fitted data)
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 36 Figure 3-6 Optical properties of Ga2O3 and GaN ultra-thin films, extracted from SE in the range 260-1800 nm. (a) shows the refractive index n and extinction coefficient k of Ga2O3 as a function of wavelength (triangles shows n=1.89 at 632nm and n=1.865 at 980 nm) (b) shows the refractive index n and extinction coefficient k of GaN as a function of wavelength (triangles shows n=2.318 at 632nm and n=2.1 at 1200nm)
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 37 Figure 3-7 shows the bulk unit cells of Ga2O3 (panel a), and GaN (panel b) that were considered in the calculations. The optimized lattice parameters for monoclinic β-Ga2O3 crystal are a= 12.42 Å, b= 3.08 Å and c= 5.87 Å, b=103.74°, while those for the wurtzite GaN are a=b= 3.22 Å and c= 5.24 Å, in good agreement with previous DFT calculations [414][415].
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 37 Figure 3-7 Atomic structure of (a) β-Ga2O3, and (b) GaN bulk crystals. Bandstructure (left panels), total and atom-projected (right panels) of (c) β-Ga2O3, and (d) GaN, respectively. Zero energy reference is set to the Fermi level (Ef) of each system.
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 38 Figure 3-8 shows the refractive indexes and extinction coefficients spectra of Ga2O3 (panel a) and GaN (panel b) ultrathin layers obtained from the SE experiments compared with the DFT results about corresponding bulk crystals. The theoretical absorption edge is at =253 nm (=423 nm) for Ga2O3 (GaN), respectively, that corresponds to the valence-to-conduction bandgap. Despite the numerical differences (mostly probably related to the effect of the residual presence of defects and impurities) the agreement between the experimental and DFT optical indices brings two important conclusions: i. the experimental data for GaN well fit the

2D

  and ultrathin materials. The experimental conditions under which the measurements were taken are as follows: Filter = Power study (max 500 mW), Laser = 473 nm, Hole = 100 µm, Objective = 100x, Accumulations = 20, and Acquisition Time = 10 seconds.
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 38 Figure 3-8 Optical properties of Ga2O3 and GaN ultrathin films, extracted from DFT in the range 260-1800 nm. (a) Show the refractive index n and extinction coefficient k of Ga2O3 as a function of wavelength (b) shows the refractive index n and extinction coefficient k of GaN as a function of wavelength.
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 39 Figure 3-9 Raman spectra of Ga2O3 (Black line) and GaN (Red line) on SiO2/Si (Before and after nitridation)
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 3 Figure 3-10(a), XPS results show that by increasing the power, the atomic percentage of
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 331 Figure 3-10 (a) XPS data for Ga2O3/ SiO2/ Si samples that have undergone a plasma nitridation reaction with a varying power (constant time=10 min) or (b) a variable plasma duration (constant power=150 W)

Figure 3 -

 3 Figure 3-11(a) and (b) illustrates Is and Ic as functions of wavelength, with a time setting of 2 minutes and a power setting of 100W, respectively.
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 3311 Figure 3-12 (a) and (b) show the measurement of the effective index of intermediate GaOxNy compound. Panel a (panel b) presents the evolution of n and k as the plasma power (treatment duration) is increased. The evident variations observed on these curves strongly depends on the degree of nitridation of the oxide film. These results
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 333 Figure 3-12 (c) and (d ) represent the increase of refractive index as a function of power and time, respectively, at 1550 nm wavelength adopted during the plasma nitridation treatment, respectively. Additionally,

  ellipsometry. The SiN waveguides were fabricated using deep-UV photolithography and inductively coupled plasma reactive ion etching. The chip layout contains different basic optical test devices, including MZIs (see section 4.3). The final technological steps involve SiO2 deposition using PECVD and chemical mechanical polishing of the surface to provide a planar photonic device surface suitable for 2D material integration. The cross sections of the waveguides under test are shown in Figure 4-1 (a) and (b), without and with the 2D material integrated on top of the waveguide. The bare devices of Figure 4-1(a) are used to evaluate the optical properties of the SiN waveguide, while the configuration of Figure 4-1(b) allows us to probe the optical properties of the 2D materials under study.
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 42 Figure 4-2 (a), (b) and (c), show the result of Cauchy fits applied to ellipsometric data for SiN, Ga2O3 and GaN, respectively.
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 41 Figure 4-1 (a) Illustration of the cross section of SiN strip waveguide and (b) cross section of strip SiN waveguide loaded with 2D materials under studies.
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 4342 Figure 4-2 Evolution of refractive indices versus wavelength (λ) used for the determination of Cauchy coefficients for the materials composing the device: (a) PECVD SiN (b) Ga2O3 (c) GaN
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 44 This similarity in effective indices, as well as the large resemblance between the mode profiles of the bare and coated waveguides, as can be qualitatively inferred from Figure 4-5, indicate that light in the near infrared can efficiently couple between bare waveguides and waveguide with 2D material, with negligible scattering and reflection losses, even in the absence of coupling structures.
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 43 Figure 4-3 Effective indices of the three structures considered: bare SiN waveguide, GaN and Ga2O3 coated SiN waveguide. Individual markers denote mode calculations and continuous lines of the same colour the corresponding polynomial fit.
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 45 Figure 4-5 Electric field intensity |E|² of the TE and TM modes supported by the three cross-sections under consideration at 1.55μm. Grey arrows and percentage values denote the calculated power-coupling between bare and 2D-material coated sections.

