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Synthesis in French

Au cours de la dernière décennie, la recherche sur les matériaux 2D a considérablement progressée en raison de leurs nouvelles propriétés jusqu'alors inconnues et de leurs potentiels applications en électronique et optoélectronique de nouvelle génération. En particulier, le phosphorène a récemment suscité un vif intérêt car il possède plusieurs propriétés qui le distinguent des autres matériaux 2D. En effet, il présente une bande interdite intrinsèque accordable, qui peut varier de 1.8 eV pour une monocouche atomique à 0.35 eV pour un cristal du phosphore noir, avec une grande mobilité des porteurs et un rapport ON/OFF élevé. Tous ces attributs rendent le phosphorène parfaitement adapté aux applications électroniques et optoélectroniques à l'échelle nanométrique.

Inspiré par la recherche réalisée sur le phosphorène noir, une nouvelle structure allotropique 2D du phosphore, le phosphorène bleu, a été théoriquement prédite. Cette structure est en nids d'abeilles et partage de nombreuses caractéristiques avec le phosphorène noir. La synthèse du phosphorène est basée principalement sur les techniques d'exfoliations du phosphore noir. Cependant, la synthèse contrôlée du phosphorène basée sur des processus industriels tels que la croissance en jet moléculaire ou le dépôt chimique en phase vapeur reste un défi majeur pour une intégration future en applications industrielles.

Dans cette thèse, on présente une étude expérimentale de la croissance du phosphore sur un substrat d'Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] et d'Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF]. Les expériences ont été réalisées en utilisant les techniques ultravides suivants : la microscopie et la spectroscopie à effet tunnel (STM-STS), la diffraction d'électrons lents (LEED), la spectroscopie d'électrons Auger (AES), la spectroscopie de photoélectrons (XPS) et la photoémission résolue en angle (ARPES).

Le chapitre 1 résume l'état de l'art de la synthèse du phosphorène. Les techniques de synthèse du phosphorène sont basées principalement sur l'exfoliation chimique et II mécanique. Les synthèses par épitaxie en jet moléculaire ou par dépôt en phase vapeur sont encore peu développées.

Le chapitre 2, détaille les bases des techniques expérimentales utilisées dans cette thèse.

Ces techniques sont complémentaires ce qui nous a permis de d'accéder aux structure atomique et électroniques des couches de phosphore ainsi obtenues.

Dans le chapitre 3, on présente la croissance du phosphore sur une surface d'Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF].

Les images de microscopie à effet tunnel montrent une couche ordonnée du phosphorène bleu alors les mesures ARPES montrent une valeur du gap au moins égale à 0.8 eV. Cette valeur est en accord avec les mesures de spectroscopie tunnel (dId/V).

La réactivité du phosphorène sur la surface d'Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] en fonction de la température a aussi été étudiée et nous avons mis en évidence un processus de substitution des atomes d'or avec les atomes de phosphore. En effet, les atomes de phosphore s'insèrent dans la première couche de l'or en éjectant les atomes d'or de la couche. Ces résultats ont été confirmés par calculs théorique (DFT).

Le chapitre 4, présente la croissance du phosphore sur une surface d'Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF].

Contrairement à la surface d'Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF], cette surface est très riche en structures. En effet, en fonction de la température et le flux d'atomes de phosphore, différentes structures sont obtenues. A température ambiante et à bas taux de couverture (inférieur à la monocouche atomique), les images STM montrent une structure 2D du phosphore sous forme de pentamères alors que les mesures STS montrent un gap de 1.2 eV. Ces pentamères flottent sur la surface d'argent à cause de leurs diffusion rapide et s'ordonnent à basse température (78K).

Pour un temps de dépôt supérieur, le dépôt du phosphore donne lieu à la formation de nano-rubans auto-organisés parfaitement alignés sur la surface. Bien que ces rubans soient parfaitement plats, leur structure ressemble à celle du phosphorène. Les mesures STS et ARPES montrent aussi qu'ils sont semi-conducteurs avec un gap de 1.8 eV. Ces résultats sont aussi confirmés par des calculs théoriques (DFT). III Finalement, le dépôt du phosphore à haute température donne lieu à la formation d'ilots monoatomiques auto-organisées. Ces ilots monoatomiques ont une structure proche de celle du phosphorène bleu.

Dans la dernière partie on présente une conclusion ainsi qu'une perspective de cette étude.

Introduction

This introduction covers the most recent advances in the field of phosphorene. There is an increasing interest in phosphorene mainly for several reasons. First, phosphorene has an anisotropic orthorhombic structure [1] in contrast to graphene that leads to its unusual mechanical, electronic, optical and transport properties. Second, phosphorene has an intrinsic tunable direct band gap, ranging from ~0.3 eV (bulk) to ~1.8 eV (monolayer). Third, phosphorene exhibits remarkable characteristics such as high carrier mobilities, high on/off ratios, high optical and UV absorption, and other attractive properties [2]. So that makes it very suitable for next-generation nanoelectronic and optical devices. The main aim of this introduction is to give a general overview of phosphorene, including its crystal structure, synthesis methods and properties.

State of the Art: 2D phosphorene

In 2004, two physicists from Manchester University, Andre Geim and Kostya Novoselov, successfully isolated a single layer of graphite, termed as graphene, using micromechanical cleavage technique [3,4]. Their results allow not only to verify the existence of two-dimensional (2D) crystals and they are stable under ambient conditions but also lead to a revolution in the 2D material field. Examples of 2D nanomaterials blossomed in recent years, such as hexagonal boron nitride (h-BN) [5,6], transition metal dichalcogenides (TMDs) [7][8][9][10][11][12], germanene [13][14][15], silicene [16][17][18], borophene [19][20][21], etc… Recently, single or few layer of orthorhombic black phosphorus (BP), termed black phosphorene (black P), has attracted much attention due to its intriguing structures and remarkable properties [22][23][24][25][26][27][28].

Actually, the first work on BP dates back to the 1910s. Bridgman [29] synthesized black phosphorus by investigating the effects of high pressure on white phosphorus. BP was discovered under the conditions of a pressure of 1.2 GPa and a heating temperature of 200°C. Black phosphorus, the most stable allotrope of phosphorus [30], is one of the few layered crystals with single-element [31]. Since each phosphorus atom has five outer shell electrons, each atom is bonded with three adjacent phosphorus atoms through hybridization to form sp 3 hybridized orbitals [27], resulting in a puckered honeycomb structure [26], in which the single atomic layers are stacked together by weak van der Waals interactions instead of covalent bonds [32]. The schematic structure of the few layers BP is illustrated in Figure 1.1. The layered structure holds together at the interlayer distance of 5.3 Å. In addition, black P exhibits two distinctive directions, corresponding to the armchair (AM) and the zigzag (ZZ) directions, respectively.

Because of its puckered structure, the single layer of honeycomb network contains two atomic layers and includes two kinds of interatomic bonds, where the bond distance between the nearest neighbor atoms is 2.224 Å and the connecting bond length between top and bottom atoms is 2.244 Å [33,34].The unit cell contains four phosphorus atoms where the lattice constants are different, a1 = 3.30 and a2 = 4.53 Å. The bond angle along the ZZ direction, termed the hinge angle, is 96.3° and the corresponding dihedral angle along the AM direction is 103.1° [26,35,36]. This novel topological structure leads to its unique properties. The electrical and optical properties of bulk black phosphorus have been studied in the 1970s and 1980s [37][38][39][40][41]. Nevertheless, black phosphorus was not attracted much attention at that time. Until 2014, bulk black phosphorus was peeled into a single layer of black phosphorus, which was used to create field-effect transistors by two independent groups, Li et al. from Fudan University [22] and Liu et al. from Purdue University [23]. The theoretical and experimental works reveal many attractive characteristics of phosphorene [22-26, 28, 42-44]. density functional theory (DFT) [45], this new phase of phosphorus is nearly as stable as black phosphorus allotrope, which is named as blue phosphorus. The layers of blue phosphorus are stacked together by the weak interlayer interaction, and the interlayer spacing is 0.563 nm (Figure 1.2a). However, unlike graphene or black phosphorene, the single atomic layer of blue phosphorus, commonly termed blue phosphorene (blue P), is arranged in a buckled honeycomb structure. The unit cell of blue P is highlighted in Figure 1.2b, which contains two atoms and lattice constants is calculated to be a1 = a2 = 3.33 Å. The structural relationship between black P and blue P (Figure 1.2c), can be described as a dislocation introduced in single layer black phosphorus by flipping specific P atoms from down to up position without changing the local bond lengths and honeycomb structures. Since the bulk blue phosphorus does not exist in nature, the 2D blue P can only be synthesized by bottom-up methods on a specific substrate whose lattice is matched. [45].

Synthesis

As mentioned above, the bulk BP is a layered material, where the interlayer interaction in the bulk BP is dominated by the van der Waals force, which makes it possible to isolate a few-layer or even monolayer black P from bulk BP by the exfoliation method.

Mechanical exfoliation

Mechanical exfoliation method is a common technique to cleave bulk layered materials down to the few-and single-layer limits, in which the Scotch tape is used to directly peel quasi-2D structures from their 3D layered crystals, thus also called as the Soctchtape method [3]. Due to its low-cost and easy-operation, this method has already been applied to product 2D materials including metals such as NbSe2 [46], semimetals such as graphene [3], semiconductors such as TMDs [47][48][49][50], and insulators such as h-BN [51,52].