Figure 4 - 4

 44 Figure 4-4 Relative change in the effective index of the waveguide after it is coated with 2D material, in both polarization conditions.

  arms of the MZI have different optical lengths, due to a change in either arm length or optical properties of the waveguide, leading to distinct propagation characteristics for the light traveling through each arm. The MZI structure involves a beam splitter and a beam combiner, which are realized using a Multi-Mode Interference device (MMI). In operation, the monochromatic and polarized light from the laser source is coupled into the input waveguide and split equally at the beam splitter. Then the two guided modes respectively propagate along the sensing arm and the reference arm and recombine at the beam combiner. Some optical path difference between the two arms leads to oscillation in the transmission spectrum due to either constructive or destructive interference. In our study, additional changes in the optical path is induced by the deposition of 2D material (Ga2O3 and GaN) on the sensing arm of the MZI, which has a 100 µm length. The waveguide cross-section is the same as presented in section 4.2.1.1. A certain spectrally dependent interference pattern is observed when the sensing waveguide is free of any 2D material. The deposition of a 2D material alters the effective refractive index of the sensing arm, leading to a different interference pattern. This change provides information about the deposited material. As we will detail later, we fit the observed patterns to a model and compare it to theoretical values based on the refractive index of the 2D material and the MZI dimensions. Locally covering the sensing arm by 2D materials implies the patterning development presented in the section 4.3.2 of this chapter.
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 46 Figure 4-6 illustrates the process where light of amplitude A is injected into the input waveguideand subsequently divided between the two arms of the asymmetric MZI through the MMI device. Once we've deposited the material on the sensing arm, we need to consider potential imperfections of the asymmetric MZI, such as imperfections of the MMIs and a difference in optical losses in the two arms of the asymmetric MZI. In order to account for these factors, we model the device's response using the following formula:

Figure 4 - 6

 46 Figure 4-6 Schematics of a Mach-Zehnder interferometer. The input intensity A is split in the two arms of the interferometer. The arms are asymmetric so when the signals recombine in the output MMI they interfere. The interference is quantified by analyzing the output intensity B. (a) MZI before patterning the sensing arm (b) MZI with material deposited in sensing window on the sensing arm. (b = bend, MUT = Material under Study)

Figure 4 - 7 [ 267 ]

 47267 depicts an illustrative schematic of an integrated photonic circuit featuring various active optoelectronic devices that could be locally functionalized by the presence of 2D material patches. By judiciously incorporating our Ga-based 2D materials into specific parts of such a circuit, we could envision to optimize its overall functionality. The MZI (Figure4-7 (b)) used
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 47 Figure 4-7 (a) A basic schematic of an integrated photonic circuit with active optoelectronic devices including a light source, isolator, switch, modulator, photodetector [267] (b) MZI on a wafer alongside a series of other photonic devices.

Figure 4 -

 4 photoresist to a wafer; the resist undergoes a change in its chemical composition upon UV light exposure. As a result, the pattern is stored as a latent bulk image within the resist. When immersed in a developer solution, the exposed resist areas either remain or dissolve, depending on their polarity. Once the lithography process is complete, an approximate replica of the mask pattern is left on the wafer surface.

Figure 4 - 8

 48 Figure 4-8 (a) Schematic of main components of photolithography machine (b) Schematic of Positive and Negative photolithography

2 .

 2 UV light exposure through a hard mask: These steps are followed by alignment, one of the most critical steps in the entire microsystems fabrication process. I used MJB4 Mask Aligner shown in Figure 4-9 (b). The MJB4 Mask Aligner allows contact exposures of different types (vacuum, hard, soft contact) and exposures at short distances. The achievable alignment accuracy of X, Y, and Theta is below 1 µm. The MJB4 is equipped with 400 nm exposure optics and lamps that allow a resolution of< 1 µm in vacuum contact. The wafer coated with resist is exposed to UV light through the chromium mask (Figure 4-9 (c)); hence only those areas not protected by the mask undergo a chemical reaction. At this stage, the substrate was exposed to UV light for 8 seconds, enabling the mask pattern to transfer onto the sample's surface.

3 .

 3 Resist development: Finally, the patterned substrate was immersed in AZ726 MIF developer for 25 seconds to complete the photolithography process (Figure 4-10(a)).