In 2014, a few layer or single layer black P was successfully isolated from its parent bulk crystal (black phosphorus) using mechanical exfoliation by two independent groups, Li et al. [22] and Liu et al. [23]. The schematic representation of the mechanical exfoliation of BP nanosheets is shown in Figure 1.3a. The atomic force microscopy (AFM) image of the exfoliated monolayer black P is shown in Figure 1.3b, where the step height is measured to be about 0.85 nm between the black P and SiO2-coated silicon wafer substrate. This value is slightly larger than the theoretical height of 0.53 nm for freestanding single layer black phosphorene, but it is also less than the thickness of two layers. This phenomenon has been reported in graphene [53].

The high purity and cleanliness of few or single layer crystal black P can be produced by mechanical exfoliation method. However, this method suffers from the low production and lacks precise control of sample size and thickness, which has limited to use in lab scale for fundamental studies and fabrication of individual devices. Another serious issue in that the exfoliated phosphorene will experience a significant degradation when transfer it onto the substrate and following to clean any scotch tape residue under atmospheric environment [26]. (b) AFM image of a single-layer black P crystal on SiO2-coated silicon wafer [23].

Liquid phase exfoliation

Liquid phase exfoliation (LPE) of black P utilizes sonication or shearing process to cleave layers from bulk BP in appropriate solvents. Moreover, the nanosheets size can be screened by centrifugation. This method has been applied to produce graphene [54,55], h-BN [56,57] and TMDs [58,59], as well as a range of other 2D materials [60,61]. Recently, few-layer black P nanoflakes have been fabricated using LPE [62][63][64][65][66].

Nevertheless, this technique remains problematic, because phosphorene is unstable and degrading via reactions with water, oxygen and light [67][68][69]. Therefore, a suitable solvent must be found to stabilize few layer black P nanosheets to protect against degradation. Fortunately, BP crystal is immersed into various types of organic solvents, such as N-Methyl-2-pyrrolidone (NMP), ethanol, acetone, chloroform, hexane, isopropyl alcohol (IPA), dimethylformamide (DMF), N-alkyl-substituted amides dimethyl sulfoxide (DMSO) and N-cyclohexyl-2-pyrrolidone (CHP) to be utilized for the exfoliation of few-layer black P [START_REF] Dhanabalan | Emerging trends in phosphorene fabrication towards next generation devices[END_REF].

The schematic illustration of LPE of few layer black P nanosheets is shown in Figure 1.4a. Hanlon et al. [62] showed that the BP crystals can be exfoliated in N-cyclohexyl-2-pyrrolidone (CHP) by sonication to produce high-quality, few layer black P nanosheets in ambient conditions (Figure 1.4b). The BP nanosheets exhibited excellent stability (even stable for ~200 h), due to the solvation shell protecting the nanosheets from reacting with water or oxygen. Yasaei et al. [65] found that aprotic and polar solvents, like DMF and DMSO, are suitable for producing highly crystalline few-layer black P nanosheets after sonication with uniform and stable dispersions (Figure 1.4c), where the dispersed sheets are protected in the solution against degradation. Guo et al. [START_REF] Guo | From black phosphorus to phosphorene: basic solvent exfoliation, evolution of Raman scattering, and applications to ultrafast photonics[END_REF] added bulk BP to the saturated NaOH/NMP solution to produce few layer black P nanosheets (Figure 1.4d), which exhibited an excellent water stability due to a favorable negative charge. Watts et al. [START_REF] Watts | Production of phosphorene nanoribbons[END_REF] presented a new method based on LPE, for forming phosphorene nanoribbons by mixing bulk BP with lithium ions dissolved in high-purity ammonia (NH3) at 223 K. After immersion of BP in Li:NH3 solution for about 24 hours, alkali metal ions were inserted into the layered BP crystals. NH3 was removed and replaced with NMP solvent without air exposure, and after sonication and centrifugation, the solution containing phosphorene was obtained (Figure 1.4e). The nanoribbons are mostly atomically flat single crystals with aspect ratios of up to 1,000. Transmission electron microscopy (TEM) micrograph of few layer black P exfoliated in N-cyclohexyl-2-pyrrolidone (CHP) [62]. (c) The black P dispersions in DMSO and DMF solvents after sonication and centrifugation [65]. (d) Photographs of the NMP and water solutions containing few layer black P that was exfoliated in NMP (without NaOH) and basic-NMP solvent (with NaOH) [START_REF] Guo | From black phosphorus to phosphorene: basic solvent exfoliation, evolution of Raman scattering, and applications to ultrafast photonics[END_REF]. (e) TEM micrograph of phosphorene nanoribbons from the liquid dispersion [START_REF] Watts | Production of phosphorene nanoribbons[END_REF].

Chemical vapor deposition

Chemical vapor deposition (CVD) is used to grow highly crystalline thin layers on substrate by the decomposition of precursors in the vapor phase on the surface. The advantages of CVD method include a potential for growth of large-area, high quality, and high-performance of thin films and provide high pure films with precise control at nanometric scale. CVD method has been successfully applied to synthesize graphene [START_REF] Li | Large-area synthesis of high-quality and uniform graphene films on copper foils[END_REF][START_REF] Reina | Large area, fewlayer graphene films on arbitrary substrates by chemical vapor deposition[END_REF][START_REF] Kim | Largescale pattern growth of graphene films for stretchable transparent electrodes[END_REF], TMDCs [START_REF] Gong | Synthesis of millimeterscale transition metal dichalcogenides single crystals[END_REF][START_REF] Chhowalla | The chemistry of two-dimensional layered transition metal dichalcogenide nanosheets[END_REF][START_REF] Liu | Growth of large-area and highly crystalline MoS2 thin layers on insulating substrates[END_REF] and hexagonal boron nitride [5,[START_REF] Lourie | CVD growth of boron nitride nanotubes[END_REF], giving good examples for the possible direct chemical synthesis of large-area and uniform monolayer black P.

However, investigations of direct chemical synthesis of black P are still scarce so far, probably due to the absence of a suitable substrate for its CVD growth.

Li et al. [START_REF] Li | Synthesis of thin-film black phosphorus on a flexible substrate[END_REF] reported a scalable approach for the synthesis of BP thin films on polyethylene terephthalate (PET) substrate. They used two-step process in which a thin film of red phosphorus was first deposited onto the PET using CVD method and then conversed into BP thin film by pressurization beyond 8 GPa at room temperature, but the BP film thickness was ~ 40 nm. Smith et al. [START_REF] Smith | Growth of 2D black phosphorus film from chemical vapor deposition[END_REF] reported a similar result where the red phosphorus thin films were deposited on Si/SiO2 wafers from vapor deposition of red phosphorus or bulk BP, and then the sample was heated up to 950°C with Sn/SnI4 mineralizing agents under pressure of 400 psi (27.2 atm). After cooling to room temperature, they obtained BP thin films on Si/SiO2 substrate with an average area >100 μm 2 and a thickness on the length scale of tens of nanometers. Li et al. [START_REF] Li | Synthesis of crystalline black phosphorus thin film on sapphire[END_REF] demonstrated the direct synthesis of highly crystalline BP thin films on sapphire substrate through conversion from red phosphorus. BP thin films with a thickness of 50 nm synthesized at 700°C and 1.5 GPa, which exhibits high quality polycrystalline structure with a crystal domain size ranging from 40 to 70 μm.

Molecular beam epitaxy

Molecular beam epitaxy (MBE) is probably the most popular method used to grow high quality 2D materials and heterostructures [16,[START_REF] Gao | Epitaxial graphene on Cu (111)[END_REF][START_REF] Joshi | Boron nitride on Cu (111): an electronically corrugated monolayer[END_REF][START_REF] Liu | Molecular-beam epitaxy of monolayer and bilayer WSe2: a scanning tunneling microscopy/spectroscopy study and deduction of exciton binding energy[END_REF][START_REF] Meng | Buckled silicene formation on Ir (111)[END_REF][START_REF] Zhu | Epitaxial growth of two-dimensional stanene[END_REF], which is also suitable to fabricate phosphorene. More recently, several independent groups have grown single layer blue phosphorus on Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] surface by using black phosphorus or Indium phosphide (InP) as precursor, this phase is buckled and forms a (5 × 5) superstructure with respect to the Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] surface [START_REF] Zhang | Epitaxial growth of single layer blue phosphorus: a new phase of two-dimensional phosphorus[END_REF][START_REF] Xu | One-dimensional phosphorus chain and two-dimensional blue phosphorene grown on Au (111) by molecular-beam epitaxy[END_REF][START_REF] Zhuang | Band gap modulated by electronic superlattice in blue phosphorene[END_REF][START_REF] Zhang | Epitaxial synthesis of blue phosphorene[END_REF][START_REF] Golias | Band renormalization of blue phosphorus on Au (111)[END_REF].

In 2016, Zhang et al. [START_REF] Zhang | Epitaxial growth of single layer blue phosphorus: a new phase of two-dimensional phosphorus[END_REF] reported the growth of single layer blue P on Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] substrate using bulk BP crystal as precursor via MBE method (Figure 1.5). A flowerlike shaped structure was revealed by STM, when the phosphorus was deposited onto a heated Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] surface at 230°C. Each dark round region was surrounded by six triangles and each triangle includes six protrusions, the distance between the dark regions is 1.47 nm. The surface structure can be explained by a (4 × 4) supercell of blue phosphorene commensurate with a (5 × 5) supercell of Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF]. [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF]. The unit cell of the blue P is highlighted by a rhombic with a = b = 1.47 nm. (c) DFT result for single layer blue P on Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] [START_REF] Zhang | Epitaxial growth of single layer blue phosphorus: a new phase of two-dimensional phosphorus[END_REF].

Lately, Xu et al. [START_REF] Xu | One-dimensional phosphorus chain and two-dimensional blue phosphorene grown on Au (111) by molecular-beam epitaxy[END_REF] reported the growth of single layer blue P on Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] used InP as the solid source (Figure 1.6). In particular, this finding revealed an unusual kinetic pathway with which the blue P layer was grown. The one-dimensional (1D) chain structure of adsorbed phosphorus atoms was packed along the high symmetric direction of Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] at a low coverage. They also revealed an explicit sequential growth behavior where the chains developed into more compact islands or patches of (√3 × √3) R30° structure at intermediate coverage of phosphorus. Further increasing P coverage triggered the generation of a (5 × 5) blue P structure on Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF], where showed a hexapetalous-flower-like structure. At the same time, the loosely packed (√3 × √3) R30°domains might be decomposed into a composite surface, meaning that the (5 × 5) blue P nucleates and grows by consuming P atoms from (√3 × √3) R30°domains while the latter converts into 1D chain structure. 

V). (d) Relative formation energies per P adatom for

1D chain, compact (√3 × √3) R30°, P-trimer and blue P [START_REF] Xu | One-dimensional phosphorus chain and two-dimensional blue phosphorene grown on Au (111) by molecular-beam epitaxy[END_REF].

Several groups have investigated the interaction energies between black/blue P and substrate through theoretical calculations to understand the growth mechanism and explore the suitable substrates for growth of phosphorene. Zeng et al. [START_REF] Zeng | Half layer by half layer growth of a blue phosphorene monolayer on a GaN (001) substrate[END_REF] used DFT calculations to study the interaction between black/blue P and different substrates containing Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF], Cu [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] and GaN(001), showing that both allotropes of phosphorus can be stabilized on the above substrates. In particular, GaN(001) was very suitable for blue P growth, because the black P was deformed while blue P maintained its original structure in the simulation. Qiu et al. [START_REF] Qiu | Selective growth of two-dimensional phosphorene on catalyst surface[END_REF] have investigated four phosphorus allotropes on different metal substrates through ab initio calculations. Figures 1.7a and 1.7b summarize the formation energies and binding energies of four phosphorus allotropes on seven metal substrates, including Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF], Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF], Cu [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF], Ni [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF], Pt [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF], Ru(0001) and β-Sn(100) surfaces. It is clear that blue P is the most stable one on most metal substrates except for the β-Sn(100) which is more favorable to the formation of black P and the Ru(0001) which is expected to be synthesized γ-P. It can be concluded that among these metal substrates for growth of 2D materials, Sn, Au and Ag are considered to be most suitable for the synthesis of 2D black and blue P due to the weak interactions. Moreover, blue P on Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] and Ni [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] is more favorable than black P. Han et al. [START_REF] Han | Initial growth mechanism of blue phosphorene on Au (111) surface[END_REF] have investigated the nucleation mechanism and growth behavior of blue P on the Au(111) substrate using ab initio calculations. When N ≤ 3, P atoms tend to randomly dispersed on Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] and transform into a zigzag chain when 4 ≤ N ≤ 10, and further turn to ring-based 1D chain comprising 4-, 5-, and 6-membered rings when N≥11. This growth behavior was interpreted as the competition effect between the P-P and P-Au bonds. From the charge density difference between the Au surface and the blue P and black P (Figure 1.7c), it can be found that blue P is energetically more favorable than black P on Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF]. They further suggested that blue P can be stabilized on an active metal substrate such as Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF], while an inert metal substrate like Al [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] would be more favorable to the formation of black P. Gao et al. [START_REF] Gao | The critical role of substrate in stabilizing phosphorene nanoflake: A theoretical exploration[END_REF] utilized ab initio energy optimizations and molecular dynamics simulations to study the effects of the substrate on the stability of phosphorene. Their results shown that the stability of the phosphorene determined by the interaction strength with substrate. The strong interaction will break up the structure of phosphorene, such as, phosphorene on Cu [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] where the binding energy is about 0.75 eV/P atom, while the weak interaction cannot stabilize the structure of phosphorene, like P on h-BN substrate with about 0.063 eV/P atom. They proposed that the appropriate interaction of about 0.35 eV/P atom is preferred for the epitaxial growth of 2D structure of phosphorene. These theoretical results provide us an insightful guidance to grow phosphorene, however, up to date, direct growth of either black P or blue P remains a daunting challenge. phosphorus allotropes on a series of metal substrates [START_REF] Qiu | Selective growth of two-dimensional phosphorene on catalyst surface[END_REF]. (c) The charge density difference between monolayer blue P/black P and Au substrate. The blue and red parts represent the aggregation and depletion of electrons, respectively [START_REF] Han | Initial growth mechanism of blue phosphorene on Au (111) surface[END_REF].

Properties of phosphorene

The physical and chemical properties of material greatly depend on its morphology and structure. The phosphorus atom has five valence electrons in the 3p orbitals. They are saturated by forming a covalent bond, giving rise to sp 3 hybridization within the 2D phosphorene structure. Black P exhibits a puckered honeycomb structure layer while blue P exhibits buckled honeycomb lattice. So that phosphorene has unusual properties, such as an intrinsic tunable direct band gap, a moderate on/off ratio and a sufficiently large carrier mobility suitable for electronic and optoelectronic devices.

Electronic properties

Recently, the energy band structure of bulk BP was derived from angle-resolved photoemission spectroscopy (ARPES) and DFT calculation, showing a direct band gap of ~0.3 eV [22]. This was further confirmed by infrared relative extinction spectra [24], in good agreement with previous results [37,[START_REF] Keyes | The electrical properties of black phosphorus[END_REF][START_REF] Warschauer | Electrical and optical properties of crystalline black phosphorus[END_REF][START_REF] Asahina | Electronic structure of black phosphorus in self-consistent pseudopotential approach[END_REF]. The electronic band gap of monolayer black P was observed at 1.45-2 eV, determined by photoluminescence spectra (PL) [23,[START_REF] Li | Direct observation of the layer-dependent electronic structure in phosphorene[END_REF], photoluminescence excitation spectroscopy (PLE) [START_REF] Wang | Highly anisotropic and robust excitons in monolayer black phosphorus[END_REF] and scanning tunneling spectroscopy (STS) [START_REF] Liang | Electronic band gap and edge reconstruction in phosphorene materials[END_REF], which is consistent with the results of theoretical predictions [24,27,28,42,[START_REF] Low | Plasmons and screening in monolayer and multilayer black phosphorus[END_REF]. Figure 1.8a summarizes the band gap values of black P, obtained from different approaches, including experimental data and simulation results. Interestingly, the band gap value strongly depends on the number of layers. Moreover, the band gap of black P remains direct at the Γ point of the Brillouin zone, as shown in Figure 1.8b.

The calculated band structure of blue P is shown in Figure 1.8c, revealing that the single layer of blue P is a semiconductor with an indirect band gap of approximately 2 eV.

Similar to black P, the fundamental band gap of blue P depends on the number of layers and is also sensitive on to the stain applied in the layer [45,[START_REF] Guan | Phase coexistence and metal-insulator transition in few-layer phosphorene: a computational study[END_REF][START_REF] Yang | Strain-and fluorinationinduced quantum spin Hall insulators in blue phosphorene: A first-principles study[END_REF]. Recently, the experimental electronic band gap structure of blue P on Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] surface was clearly determined through a combination of STS and ARPES, showing a band gap around 1.1 eV [START_REF] Zhang | Epitaxial growth of single layer blue phosphorus: a new phase of two-dimensional phosphorus[END_REF][START_REF] Zhuang | Band gap modulated by electronic superlattice in blue phosphorene[END_REF][START_REF] Golias | Band renormalization of blue phosphorus on Au (111)[END_REF]. This value is smaller than the DFT predicted value, which may be due to the tensile strain caused by the Au(111) substrate effect. [45].