Figure 4 -

 4 10 (b). Then, we proceeded with the procedure specific to the integration of 2D materials onto the patterned substrates. A liquid droplet of gallium was positioned on the sample and compressed using a second wafer, as described in detail in Chapter 2, Section 2.2.1and 2.2.2. The outcome of this procedure is illustrated in Figure 4-10 (c).

Figure 4 -

 4 Figure 4-11(a) presents Scanning Electron Microscope (SEM) images of the patterned substrate, processed as explained earlier. The pattern, depicted in dark gray, is SiO2, created after etching Si shown in light gray, which is covered by photoresist. As evident in Figure 4-11(b), post the

Figure 4 - 9 Figure 4 - 10

 49410 Figure 4-9 (a) Covering the device with Photoresist on Spin coater (b)SUSS MicroTec MJB4 Mask Aligner (c) Device under UV exposure

Figure 4 -

 4 11 (a) and (b), which display the patterned substrate before and after the deposition of Ga2O3 respectively, it is clear that Ga2O3 was selectively transferred to the parts of the sample devoid of photoresist. Both images were captured using the Back Scattered Emission (BSE) mode of SEM.

Figure 4 -

 4 Figure 4-11(a) BSE image of patterned substrate before deposition (b) BSE image of patterned substrate after deposition
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 22 Chapter 2. (Figure 4-13 (c) and (d)). Structural characterization will be used next to assess the presence of the 2D material in the sensing arm and its nature.

Figure 4 - 13 4 . 4 4 . 4 . 1

 41344441 Figure 4-13 Optical image of MZI before deposition of Ga2O3 on sensing arm (a) Optical image of MZI before deposition of Ga2O3 on sensing arm (b) Optical image of MZI after deposition of Ga2O3 on sensing arm (c) schematic of MZI with opened window on sensing arm with deposited material (d) The cross-section of MZI at sensing arm with deposited GaN (PR= Photo Resisit)

Figure 4 - 14

 414 Figure 4-14 Deposited 4 nm thick Ga2O3 on SiN waveguide (sensing arm). Cross section number 1 and 2 show demonstrate the homogeneity of the deposited layer.

Figure 4 -

 4 Figure 4-14 shows the detection of an ultrathin layer (~4nm thick) of Ga2O3 as obtained by the squeezed printing method on the sensing arm patterned by photolithography. The AFM image
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 22 Chapter 3:, the comparison of the O1s peak for Ga2O3 and GaN reveals the extent of nitridation.

Figure 4 -

 4 15(a) displays a double peak for O1s: the peak at approximately 520.6 eV can be attributed to the O-Ga-O bonds in gallium oxide, while the O1s peak at a binding energy of around 532.1 eV can be assigned to the Si-O bonding originating from the SiO2 substrate layer beneath. In contrast, following the nitridation process, only a single O1s peak is detected in Figure 4-15(b), centered at approximately 532.1 eV. The disappearance of the shorter energy peak thus verifies the effectiveness of the nitridation process in fully converting Ga2O3 into GaN.

Figure 4 - 4 . 4 . 3

 4443 Figure 4-15 (a) O1s peak of Ga2O3 on MZI (Before nitridation) (b) O1s peak of GaN (After nitridation)

Figure 4 - 16 .

 416 For these optical measurements, I utilized the test-bed available at INL, under the guidance of Regis Orobtchouk. The components of the optical setup, as detailed in the schematic of Figure 4-16(a) and (b), include a source, isolator, polarizing filter, input and output lensed fiber, and spectrometer.The first block of the characterization setup is the source: the center wavelength is in the infrared, in particular around 1.31 μm because of the low losses of the SiN waveguides. Two sources corresponded to this requirement: an SLD source from 1.2 μm to 1.4 μm, (nominal average output power of 14.56 mW) from THORlabs and another from 1.2 μm to 1.7 μm from BestSLED (5 LEDs with nominal average output power 30 mW). The output of both sources is oriented in transverse electric (TE) polarization. After the source, an isolator was placed to avoid back reflection that might damage or influence the source output. A polarization converter and filter was put after the isolator in order to ensure only TE/TM polarization to pass. All the photonic fibers used are polarization maintaining. The ellipticity and the polarization state were verified with a THORlab polarimeter PAX1000IR2/M from 900 to 1700nm. A maximum of transmission is noted when the polarizing filter was set to 0° corresponding to the TE polarization (90° corresponding to the TM) polarization. The ellipticity was below 1°, indicating linearly polarized light. There are mainly two methods to

Figure 4 -

 4 Figure 4-16 (a) schematic of the optical set up from the source to the spectrometer (b) sketch of the cross section of the stage, (c) picture of the setup (d) Picture of MZI sample on the setup.

Figure 4 -

 4 [START_REF] Miller | Part I : The Transmission Medium It : Devices and Systems Considerations I : The Transmission Medium[END_REF] shows the input and the output top view of the butt coupling injection and collection.The power collected is transferred to the spectrometer, model Agilent 86140B. The scan time is set according to the number of points (10001) and the resolution. For long scans the scan time is 65 sec. A measurement is taken 10 times and then averaged to reduce the high frequency noise of the signal (changing the RMS noise from 40pW to 10pW). The average is done 10 times as a tradeoff between the measurement time and the improvement of the signal quality.

Figure 4 -

 4 Figure4-18 shows the response of the MZI before any deposition, after deposition and after nitridation for both polarizations. Qualitatively, the slight changes in the fringe patterns of the three devices, evidenced in Figure4-19, confirms that there is a measureable impact from depositing the 2D material when present on the sensing arm, as will be confirmed through numerical analysis of those results.

Figure 4 - 17

 417 Figure 4-17 Top view of the chip while injecting and collecting light by the butt coupling method for the input waveguide (left side) and output waveguide (right side). The image right side on top shows an input waveguide while laser is off.

Figure 4 - 18

 418 Figure 4-18 Measured response of the MZI at all three steps of the experiment, for both polarizations. Maximum transmission power is shown on the right for each response.

Figure 4 - 19

 419 Figure 4-19 Qualitative analysis of the interference pattern of the MZI transmission: each line shows the sign of the cosine component of the transmission (grey: positive; white: negative). The differences in patterns alignment and phase shows that each fabrication step had an impact on the transmission of the device. The last «SiN» line is there to help visual comparison and does not constitute a separate experiment.
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 22 equation 4-1), we use the measured interference pattern to solve for the effective indices of the waveguide (with and without 2D material) and the characteristic lengths L 2 and L MUT of the MZI sensing arm. Details of the methods are described in Appendix.

Figure 4 -

 4 Figure 4-20 (a) and (b) shows the fitted waveform obtained for the SiN waveguide in both TE and TM polarizations. We can see that in TE polarization the fit is slightly offset from the measured transmission below 1.3μm and above 1.6μm, while in TM polarization it faithfully reproduces the measured transmission.

Figure 4 -Figure 4 - 20 Finally, Figure 4 -Table 4 - 2 ,

 4420442 Figure 4-20 (c) and (d) shows the fitted waveform obtained for the SiN waveguide coated with Ga2O3 and GaN in TM polarization. In the case of SiN+Ga2O3 the fit does match the measured transmission rather faithfully, but the fitted transmission for SiN+GaN shows some noticeable deviation compared to the measurements at shorter wavelengths.

Figure 4 - 21

 421 Figure 4-21 Results of fitting the effective index using measured transmission data of (a,b) bare SiN waveguide (c,d) ultrathin Ga2O3 layer deposited on SiN waveguide and (e,f) ultrathin GaN layer deposited on SiN waveguide; Theoretical denotes the nominal indices and experimental the results of the fit; insets show the relative error between nominal and fitted values.

and 4

 4 can be useful for further study on the potential applications of Ga2O3 and GaN. This work also represents the first step in studying the potential of the intermediate level (GaOxNy). The knowledge gleaned can be utilized to adjust the properties of optical devices based on these materials. Furthermore, this research provides a strategy for integrating 2D materials into hybrid photonic chips, thereby enabling the local modification or enhancement of an otherwise passive optical circuit. Last but not least, due to time constraints during the three-and-a-half years of this PhD program, the exploration of GaN's nonlinear properties remains incomplete. Nonetheless, I firmly believe that the extensive efforts and groundwork established throughout this research have effectively paved the way for subsequent projects. Future studies can now concentrate more proficiently on unraveling the nonlinearity of these materials. The scientific insights and technological advancements accomplished in this work provide a foundation for the next phase of exploration into the fascinating realm of 2D materials and their nonlinear properties.

Figure A1 .

 A1 Figure A1.Steps in extracting and optimizing the device's experimental response.
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  photoniques planaires grâce à des techniques de post-traitement, apportent de nouvelles propriétés qui peuvent potentiellement compléter la photonique du silicium. Depuis lors, de nombreux matériaux 2D ont été explorés et présentent des propriétés électroniques, optiques
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streaming, cloud computing, and Internet of things (IoT) gains prominence, traditional communication systems face challenges in meeting the ever-increasing bandwidth requirements

[START_REF] Winzer | From Scaling Disparities to Integrated Parallelism: A Decathlon for a Decade[END_REF]

. Conventional optical transceivers, although effective, are often bulky, costly and energy consuming, limiting their widespread implementation. It is imperative to seek out innovative technologies that can address this demand for high-speed data transmission while

  This project is part of an international cotutelle between Ecole Centrale de Lyon (ECL) and Royal Melbourne Institute of Technology (RMIT) under the umbrella of European Union and Marie Curie framework. The investigative endeavor this project presented unfolded across two

	state-of-the-art laboratories:
	(i)	Institute of Nanotechnologies of Lyon (INL) and NANOLYON nanotechnology
		platform
	(ii)	RMIT Micro Nano Research Facility (MNRF) and the assistance of RMIT
		Microscopy and Microanalysis Facility (RMMF).