Carrier mobility is one of the most important parameters for semiconductor materials, its value for black P lies between that of graphene and that of most of TMDs. However, graphene is a 2D semimetal with a very low on/off current ratios [START_REF] Xia | Graphene field-effect transistors with high on/off current ratio and large transport band gap at room temperature[END_REF]. Field-effect mobilities of black P in a similar range were reported by various groups [22,25,43,[START_REF] Low | Plasmons and screening in monolayer and multilayer black phosphorus[END_REF][START_REF] Na | Fewlayer black phosphorus field-effect transistors with reduced current fluctuation[END_REF][START_REF] Deng | Black phosphorus-monolayer MoS2 van der Waals heterojunction P-N diode[END_REF]. Li et al. [22] reported a field effect mobility value up to ~1000 cm 2 V -1 s -1 at room temperature for black P with a thickness of about 10 nm while the drain current modulation is ~10 5 . Xia et al. [24] measured a Hall mobility of 1000 cm 2 V -1 s -1 at 120 K along the armchair direction and above 600 cm 2 V -1 s -1 along the ZZ direction at room temperature for the BP thin films with a thickness of 15 nm. They also exhibited an on/off current ratio exceeding 10 5 along the AM in field-effect transistors using 5 nm BP at room temperature. Qiao et al. [28] utilized density functional theory (DFT) calculations to predict the mobilities of black P from the monolayer up to five-layer structures, they found that the monolayer black P has an exceptionally high hole mobility along the ZZ direction, which was predicted to lie in the range from 10 000 to 26 000 cm 2 V -1 s -1 , while they also predicted that it has a high electron mobility along the AM direction, exceeding 1 100 cm 2 V -1 s -1 . Thus, phosphorene has considerable advantages for future building transistors with high current and power gains.

Optical properties

The optical properties of black P exhibit a strong orientation dependence of the lattice constant and thickness, which has been demonstrated in theoretical calculations and experimental measurements [28,42,[START_REF] Low | Tunable optical properties of multilayer black phosphorus thin films[END_REF][START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF][START_REF] Zhang | Infrared fingerprints of few-layer black phosphorus[END_REF][START_REF] Wang | Optical properties of black phosphorus[END_REF][START_REF] Çakır | Significant effect of stacking on the electronic and optical properties of few-layer black phosphorus[END_REF][START_REF] Quereda | Strong modulation of optical properties in black phosphorus through strain-engineered rippling[END_REF][START_REF] Yuan | Transport and optical properties of single-and bilayer black phosphorus with defects[END_REF]. Low et al. [START_REF] Low | Tunable optical properties of multilayer black phosphorus thin films[END_REF] proposed a model to discuss the optical conductivity of multilayer black P with a thickness of 4-20 nm. They found that optical conductivity was sensitive to thickness, doping, and light polarization, especially for mid-infrared and near-infrared light. Qiao et al. [28] revealed a strong linear dichroism of few layer black P along the AM direction, where the band gap rose rapidly with decreasing phosphorene thickness from 0.6 eV for five layers to 1.55 eV for monolayer, while the position of first absorption peak only slightly increased from 2.90 eV for five layers to 3.14 eV for monolayer along the ZZ direction. These results provided an easy way to determine the sample crystalline orientation. Mao et al. [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] used the polarized optical microscope for angle-resolved optical imaging while a thick BP sample on SiO2/Si substrate was kept at different rotation angles from 0 to 180°. In the white light illumination of linear polarization, they found that the intensities of redgreen-blue channels of the thick BP sample changed in a periodic fashion, indicating the optical anisotropy of BP in the visible regime. Zhang et al. [START_REF] Zhang | Infrared fingerprints of few-layer black phosphorus[END_REF] performed polarization-resolved infrared absorption measurements on few-layer BP with layer number ranging from 2 up to 15 at room temperature. With the increase of layer number, the optical band gap underwent a monotonous redshift from 1.14 eV for 2 ML to 0.38 eV for 15 ML. At the same time, a series of fingerprint peaks appeared in the absorption spectra, when the number of layers exceeded 5. The few layer BP displayed a strong anisotropy in infrared absorption, where BP absorbed light polarized along the AM direction while much less absorption for light with polarization along the ZZ direction In summary, phosphorene is a very fascinating 2D material due to its excellent electronic and optical properties, which exhibits great potential applications in many fields, such as transistors [22,23], photodetectors [43,44], batteries [START_REF] Sun | A phosphorenegraphene hybrid material as a high-capacity anode for sodium-ion batteries[END_REF][START_REF] Li | Ultrafast and directional diffusion of lithium in phosphorene for high-performance lithium-ion battery[END_REF], photovoltaic cells [START_REF] Dai | Bilayer phosphorene: effect of stacking order on band gap and its potential applications in thin-film solar cells[END_REF][START_REF] Batmunkh | Phosphorene and Phosphorene -Based Materials -Prospects for Future Applications[END_REF] and sensors [START_REF] Cui | Ultrahigh sensitivity and layer-dependent sensing performance of phosphorene-based gas sensors[END_REF]. Its synthesis is based mainly on chemical or mechanical exfoliation. However, only few studies have been reported on the epitaxial growth of blue phosphorene on Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] substrate under UHV conditions. This is mandatory for future integration in electronic and optoelectronic devices. This thesis focuses on the epitaxial growth of phosphorene and its derivatives on noble substrates, such as Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] and Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] surface under UHV condition using MBE methods. The investigation of their atomic and electronic structure is performed through scanning tunneling microscopy and spectroscopy (STM-STS), Auger electron spectroscopy (AES), low energy electron diffraction (LEED), X-ray photoelectron spectroscopy (XPS), angle resolved photoemission electron spectroscopy (ARPES), and density functional theory calculations (DFT).

Chapter 1. Techniques and experimental setup

In this chapter, I will describe the techniques and the experimental setup used for sample preparation and characterization. In section 2.1 and 2.2, I present the substrates and describe the growth process which includes the cleaning of substrates, the evaporation of phosphorus and molecular beam epitaxy (MBE). Form section 2.3 to 2.7, I introduce the main techniques for surface structural characterization, chemical surface analysis, and atomic scale surface characterization, including low energy electron diffraction (LEED), Auger electron spectroscopy (AES), low temperature scanning tunneling microscope (LT-STM) and scanning tunneling spectroscopy (STS). Then from section 2.8 to 2.12, I briefly introduce the basic principles and experimental equipment of Xray photoelectron spectroscopy (XPS) and Angle resolved photoemission spectroscopy (ARPES) that are performed in the Synchrotron SOLEIL-France at the TEMPO beamline and in Swiss Light Source (SLS) at the PEARL beamline.

Sample preparation

Sputtering/Annealing cycle

Sputtering is an etching technique that removes microscopic particles from the surface a solid material by the energetic particles of a plasma produced by ionization of a gas at low pressure. In this thesis, I used the commercial Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] and Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] singlecrystals with 6N purity as substrate. The cleaning process is conducted in a commercial ultrahigh vacuum (UHV) system, that is equipped with a preparation chamber and a vacuum pump system, in which the base pressure is better than 3.0 × 10 -10 mbar. In the process, a beam of Ar + ions is produced by the ion gun, in which the beam energy is 650 eV at 1.0 × 10 -5 mbar. And then Ar + ions enter through the small inlets at the top of the chamber to bombard the sample surface. In our case, I used this technique for sample preparation in order to remove the contaminants and materials deposited on the surface of the substrate. These metallic substrates are cleaned by several cycles of Ar + sputtering while the substrate is held at room temperature.

After the sputtering process, the pits and defects are usually formed on the surface. The substrates are annealed at 700 K using a tungsten filament located in the rear of the sample, in order to recrystallize the atomic structure of the surface

Deposition

Knudsen cell is an ideal tool for the evaporation of organic and inorganic materials because of its precise control of the evaporation temperature of materials. Knudsen cell is often used in molecular beam epitaxial method to synthesize thin films. In my experiments, I used a Knudsen source loaded with bulk black phosphorus (99.999%).

Degassing is necessary to remove water and phosphorus oxide from the bulk black phosphorus. This will allow to achieve a clean and stable deposition rate. During the deposition of phosphorus atoms, the surface structure, thickness, and the chemical composition are monitored by low energy electron diffraction (LEED) and Auger electron spectroscopy (AES) systematically.

In addition, when we deposit phosphorus, the substrate is maintained at an appropriate temperature in order to increase the diffusion rate of phosphorus to cover and rearrange itself on the surface. The substrate is held at different temperatures during deposition, which could yield different film structures.

Molecular beam epitaxy

Molecular beam epitaxy (MBE) is capable of growing a crystalline material in an atomic layer, basing on the interaction of atoms or molecules with the surface. In the 1960s, MBE was developed by John R. Arthur and Alfred Yi Cho at Bell Labs [1,2].

The ''molecular beam'' means that an atom or molecule does not collide with other matter. The term ''epitaxy'' derived from the Greek, is defined as the formation of a new crystalline layer on another crystalline layer or substrate with a well-defined orientation relative to the substrate. MBE has the advantages in three aspects. First, it is performed in ultra-high vacuum environment, which allows to obtain the highest achievable purity surface. Second, it synthesizes sample at a low deposition rate that makes the number of epitaxial growth layers highly controllable. Third, it is a low growth temperature process which benefits for industrial production. Since MBE is based on kinetic reaction processes, we could monitor the growth process in real time and in situ by AES and LEED to ensure the optimal stoichiometry and the best epitaxial growth conditions. MBE technology is commonly used for the fabrication of extremely high purity and quality thin-films with precise lateral uniformity, such as a variety of two-dimensional materials, MOS fieldeffect transistors, and heterostructure lasers [3,4].

In our experiments, MBE is carried out in commercial ultra-high vacuum chamber at a base pressure of approximately 1 × 10 -10 mbar. The deposition rate is maintained between 0.01 and 0.5 ML/min. During the phosphorus deposition, the chamber pressure is in the low 10 -9 mbar.