In the scope of our collaboration with CNR-NANO Istituto Nanoscienze in Modena, Italy, Arrigo Calzolari and Amine Slassi we provided substantial assistance by conducting the integral Density Functional Theory (DFT) calculations pivotal to this research. Ali Zavabeti and Chung Nguyen at RMIT University proficiently carried out the TEM and XPS measurements necessary for our research. Further enriching our research, Jules Galipaud offered technical support by facilitating our use of the XPS equipment housed in the LTDS laboratory at Ecole Centrale de Lyon. Our work was further augmented by Bernard Pelissier and Badreddine Smiri from LTM-CNRS of Grenoble, who performed the Raman measurements. Subsequently, we selected a SiN waveguide as the first device geometry for probing our 2D material, which was fabricated at STMicroelectronics.In pursuit of optical measurements, we utilized the optical setup available at INL, where the expertise of Regis Orobtchouk guided us.
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 1 Melting points and major drawbacks of near-room-temperature liquid metals[START_REF] Iu | Recent advances in liquid metal photonics : technologies and applications[END_REF] 

Liquid metals Ga EGaIn Galinstan Hg Rb Cs Fr NaK-77 Melting point (°C)

  

		29.8	15.7	10.6	-38.8	39.5	28.4	27	-12.6
	Major	-	-	-	toxic	reactive reactive reactive reactive
	drawback							

Table 1 -

 1 

2 Devices prepared using various liquid metal printing techniques including touch and squeeze printing, air injection, and two-step conversion methods where CVD (ammonolysis or sulphurisation) is used to convert from a 2D metal oxides to other 2D materials (nitrides and sulphides) *e -mobilities. ^ on/off ratio of ~170 for phototransistors (with a responsivity 0f 6.4 AW-1). † Layer 1: 1nm, layer 2: 4.5nm.

[START_REF] Goff | An exploration into two-dimensional metal oxides, and other 2D materials, synthesisedvialiquid metal printing and transfer techniques[END_REF] 

Electronic devices Device Material Synthesis method Thickness (nm) Band gap (eV) Mobilities (𝐜𝐦 𝟐

  𝐕 -𝟏 𝐬 -𝟏 )

						Photodetector devices	
	Device	Material	Synthesis	Thickness	Band	Photodetectivit	Response	Responsivity	Ref
				method		(nm)	gap (eV)	y	time (µs)	(𝑨𝑾 -𝟏 )
									(𝐉𝐨𝐧𝐞𝐬)	
	Two-		Bi 2 O 3	Touch		0.75	3.5		1.1x10 13	~70	400	[215]
	terminal									
	UV	SnO/In 2 O 3	Layered		5.5	2.3		5x10 9	<1000	1047	[196]
				touch						
						Gas sensors	
	Device	Material	Synthesis		Thickness	Band gap	Gas response	Response/recovery time (s)	Ref
				method		(nm)		(eV)	factor	
									(%)	
	Two-		Ga 2 S 3	Squeez+CVD		2		2.1	50%(107ppmNO 2 )	108/1800	[195]
	terminal									
	UV	SnO/In 2 O 3	Layered touch		5.5		2.3	5x10 9		<1000	[195]
						Piezoelectric devices	
	Device		Material	Synthesis	Thickness	Band	Motilities	Piezoelectric	Peak output (mV)	Ref
				method		(nm)		gap	(	coefficient
								(eV)	𝐜𝐦 𝟐 𝐕 -𝟏 𝐬 -𝟏 )	(pm𝐕 -𝟏 )
	Hall		SnS	Touch		0.7		1.4	35	26.1±0.3	~150(0.7% strain)	[192]
	device+piezo-		(anoxic						
	electric			conditions)					
	nanogenerator								
									On/off	Optical	Sheet	Ref
										ratio	transparency	resistance
											(%)	(k𝛀 -𝟏 )
	Touch screen	Bilayer	Squeeze		1.5		3.9	14	-	99.3	5.4	[212]
			ITO							
	FET		In2S3	Touch+CVD	3.7		2.3	58	10 4	-	-	[194]
	FET+		GaS	Screen		1.5		3.02	0.2	~150	-	-	[30]
	phototransistor		print+CVD		(bilayer)			
	Hall device		GaN	Squeeze+CVD	1.3		3.5	21.5	-	-	-	[213]
	FET		GaN	Surface-		4.1		-	160	10 6	-	-	[214]
				confined						
				nitridation						

Table 1 -3[350].Table 1 - 3

 113 Comparison of on-chip transfer techniques of 2D materials (CVD, chemical vapor deposition; PDMS, polydimethylsiloxane; PMMA, poly (methyl methacrylate)). (Reproduced from[239])

Table 1 -

 1 [START_REF] Jalali | Silicon photonics[END_REF] includes results from only a small number of studies that have reported on the measurement of the second and third-order nonlinear optical coefficients in GaN waveguides.

Table 1 -

 1 4, most of the studies on the GaN nonlinearity are related to the bulk material. Hence, the nonlinear properties of this material in the two dimension remained unknown. Yet, considering the GaN bulk and thin film nonlinear properties, we anticipate having a nonlinear response for lower-dimension films as well. Therefore, among the various 2D materials accessible by the liquid metal chemistry presented in section 1.4, and besides the suitable properties of GaN already discussed in section 1.3.2, this quick overview of GaN for nonlinear optics led me to focus my PhD studies on 2D GaN, which appears as a relevant candidate for both linear and nonlinear photonic applications.
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 14 Nonlinear optical properties of GaN (Reproduced from[START_REF] Vyas | Group III-V semiconductors as promising nonlinear integrated photonic platforms[END_REF])

	Form	Wavelength (nm)	𝝌 (𝟐) ,d (pm/V)	𝒏 𝟐 /𝑾 -𝟏 ) (𝟏𝟎 -𝟏𝟒 𝒄𝒎 𝟐	) (cm/GW 𝒂 𝟐	𝑾 -𝟏 ) γ(𝐦 -𝟏 /	Technique	Ref
	WG	1560	16(𝜒 (2) )	-	-	-	SHG	[318]
	Bulk	1064	-	-	-	-	SHG	[335]
			16.5(𝑑 33 )					
	Bulk	1064	8.2(𝑑 31 )	-	-	-	SHG	[335]
	Bulk	1064	8.0(𝑑 15 )	-	-	-	SHG	[335]
	WG	1550	-	3.4	-	1.6	FWM	[320]
	MRR	1450 to 1650	-	1.4(1550	-	-	DKS	[317]
				)				
	WG	1550	-	1.1	-	7.3	FWM	[319]
	Bulk	377 to 720	-	-	16(400)	-	PPT	[336]
	Bulk	724	-	-	0.9	-	ZS	[337]
	WG-waveguide, MRR-microring resonator					
	SHG-second harmonic generation, FWM-four wave mixing, DKS-dissipative Kerr soliton, PPT-pump probe technique,
	ZS-Z scan							

Table 2 - 1 .

 21 The top electrode seen in Figure
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 221 Plasma Therm Vision 310 PECVD specifications

	Electrode dimension	12" -305 mm
	Inter-electrode spacing	22 mm
	Temperature range	50 -380 °C
	Maximum Power supply	300W (at 13.
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 222 Plasma parameter used for the full nitridation process to convert Ga2O3 into GaN

	Temperature	320 °C
	Time	10 min
	Gas	N2 (99.5%) + H2 (0.5%)
	Flow rate	200 sccm/1 sccm
	Pressure	1 Torr
	Power	150 W
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 23 Characterization Tools and Their Retrieved Information

	Characterization Tool	Retrieved Information
	AFM	Topography: Film thickness, Homogeneity, Deposition location
	TEM	Crystalline structure
	XPS	Chemical composition, Bonding configuration

Table 3 - 1

 31 Fit parameters of the dispersion relation as obtained from ellipsometry analysis of the Ga2O3 and GaN ultrathin films deposited at SiO2/Si substrate

	Parameter	Ga2O3	GaN
	𝜒 2	0.04	0.07
	Thickness (nm)	3.2±0.07	3.2±0.8
	Eg (eV)	3.8±0.11	2.4±0.2
	AOI °	69.9±0.005	71±0.01

Table 3 -

 3 

2. Considering that our measured value for 3nm thick films is in the same range as for bulk and thick films, we conclude that the refractive index of these materials remains roughly constant regardless of changes in film thickness down to about 3nm. In addition, by comparing the refractive index of Ga2O3 and GaN at the same wavelength, we note that the relatively high index difference (~0.42), featuring a significant ~20% variation, could be highly relevant for adjusting the optical properties of silicon photonic devices on top of which this ultrathin material is deposited.
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 32 Comparison of refractive index measurement for Ga2O3 and GaN at different thicknesses

	Material	Thickness	N	λ (nm)	Ref
	Ga2O3	Bulk	1.84-1.88	980	[409]
	Ga2O3	67.9 nm	1.84	632	[405]
	Ga2O3	31.9-2468 nm	1.89	295-826	[410]
	Ga2O3	30 nm	1.87	632	[395]
	Ga2O3	89 nm	1.85	632	[411]
	Ga2O3	3 nm	1.89	632	This work
	GaN	Bulk	2.34	632	[412]
	GaN	2.3 µm	2.42	632	[407]
	GaN	1.5 µm	2.33	632	[390]
	GaN	1.3 µm	2.37	632	[389]
	GaN	1.06 µm	2.34	632	[399]
	GaN	532 nm	2.1	1200	[408]
	GaN	3 nm	2.31	632	This work
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 33 Fit parameters of the dispersion relation as obtained from ellipsometry analysis of the intermediate levels synthesized at different time and power (Time = 2 , 4 , 6 min and Power= 50 , 100 and 150 W