Low energy electron diffraction (LEED)

Low energy electron diffraction (LEED) is very useful technique for determining structural information of crystalline surfaces in surface science. LEED is a high surface sensitive technique due to its low electrons energy (typically in the range of 20-200 eV) [5]. The electrons easily interact with the solids, which causes them easy to lose kinetic energy due to inelastic scattering processes. Among the processes, only electrons scattered from a few atomic layers can escape from the surface. The analysis of the spot positions in diffraction pattern, could give us the information on the symmetry and rotational alignment of the surface structure with respect to the substrate.

The basic theory of LEED

According to the principles of wave-particle duality, electrons could be viewed as a beam of incident waves on the surface, which can be scattered by regions with high localized electron density, i.e. the surface atoms.

The wavelength of the electrons in accordance to the de Broglie hypothesis [6]:

λ = ℎ √2𝑚𝐸 (2-1)
Where, 𝜆 is wavelength, 𝑚 is the mass of electron (kg), ℎ is the Planck constant (6.62607004 × 10 -34 m 2 •kg / s), and 𝐸 is the electron kinetic energy (eV).

According to Equation 2-1, the wavelength varies between 2.8 Å to 0.87 Å when kinetic energy varies between 20-200 eV. Hence, the electrons can be easily elastically scattered by the atoms in the topmost layers of sample.

Electron diffraction follows the Bragg's law [7], which means that the wave scatters from two centers, the path length difference (𝑑 𝑠𝑖𝑛𝜃) must be equal to an integral number of wavelength for occurring a constructive interference, so that the scattered beams eventually encounter and interfere at the detector, as shown in Figure 2.1. The Bragg's law is written as

2𝑑 𝑠𝑖𝑛𝜃 = 𝑛𝜆 (2-2)
Where, 𝜆 is the wavelength of incident wave, 𝑑 is the spacing of the crystal layers, 𝜃 is the angle between the incident beam and the reflected beam, and 𝑛 is integer (...-1, 0, 1...).

Figure 2.1. Schematic illustration of Bragg's diffraction on crystal surface

In reciprocal space, it will be easier and more convenient to describe the interaction between the scatters in the surface and the incident electrons. If a, b and c are primitive lattice vectors of the crystal lattice, then the primitive reciprocal lattice vectors are defined as:

𝐚 * = 2π 𝐛 × 𝐜 𝐚 • (𝐛 × 𝐜) 𝐛 * = 2π 𝐜 × 𝐚 𝐛 • (𝐜 × 𝐚) 𝐜 * = 2π 𝐚 × 𝐛 𝐜 • (𝐚 × 𝐛)
For an incident electron with wave vector 𝐤 𝐢 = 2𝜋/𝜆 𝑖 and scattered wave vector 𝐤 = 2𝜋/𝜆 . When wave vectors 𝐤 𝐢 and 𝐤 satisfy the Laue condition, constructive interference occurs, leading to diffraction in this direction.

𝐤 𝐢 -𝐤 = 𝐆 hkl = ℎ𝐚 * + 𝑘𝐛 * + 𝑙𝐜 *

(2-3)

Where, h, k, l are the coordinates of the reciprocal lattice vector associated with the diffraction.

Due to elastic scattering the magnitudes of wave vectors 𝐤 𝐢 and 𝐤 are equal, 𝐤 𝐢 , 𝐤 and 𝐆 hkl form an isosceles triangle. Moreover, because the incident electrons have low kinetic energies their mean free path is only a few angstroms, which means that the contribution of atoms perpendicular to the sample surface to the diffraction is negligible.

As a result, the reciprocal lattice of a surface is a 2D lattice with rods extending perpendicular from each lattice point. The rods can be pictured as regions where the reciprocal lattice points are infinitely dense. Thus, the above equation is given by

𝐤 𝐢 -𝐤 = 𝐆 hk = ℎ𝐚 * + 𝑘𝐛 * (2-4) 
The Ewald's sphere construction is a useful means to understand the occurrence of the diffraction pattern (Figure 2. The diffracted electrons hit the fluorescent screen and yield a pattern of light spots. The analysis of the spot position can provide us information on the symmetry and the size of the surface unit cell in reciprocal space and eventually on the presence of superstructure, which usually comes from a relaxation or stress of the surface layer, while the analysis of the spot intensity can give information about the position of the atoms.

The LEED equipment

A typical LEED instrument consists of an electron gun, retarding grids, a fluorescent screen. The electron gun usually includes a cathode and a series of focusing lenses system. The filament in the cathode emits a beam of electrons that can be accelerated to an anode. Then the electrons pass through a series of focusing lenses before collide with the sample. Those low energy electrons have a penetration depth of a few angstroms by virtue of their energy. The primary electrons will lose kinetic energy due to inelastic processes (plasmon generation, electron-hole excitation), and only electrons scattered from a few atomic layers can leave the surface and diffract in different directions depending on the surface. The scattered electrons must pass through some grids with different bias voltages, which contain holes at central to insert electrons. The first grid is grounded. On the second and third girds is applied a negative potential to screen out the inelastically scattered electrons and secondary electrons which are unable to provide diffraction information. The fourth gird as a protector is to protect the 

Auger electron spectroscopy (AES)

Auger electron spectroscopy is a highly surface-sensitive analytical technique that utilizes the emitted Auger electron from the near surface atoms of solid to verify the cleanliness and chemical composition of surface [8,9].

Auger principle

The principle of the Auger process can be explained by the diagram of electron energy levels as illustrated in Figure 2.4. AES is based on the Auger electron process [10]. The electron gun generates a low-energy focused electron beam in the range of 2 to 30 keV.

When an atom is bombarded by the electron beam, the primary ionization electron ejects from its orbit and an empty hole can be created in an inner shell (K level) of the atom. In order to achieve steady state, another electron from a higher energy outer shell (L1 level) will fill this hole. That means an electron drops from a high energy level to a lower energy level and consequently releases an amount of energy 𝐸 𝐾 -𝐸 𝐿1 . This released energy could be carried away by a photon or coupled with a third core electron at another outer shell (L2,3 level). If the energy is higher than the orbital binding energy, the third core electron will be emitted [11]. The emitted electron is called an Auger electron. Since the energy of Auger electrons depends only on the energy levels of the atoms involved in the process, these electrons are therefore attributed to the elements located at the surface, which makes this process an ideal way identify the chemical composition of the material surface. The kinetic energy of the Auger emitted electron:

𝐸 𝑘𝑖𝑛 = 𝐸 𝐾 -𝐸 𝐿1 -𝐸 𝐿2,3 -∅ (2-5)
Where, ∅ is the work function, which is defined as the minimum energy needed to eject an electron from the last occupied level to the vacuum.

Experimental setup

The standard Auger spectrometer consists of an electron gun and a detector. A typical AES setup is shown schematically in Figure 2.5. In addition, AES must be performed in a high vacuum environment in order to prevent electrons from being scattered by the residual gas, which can degrade analytical performance. In our experiments, we use a tungsten filament as the electron source, because it has a larger beam diameter of 3-5 μm, which makes it easier to determine the chemical composition of the entire surface.

The electron gun produces a focused electron beam that collides with the surface, and then the emitted electrons are deflected into a cylindrical mirror analyzer (CMA) [12].

The CMA analyzer consists of two concentric cylinders and an electron detector, where the inner cylinder is at ground potential and the outer cylinder is at a negative potential.

Due to the negative potential, the electrons that reach the analyzer will be focused by the outer cylinder. Then, the Auger electrons are introduced into an electron multiplier for analysis. Since the intensity of the Auger peaks is quite weak compared to the high-background, AES is usually performed in a derivative mode that modulates the electron collection current by applying a small AC voltage to highlight the Auger signal.

Since this small applied voltage ∆𝑉 = 𝑘 𝑠𝑖𝑛(𝜔𝑡), the current was given by 𝐼(𝑉 + 𝑘 𝑠𝑖𝑛(𝜔𝑡)) ≈ 𝐼 0 + 𝐼 ′ (𝑉 + 𝑘 𝑠𝑖𝑛(𝜔𝑡)) + 𝑂(𝐼 ′′ ) (2-6)

Thus, the measurement of Auger signal at frequency 𝜔 will give a value for 𝐼 ′ or 𝑑𝑁(𝐸)/ 𝑑𝐸 [5].

Moreover, the detection signal is proportional to the number of electrons. AES can also be used for quantitative analysis to determine the atomic concentration based on determining the intensity of a characteristic signal from a measured spectrum [13]. In the case of a derivative mode, the peak intensity is characterized by the peak-to-peak amplitude. When we perform AES in the same instrument to eliminate variables of setup, the comparison of the Auger peak between the sample and the pure elemental standard of the known composition can be achieved by a first-order approximation of the quantitative analysis [14,15]. The ratio of the measured Auger signal from the sample and the standard sample is given by

𝑟 = 𝐼 𝐼 0 (2-7)
Where, 𝐼 and 𝐼 0 are the peak to peak Auger amplitudes from the sample and the standard sample respectively. For greater accuracy, we have to compare the peak to peak heights from each sample under identical experimental conditions. Moreover, if the test element owns several Auger peaks, we must select the same energy peak for this comparison.