	Parameter T= 2 min	T=4 min	T=6 min	P=50 W	P=100 W	P=150 W
	𝜒 2	0.1	0.53	0.39	0.54	0.86	0.25
	GaN%	9.82					
		±2.29					

36.06±4.21 72.71±2.11 50.56±2.50 76.22±1.85 89.73±2.89

Table 4 -1,
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 41 Overlap percentages of electric field intensity for waveguide with Ga2O3 and GaN in both TE and TM modes, calculated in terms of power and electric field intensity at 1.55µm

	Mode	Material	Fraction of electric field intensity in 2D material (%)
		Ga2O3	0.184
	TE		
		GaN	0.186
		Ga2O3	0.185
	TM		
		GaN	0.177

Table 4 - 2

 42 Nominal and experimental values of polynomial coefficients for fitted values: neff, L2 and LMUT for both TE and TM like polarization.

		TE Polarization	TM Polarization
		Nominal Experimental Nominal Experimental
	a1SiN	2.0444	2.0431	1.9617	1.9617
	a2SiN	-0.2022	-0.2077	0.0197	0.0200
	a3SiN	-0.1741	-0.1718	-0.3790	-0.3796
	a4SiN	0.0638	0.0560	0.1187	0.1194
	L2 (µm)	50	49.999	50	50.046
	a1 Ga2O3	2.0447	2.0445	1.9621	1.9820
	a2 Ga2O3	-0.2026	-0.2018	0.0178	0.0177
	a3 Ga2O3	-0.1692	-0.1724	-0.3731	-0.3725
	a4 Ga2O3	0.0617	0.0525	0.1163	0.1168
	LMUT (µm)	100	63.126	100	63.364
	a1GaN	2.0437	2.0431	1.9622	1.9622
	a2 GaN	-0.2011	-0.1982	0.0175	0.0202
	a3 GaN	-0.1709	-0.1700	-0.3737	-0.3735
	a4 GaN	0.0622	0.0607	0.1167	0.1161
	LMUT (µm)	100	59.788	100	63.180
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Chapter 3: Characterization Results

The main goals of this chapter are:

•

Conducting a thorough characterization of the ultra-thin layers produced through the synthesis process detailed in Chapter 2, utilizing various characterization techniques to examine their composition and structural properties.

• Evaluating the effectiveness of plasma-assisted nitridation as a practical method for converting Ga2O3 into GaN.

• Demonstrating the adaptability and potential of the nitridation process by highlighting its capability in synthesizing ultra-thin intermediate GaOxNy layers, and assessing their unique characteristics.

Chapter 4: Integrated Optics

The primary aim of this chapter is to integrate the 2D materials, synthesized and explored in previous chapters, onto photonic devices. To assess the viability and potential of this approach, we will utilize a test structure, specifically a SiN based integrated photonic Mach-Zehnder Interferometer (MZI). This choice will allow us not only to verify the technological feasibility of hybrid integration but also to extract the effective index and loss of the hybrid waveguide, when coated with 2D materials. In this chapter I discuss the technological development underpinning this integration and present measurements of SiN MZI incorporating 2D GaN and Ga2O3 materials. This last chapter of my research studies, which is focused on 'hybrid integration', demands a controlled way of patterning the 2D materials. Indeed, the ultimate goal would be to use passive photonic circuits (and not only MZI that are here exploited as test structures) that can be locally functionalized with 2D materials patches exhibiting specific (linear or nonlinear) properties. As a path towards this, patterning techniques dedicated to 2D materials are needed, and will be discussed in the technological section of this chapter.

soft-baked on a hot plate at 110°C for 90 seconds, followed by a first exposure of 3 second.

After the first exposure, the sample underwent a second bake at 110°C for 60 seconds.

Subsequently, a second flood exposure was performed for 25 seconds. Finally, the sample was immersed in AZ 726 MIF developer for 30 seconds. The resulting pattern created a sensing window on the sensing arm of the MZI, allowing for the deposition of 2D material into the sensing arm. 

Direct transfer of 2D material on MZI

According to the results of Section 4.3.1, the transfer of Ga2O3 occurred solely on the substrate area not covered by photoresist, i.e. within the window on top of the sensing arm of the MZI.

The squeeze printing technique, detailed in Section 2.2.1 of Chapter 2, was utilized to deposit an ultrathin layer of Ga2O3. The sample was preheated to 40°C on a hot plate, and a liquid droplet of gallium was placed onto the sample and squeezed with the second wafer. After removal of the second wafer, an ultrathin layer of Ga2O3 was selectively transferred onto the sensing window. To eliminate the remaining liquid metal micro-droplets, the sample was immersed in hot ethanol (78°C), followed by a solvent-assisted mechanical cleaning protocol using polyurethane foam swab. This process removed both metal residue and the photoresist covering the remaining sample. Hence, thanks to the ethanol wash, the sample was thoroughly cleaned from any photoresist. 