Scanning tunneling microscope (STM)

The scanning tunneling microscope is an extremely powerful technique that uses tunneling effect to characterize the topographic and spectroscopic imaging of the material surfaces at an atomic-scale in real space. In 1981, Gerd Binnig and Heinrich

Rohrer invented the first STM instrument, when they were working at IBM Zurich Research Laboratories in Switzerland [16]. Later, in 1986, the creators were awarded the Nobel Prize in physics for this milestone invention because of their pioneering contributions to nano-scale material research. The STM device is not an optical microscope, but an electron-based microscope that requires an extremely smooth and stable surface, a sharp tip and excellent vibration control system. However, the advantage of STM is that it can be used in a broad range of environments, including ultra-high vacuum, air, water and diverse liquid or gaseous environments, and also can be used in a wide variety of temperatures from near zero Kelvin to over 1000 K [17].

Basic principle

The key principle of STM technique is quantum tunneling effect. Since the electron wave function is not null in the barrier, the electron has a non-zero probability to jump through the barrier. When a metal tip approaches to a surface within a few angstroms, the tip and sample wave functions will overlap together. Once a small bias voltage is applied, a tunneling current will be generated between them.

Here we will introduce briefly the elementary theory of tunneling through an ideal onedimensional tunneling barrier (see Figure 2.6), which can help us to understand the basic principle of STM [18]. In this simplified model, the vacuum is assumed to be the potential barrier 𝑈, as well as the left and right sides of the electrode represent the sample (S) and the tip (T), respectively. In quantum mechanics, electrons have wavelike properties, and in the presence of a potential 𝑈(𝑧), which can be described by a wave function 𝜓(𝑧) that satisfies the Schrödinger equation:

- ħ 2 2𝑚 𝑑 2 𝑑𝑧 2 𝜓(𝑧) + 𝑈(𝑧)𝜓(𝑧) = 𝐸𝜓(𝑧) (2-8)
Where, ħ is the reduced Planck's constant (ħ = ℎ / 2π), 𝑧 is the position, 𝑚 is the mass of an electron, and 𝐸 is the energy of the electron [17].

If 𝐸 > 𝑈(𝑧), the traveling wave solutions of Equation 2-6 are 𝜓(𝑧) = 𝜓(0)𝑒 ±𝑖𝑘𝑧

Where, 𝑘 = √2𝑚(𝐸-𝑈(𝑧)) ħ is the wave vector.

This means the electron wave function inside the tip or the sample is a traveling wave solution.

In the forbidden region, inside the barrier, when 𝐸 < 𝑈(𝑧), the wave functions are decaying waves, where the wave solutions are given by 𝜓(𝑧) = 𝜓(0)𝑒 ±𝑘𝑧 .

Where, 𝑘 =

√2𝑚(|𝑈(𝑧)|-𝐸) ħ
is the decay constant.

This indicates that an electron penetrates through the barrier into the +𝑧 direction.

As we known that the wave function permits to calculate the probability density at which electrons could be found at certain locations. In the case of tunneling, owing to the electronic wave functions of the tip and the sample overlap, there is an opportunity to find electrons on the other side of the barrier. When a bias voltage is applied between them, a tunneling current is generated. The probability density 𝑃 is proportional to the square of the wave function:

𝑃 ∝ |𝜓(0)| 2 𝑒 -2𝑘𝑑 (2-9) 
Where, 𝑑 is the width of the barrier.

Then, the tunneling current can be written as

𝐼 ∝ 𝑒 -2𝑘𝑑 (2-10)
Here, we should point out that the expression for 𝑘 can be simplified to 𝑈(𝑧) -𝐸 = ∅, where ∅ represents the work function. Therefore, the tunneling process mainly happens with electrons of energies in the vicinity of the Fermi level.

For this approximation, the decay constant depends on the work function, where the typical value of the work functions of materials used in STM experiments is around 5

eV, according to

𝑘 = √2𝑚∅ ħ (2-11)
The decay constant is of the order of ~ 1Å -1 . That means, if the separation between the tip and sample changes by 1 Å, the current will increase by one order of the magnitude, and vice versa [19]. This explains why the tunneling current is very sensitive to the variation of height in the sample topography.

However, this one-dimensional potential barrier approximation does not consider the rate at which the electrons can pass through the barrier, which is an important parameter that affects the tunnel current. In 1961, John Bardeen solved this problem in his study of the metal-insulator-metal system [20]. The main idea is to divide the whole junction into two sub-junctions, and solve the Schrödinger equation for each side of the subjunction to obtain the wave functions for each electrode.

For STM, the tip-vacuum-surface can be viewed as a metal-insulator-metal junction, in which each side of the electrode can separately obtain the wave functions for tip and surface, as well as by overlapping these two wave functions, we could get the tunnel matrix, 𝑀.

The stationary Schrödinger equation for the tip is given by:

- ħ 2 2𝑚 𝑑 2 𝑑𝑧 2 𝜓(𝑡) + 𝑈(𝑡)𝜓(𝑡) = 𝐸𝜓(𝑡) (2-12)
Where, 𝑈(𝑡)is the tip potential, 𝜓(𝑡) is the wave function of the tip.

The wave function for the surface obeys to the equation:

- ħ 2 2𝑚 𝑑 2 𝑑𝑧 2 𝜓(𝑠) + 𝑈(𝑠)𝜓(𝑠) = 𝐸𝜓(𝑠) (2-13)
Where, 𝑈(𝑠) is the potential of the sample, 𝜓(𝑠) is the wave function of the sample.

The tunneling matrix can be written as:

𝑀 = - ħ 2 2𝑚 ∫ (𝜓(𝑡) * 𝜕𝜓(𝑠) 𝜕𝑧 -𝜓(𝑠) 𝜕𝜓(𝑡) * 𝜕𝑧 ) 𝑑𝑆 ⃗ (2-14)
From this, the tunneling current is given by

𝐼 ∝ 4𝜋𝑒 ħ ∫ [𝑓(𝐸 𝑓 -𝑒𝑉 + 𝜖) -𝑓(𝐸 𝑓 + 𝜖)] +∞ -∞ 𝜌 𝑠 (𝐸 𝑓 -𝑒𝑉 + 𝜖)𝜌 𝑡 (𝐸 𝑓 + 𝜖) | 𝑀 | 2 𝑑𝜖 (2-15)
where, 𝑓 is the Fermi function, 𝜌 𝑠 and 𝜌 𝑡 are the density of the states (DOSs) of the sample and tip, and 𝑀 is the tunneling matrix of the tip-sample system [17].

Scanning tunneling spectroscopy (STS)

As an extension of STM, scanning tunneling spectroscopy provides us the detailed information on the local density of states and the band gap of surface. STS is often used to probe the local differential conductivity 𝑑𝐼/𝑑𝑉 and the conductance mapping, or called the 𝑑𝐼/𝑑𝑉 mapping for metals, semiconductors, and even for thin insulator on an atomic scale. To perform the 𝑑𝐼/𝑑𝑉 point spectrum, the distance between the tip and the sample needs to be maintained at an appropriate value by adjusting the bias voltage and the set-point tunneling current. The feedback-loop must be open to fix the height between the tip and the sample, then a voltage sweep is carried out to obtain the 𝑑𝐼/𝑑𝑉 spectrum.

Since STS is based on the tunneling effect, the tunneling current can be expressed as a perturbation according to the Bardeen theory [20]. Under a low temperature and a constant tunneling matrix element, the tunneling current is found to be

𝐼 = ∫ 𝜌 𝑠 (𝐸 𝐹 -𝑒𝑉 + 𝜖)𝜌 𝑡 (𝐸 𝐹 + 𝜖)𝑑𝜖 𝑒𝑉 0 (2-16)
Where, 𝜌 𝑠 and 𝜌 𝑡 are the density of states (DOS) in the sample and tip, respectively [21]. This means that it is a convolution of the DOS of the tip and the sample [17].

If we assume the DOS of the tip constant, the tunneling conductance can be given by:

𝑑𝐼 𝑑𝑉 ∝ 𝜌 𝑠 (𝑒𝑉) (2-17)
This is directly proportional to the DOS sample.

In our experiment, the 𝑑𝐼/𝑑𝑉 spectrum is directly acquired by using the lock-in technique, in which a weak AC 𝑉 𝑚𝑜𝑑 cos (𝜔𝑡) voltage is superposed to 𝑉 0 , so

𝑉 = 𝑉 0 + 𝑉 𝑚𝑜𝑑 cos (𝜔𝑡) (2-18)
The tunneling current 𝐼 as an initial signal is inputted to the lock-in amplifier. The ω AC fraction of the tunneling current is filtered by integrating the product of 𝐼 with a reference signal having the same frequency 𝜔. According to the first-order Taylor series approximation at 𝑉 0 , the amplitude of the AC current fraction is proportional to dI/dV,

𝐼 𝑡 = 𝐼(𝑉 0 + 𝑉 𝑚𝑜𝑑 cos(𝜔𝑡)) (2-19) 𝐼 𝑡 ≅ 𝐼(𝑉 0 ) + 𝑑𝐼(𝑉) 𝑑𝑉 (𝑉 𝑚𝑜𝑑 cos(𝜔𝑡)) + 𝑑 2 𝐼(𝑉) 𝑑𝑉 2 1 2 (𝑉 𝑚𝑜𝑑 cos(𝜔𝑡)) 2 + ⋯ (2-20)
According to Equation 2-20, the output signal of the lock-in amplifier can be used for the spectroscopic representation. Therefore, the output signal directly gives the 𝑑𝐼/𝑑𝑉 spectra or 𝑑𝐼/𝑑𝑉 mapping at a constant energy.

STM Experimental setup

In this thesis, STM measurements are conducted in a low temperature STM developed by Scienta Omicron Nanotechnology. The successful thermal shielding together with the fact that the sample is maintained at very low temperature (77 K for Liquid Nitrogen) throughout the entire scanning stage, that brings about an outstanding thermal stability.

This results in a lateral resolution of up to 0.1 nm and a depth resolution of up to 0.01 nm, and an ultimate energy resolution for spectroscopy of < 1 meV. The LT-STM setup is shown in The constant current mode is the most common mode of STM operation, which means that the tunneling current can be kept constant by modifying the vertical height between the tip and the surface. A feedback electronics loop current amplifier is used to keep the current constant by adjusting the vertical position of the tip at each measurement point.

In other words, when the tunneling current is above its set-point value, it will adjust the vertical position of the tip away from the sample surface and vice versa. The trajectory of the tip is recorded by a computer to form the surface topography of sample. Because this model requires the feedback loop to function, the scan speed is limited by the bandwidth of the feedback loop.

In the constant height mode, the tip scans in the horizontal plane above the sample surface and maintains at a constant height. The variation in tunneling current depends on the surface topography and the surface density of states. Since it does not need the feedback loop in this mode to adjust the tip position. The constant height mode can only be applied to a very flat sample surface, because surface corrugations higher than 5-10 Å may cause collisions between the tip and high protrusions which can damage the tip.

Each mode has its own advantages and disadvantages, but for unknown surfaces, the constant current mode is the better choice, because it can protect the tip from damage.

The advantage of the constant height mode is that it allows us to achieve a much higher scan speed than the constant current mode, owing to be that it doesn't involve the adjustment of the piezoelectric motion.

In addition to imaging surface at the atomic level, the scanning tunneling spectroscopy (STS) can be used to sweep the voltage and measure the current at a specific location to obtain the information about the local electronic structure. Usually, we can obtain a plot of the local density of states as a function of energy within the sample. The advantage of STS is that it is able to do extremely local measurements. In the context of this thesis, the LT-STM operated at 77 K for the characterization of the as-grown phosphorene on Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] and Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] surface. All the images are acquired in the constant current mode. When we measure the 𝑑𝐼/𝑑𝑉 spectrum, a lock-in amplifier is used to collect the signal with a modulation voltage of 10 mV and a frequency of 5.1277

kHz. Here, it should be mentioned that for spectroscopy measurements, we used different tips to check that the spectrum was not tip-dependent.

Synchrotron

Synchrotron is a special type of cyclotron, in which a beam of accelerated particles is circulating around a fixed path in a closed loop. Generally, electrons are used in synchrotrons, because they have a small mass that make them easier to be emitted [22,23]. The electrons in an accelerator travel at almost the speed of light and are stored and held in a circular path by deflecting magnets in the accelerator ring. When the path of the electrons changes, they decelerate and release energy, which is called synchrotron radiation. Relativistic electrons emit the synchrotron radiation with high brilliance, which is in a broad spectral range from infrared light to hard X-rays [24]. which is a special type of magnet that makes up of a complex periodic magnetic field by placing a permanent magnet arrays, forcing the electrons to follow an undulating (wavy) trajectory [25]. Undulators can provide higher brightness synchrotron radiation than a bending magnet. For an undulator with N periods, the brightness can be up to N 2 more than a bending magnet. When electrons move in an undulator, the magnetic field can be changed by moving the relative positions of pairs of magnet arrays to induce helical or sinusoidal electron orbital motion, resulting in X-rays radiation with circular or linear polarizations. Synchrotron SOLEIL. The synchrotron emits X-rays that are sent to various beamlines.

X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS), or sometimes it is also called electron spectroscopy for chemical analysis (ESCA), is an extremely surface-sensitive analytical technique that is used to analyze the energy of emitted photoelectrons to determine the chemical composition of surface and the chemical or electronic states of the elements on the surface. XPS was developed by Kai Siegbahn and coworkers in 1957 [26], and he was awarded the Nobel Prize of physics in 1981 due to this excellent work. XPS is based on the photoelectric effect [27]. The physics process of XPS can be described as a beam of high energy incident X-rays colliding with the core electrons of specimen, which leads to the photoelectron ejection from the core orbital of atom. Due to the high energy of the incident X-ray, the emitted electrons acquire a certain kinetic energy, which is related to the binding energy of the element. Because the energy of an X-ray with a particular wavelength is known, for example Mg Kα X-rays, 𝐸 𝑝ℎ𝑜𝑡𝑜𝑛 = 1253.6 eV and Al Kα X-rays, 𝐸 𝑝ℎ𝑜𝑡𝑜𝑛 = 1486.7 eV [28], we can determine the binding energy of the electron, which is equal to that of the energy of the incident X-rays minus the kinetic energy of emitted electrons [29].

𝐸 𝑏𝑖𝑛𝑑𝑖𝑛𝑔 = 𝐸 𝑝ℎ𝑜𝑡𝑜𝑛 -(𝐸 𝑘𝑖𝑛𝑒𝑡𝑖𝑐 + ∅) (2-21)
Where, 𝐸 𝑏𝑖𝑛𝑑𝑖𝑛𝑔 is the binding energy of the electron, 𝐸 𝑝ℎ𝑜𝑡𝑜𝑛 is the energy of the Xray photon, 𝐸 𝑘𝑖𝑛𝑒𝑡𝑖𝑐 is the kinetic energy of the electron as measured by the detector, and ∅ is the work function. If we assume the photoemission process is elastic, each characteristic X-ray will produce a series of photoelectron peaks that reflect the discrete binding energies of the electrons from the sample surface. An important characteristic, a closed spaced doublet photoemission peak, is commonly observed in XPS, which is caused by the spin-orbit coupling. It occurs due to the interaction between the electron's spin and its orbital motion around the positively charged nucleus, and when the electron travels in the finite electric field of the nucleus, the electromagnetic interaction between the electron's magnetic dipole and the electrostatic field of the nucleus results in a fine electronic structure, in which the quantum number (j) characterized by two stable configurations is given by

𝑗 = 𝑙 + 𝑠 (2-22)
Where, j is the total angular momentum quantum number, 𝑙 is the orbital angular momentum quantum number and 𝑠 is the spin quantum number.

The spin-orbit splitting is observed at the 𝑝, 𝑑, and 𝑓 core levels (respectively l=1, 2 or 3).

Angle-resolved photoemission spectroscopy (ARPES)

The ARPES technique uses photons in the UV range, in order to explore the electronic band structure and Fermi surface topology solids. The band structure can be obtained from the peak position of emitted photoelectron as a function of energy and angle. The Kinetic energy and momentum of photoelectron is related to the binding energy and crystal momentum itself. Difference between ARPES and XPS is that the photon in XPS is absorbed by inner shell electrons, resulting in ionization and emission, while in ARPES the photon interacts only with valence electrons. The delocalized valence electrons give information on the band dispersion, revealing well-defined energy and momentum relations [31].

The principle of the ARPES is also based on the energy conservation, corresponding to Equation 2-21. At the same time, it should obey the law of momentum conservation.

Figure 2.12 shows the momentum conservation diagram in an ARPES process. The comparison between the electron momentum and the photon momentum indicates that the photon momentum can be neglected, because its contribution is relatively small. We define the component of the momentum parallel and perpendicular to the surface as

𝐏 = ħ𝐊 (2-23) 𝐾 ‖ = 1 ħ √2𝑚𝐸 𝑘𝑖𝑛𝑒𝑡𝑖𝑐 • 𝑠𝑖𝑛𝜃 (2-24) 𝐾 ⊥ = 1 ħ √2𝑚𝐸 𝑘𝑖𝑛𝑒𝑡𝑖𝑐 • 𝑐𝑜𝑠𝜃 (2-25)
Due to the translational symmetry, when the photoelectron is emitted from the surface, the component of the momentum parallel to the surface is conserved, given by

𝑘 ‖ = 𝐾 ‖ = 1 ħ √2𝑚𝐸 𝑘𝑖𝑛𝑒𝑡𝑖𝑐 • 𝑠𝑖𝑛𝜃 (2-26)
For two dimensional materials, the electronic structure is completely determined by K ‖ , because there is no dispersion along the normal of the surface. However, for the bulk sample, the perpendicular momentum P ⊥ has to be considered. But the interface between the sample and the vacuum lacks translational symmetry, which leads to the perpendicular component of the electron momentum K ⊥ which is not conserved. A typical way to solve this problem is to assume that the final state is approximated as a free electron-like [30,32], which can be written as

𝑘 ⊥ = 1 ħ √2𝑚(𝐸 𝑐𝑜𝑠 2 𝜃) + 𝑉 0 (2-27)
Where, 𝑉 0 is the inner potential, relating to the electron work function.

So, the final state is given by

𝐤 = 𝐤 ‖ + 𝐤 ⊥ (2-28) 𝐸 𝑘 = ħ 2 2𝑚 (𝑘 ‖ 2 + 𝑘 ⊥ 2 ) (2-29)
Figure 2.12. Schematic diagram of emitted photoelectrons in an ARPES process, where the component of the parallel momentum is conserved and the perpendicular momentum is not conserved [33].