Conclusions and future perspectives

In the sphere of materials science, especially nanomaterials, two-dimensional (2D) materials hold tremendous potential. These unique materials, with their intriguing properties such as high refractive index contrast, tunability of optical properties, and inherent light emission capabilities, are well-suited for an array of applications. They can be utilized in areas ranging from photonic devices, such as waveguides and sensors, to energy storage and conversion.

However, challenges persist, mainly concerning their synthesis and incorporation into functional devices. These obstacles have limited their widespread usage across various industries.

Given these challenges, the work documented in this PhD thesis is both relevant and influential.

It paves new paths for large-scale production and seamless integration of 2D materials onto photonic integrated circuits. Consequently, our research objectives were:

• Identifying a suitable 2D material exhibit non-linear optical properties, thereby complementing silicon photonic technology for near-IR applications (lambda~1,55µm).

• Developing a suitable method for the synthesis of the chosen 2D material. This method facilitating the straightforward integration of the material directly onto waveguide.

• Characterizing our synthesized ultra-thin materials, to probe both their structural and optical properties and to clarify how the fabrication process influences these properties.

• Successfully incorporating the synthesized material onto the final device to evaluate the impact of the material's optical properties onto passive photonic devices.

We began our work by researching the state-of-the-art properties of the large family of 2D materials to find one with nonlinear optical properties. Among all candidates, we selected Gallium Nitride (GaN), known for its strong nonlinearity in its bulk form. GaN became our targeted material, bearing in mind that material's properties can vary between its bulk and ultrathin forms, and the properties can change based on thickness. While GaN is widely studied today, there is a lack of research on its linear and nonlinear properties in the 2D dimension (less

Appendix Derivation of the theoretical MZI transmission

Light of amplitude A is injected in the input waveguide and split equally in the 2 arms of the asymmetric Mach Zehnder through the MMI. After the MMI, the field in each branch is thus equal to:

The phase shift at the end of the reference arm is given by:

While thus the phase shift at the end of the sensing arm is given by:

Where "b", "s" and "MUT" represent respectively the bend, straight and Material-Under-Test configurations. The MZI dimensions are as follows

Hence the field amplitude at the B point after recombining the fields from the reference arm

e jΔφ R and the sensing arm E sensing =

A √2 e jΔφ sensing can be expressed as:

introduced to account for a potential difference in the amplitude of the fields E ref and E sensing recombining at the output of the MZI, as well as background light.

Methodology for neff extraction from MZI

The fitting procedure we employed for extracting the effective index of the waveguides and length of deposited material, detailed below, was developed by Regis Orobtchouk.

The experimental response of the device includes the source emission spectrum, the photodetector response, coupling and uncoupling efficiency between the lensed fibers and the device, as well as background noise (Figure A1(a)).

To extract the individual contribution of the MZI from the total response, the measured power is first filtered and normalized by its envelope (Figure A1 For example, in the absence of 2D material on the sensing arm, the expected angle is:

Therefore, we parametrize the fit with β SiN exp (λ), ΔL exp and solve the system of equations:

The resulting β SiN exp (λ) and ΔL exp can be used to reconstruct the original signal, and compared to theoretical values. 2D materials have emerged as promising candidates for enhancing silicon photonics. With their atomically thin structure, high carrier mobility, and strong light-matter interaction, 2D materials offer the potential for efficient light emission, modulation, and sensing in silicon photonics. Their compatibility with silicon processing techniques and ability to integrate into existing silicon photonic platforms make them attractive for achieving compact, highperformance, and energy-efficient photonic devices.In this context, we introduced ultrathin Ga2O3 and GaN synthesized using the liquid metal chemistry technique. Our approach primarily exploits the LMC technique, which allows for easier integration of 2D materials onto photonic devices compared to traditional top-down and bottom-up methods. Our fabrication process involves a two-step procedure: liquid metal-based printing of Ga2O3, followed by plasma-enhanced nitridation reaction. This two-step process enables control over the composition of the resulting nm-thick GaOxNy layer and the eventual achievement of stoichiometric GaN. The structural properties and elemental composition of these 2D materials are characterized using AFM, TEM, XPS, and Raman spectroscopy.Our fabrication process grants access to a range of GaOxNy compounds with distinct optical properties, which can be tailored between those of Ga2O3 and GaN, as demonstrated by ellipsometry measurements and comparison with DFT simulations. Additionally, we successfully demonstrated the integration of these materials into a MZI and performed linear measurements before and after nitridation. Our findings expand the knowledge of ultra-thin gallium compounds, which have been poorly studied, and represent an essential step toward integrating such 2D materials into photonic chips. This work offers new opportunities to improve the performance of hybrid optoelectronic devices.
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