XPS and ARPES at TEMPO beamline of SOLEIL

SOLEIL is a synchrotron radiation facility located near Orsay-France, the name SOLEIL is an acronym for "Source Optimisée de Lumière d'Énergie Intermédiaire du LURE", where LURE means "Laboratoire d'Utilisation du Rayonnement Électromagnétique". More specifically, it is a special type of cyclic particle (electron)

accelerator, where the accelerating particles reach a very high speed with a very high energy (SOLEIL's nominal energy is 2.75 GeV) and the electron beam travels around a circumference storage ring with a diameter of 113 m. As the third generation of synchrotron radiation, SOLEIL has some special features, such as high brilliance (10,000 times brighter than sunlight), a wide spectral range from infrared (a few μeV)

to hard X-rays (100 keV), pulsed light and light polarization. These features make it suitable for the exploration of many branches of science such as physics, chemistry, material sciences, crystallography, medicine, life sciences, earth sciences, and atmospheric sciences. The simplified schematic diagram of Synchrotron SOLEIL is shown in Figure 2.9.

TEMPO is an abbreviation for the time resolved experiments on materials with photoelectron spectroscopy, which is dedicated to pump-probe experiments with soft X-rays and is suitable for studying the kinetics of chemical reactions of interface/surface and the electronic and magnetic properties of surfaces with high resolution and broad energy range. The schematic diagram of the TEMPO beamline is shown in Figure 2.13. X-ray radiation is produced by two APPLE II undulators with the magnetic periods of 80 mm and 44 mm, which are capable of generating an energy range from 50 eV to 1500 eV with a variable polarization, and then the X-ray beams transmit to the end-station of TEMPO beamline. 

XPS and ARPES at PEARL beamline of SLS

Sample preparation

A commercial Au(111) crystal with 99.999% purity is used. The substrate is cleaned by several cycles consisting of sputtering (650 eV Ar + ions, P = 1 × 10 -5 mbar) followed by annealing at 500°C for 40 min in order to get rid of blemishes and contaminations.

Prior to each new experiment, the surface is re-cleaned by of Ar 

First steps of growth of phosphorus on Au(111)

During the initial deposition of phosphorus, the Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] substrate was kept at RT. From the Auger spectra we can estimate the amount of phosphorus atoms obtained after each temperature using the peak-to-peak Auger intensity ratio of Au MNN peak before and after deposition of phosphorus.

The behavior of the intensity of the Au Auger electrons at 69 eV as a function of overlayer thickness can be written as [9,10],

I 𝐴𝑢 (d 𝑃 ) = I 0 exp (-d 𝑃 /𝜆 𝐴𝑢 𝑐𝑜𝑠𝛼)
Where, I 0 is the signal intensity from the bare substrate, I 𝐴𝑢 is the signal intensity after deposition phosphorus on Au(111) substrate, 𝛼 is the geometric factor related to the CMA analyzer instrument. It is the acceptance angle of the analyzer 𝛼 = 42.1°.

𝜆 𝐴𝑢 is the decay length, refer to the inelastic mean free path of Au Auger electrons through phosphorus film, which can be approximated as 𝜆 𝐴𝑢 ≅ 0.054√𝐸 = 0.448 𝑛𝑚 (E is the peak energy position of the substrate chemical element) [11].

For example, the Au Auger Peak is attenuated by about 8 % after phosphorus deposition at RT compared to the bare Au surface. According to the equation, we estimate the phosphorus coverage to around 0.5 ML.

Hence, after deposition of phosphorus atoms for 2 min on the clean Au(111) kept at 150°C and 260°C, the Phosphorus coverage is estimated to 0.25 ML and 0.25 ML respectively. Regarding the appearance in the real space, the STM topography images depicted in A typical STM topography recorded after the deposition of phosphorus on Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] surface at 260°C for 2 min is shown in Figure 3.5. Figure 3.5a reveals a periodic structure of a sub-monolayer phosphorus island which coexists with the well know herringbone reconstruction of bare Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF]. We observe that the phosphorus islands are located either on the Au terraces or within the Au terraces.

For example in Figure 3.5a the bright contrast corresponds to the phosphorus layer and the darker part with herringbone is the bare Au surface. In Figure 3.5b, the profile measured along the black line drawn in Figure 3.5a, shows an apparent height of this phosphorus flake of 0.23 nm similar to the height of the phosphorus layer formed at 150°C. But on the other side we observe some blue phosphorene islands with triangular shape inserted in the Au terrace. Such small triangular shape islands are highlighted by black circles in Figure 3.5a and Figure 3.5c displays a detailed topography of such an island. We conclude that the morphology of the surface is quite similar at 150°C and 260°C because on both cases phosphorus islands are either inserted in the substrate or located on top of it. But we observe some differences. First, the phosphorus islands form triangular shaped domains at 260°C which are not observed at 150°C probably because of surface diffusion contribution at higher temperature during the growth process.

Secondly, the most prevalent local structure of the first deposited layer formed at 260°C is composed of triangles with three protrusions instead of six to ten protrusions at 150°C.

Zhang et al. have reported that deposition of phosphorus on Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] surface induces a

(5 × 5) periodic structure [6]. The structure can be interpreted as blue phosphorene on Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF], where they observed triangles only composed of six protrusions. However, the proposed model of the atomic structure is still under debate and for this part will be discussed in a next paragraph. We also studied phosphorus deposited at RT followed by a subsequent annealing at An interesting phenomenon is the formation of phosphorus islands within the Au terraces after thermal activation at high temperature. A similar result is observed for phosphorus grown on Au(111) kept at 150°C and at 260°C (see for example Figure 3.4c). This indicates that during the formation of the island, phosphorus atoms are not simply adsorbed on the surface, but induce a modification of the Au substrate. This can be explained by an exchange reaction between the evaporated P atoms and the Au atoms of the surface plane. After thermal activation, P atoms kick out Au atoms and then take their sites (as substitutional sites). Au atoms ejected from their initial location diffuse towards the step edges, and form dendritic structures as shown in Figure 3.6b.

Additional P atoms are adsorbed in the dendritic structure and again eject Au atoms in order to take their place. This also explain why the single phosphorus layer tends to To support the experimental observations, in collaboration with Prof. Kara from UCF (USA) we performed density functional theory (DFT) using the projector augmented wave (PAW) method [23,24]and the GGA-PBE [25] Structural relaxations was performed using the conjugate gradient (CG) method [30,31], with the force criterion set at 0.02 eV/Å. The plane wave cutoff was set to 400 eV, and the Brillouin zone was sampled using a 6 × 4 × 1 Monkhorst-Pack grid. DFT calculations were performed first at 0 K. Following the recipe of Bernard et al [22], we have calculated the difference in the formation energy between a system with a P atom adsorbed on an fcc site and that of a P atom substituting a Au surface atom, with the substituted Au atom occupying either an fcc site or along a step.

∆E = (EP N+1 -EP N ) -(EAu N+1 -Ecl N )
Where EP N+1 , EP N , EAu N+1 , Ecl N correspond to the total energy of: a Au(111) surface with a P atom adsorbed on an fcc site (Figure 3.7a), a P atom replacing a Au surface atom (Figure 3.7b), a Au atom adsorbed on an fcc site with no P atom on the surface (Figure 3.7c) and the clean Au(111) surface, respectively.

A positive energy difference would favor the substitution between a P atom and a surface Au atom, while a negative energy difference would favor a P atom adsorbed on an fcc site. The calculated energy difference for the present case is found to be -1.66 eV, strongly in favor of the adsorption of P on the Au(111) surface. However, in the case of substitution, if the adsorbed Au atom migrates to a nearby step and adsorbs along the step, this energy difference drops to -1.25 eV. In either case, it is the adsorption of a P atom that is favored, in excellent agreement with the experimental observations at RT.

Another way to estimate this preference, is to calculate the energy difference between a system with a P atom adsorbed on an fcc site (EP N+1 ) (Figure 3.7a) and with a P atom substituting a Au atom, with the substituted atom adsorbed on an fcc site (Figure 3.7d).

Again, a negative value would signal a preference for a P atom adsorbed on an fcc site (no substitution). This quantity is found to be almost the same as the one in the previous definition, here -1.64 eV vs -1.66 eV.

For the next calculations, we adopt this definition as it requires only two calculations. We have investigated in more detail the adsorption of a substituted Au atom following the surface site occupation by the P atom. We find that when the substitution takes place, the substituted Au atom stays close to the P atom on an hcp site (Figure 3.8), with an energy difference of -0.61 eV (favoring the P atom on an fcc site, no substitution).

Though this is much smaller than the -1.64 eV for the P atom on an fcc site with no substitution, it is still favored, in excellent agreement with the experimental observation.

However, this new energy difference is small enough that beg for the question: what happens to this energy difference as the system is heated up at high temperatures where thermal expansion takes place resulting in a larger lattice constant. We have performed the same calculations where the lattice constant was multiplied by a factor of 1.005, 1.01 and 1.02, mimicking the change in the lattice constant due to thermal expansion.

We found that the energy difference decreased (in absolute value) to -0.54 eV, -0.44 eV, and -0.25 eV for a lattice constant of 4.19 Å, 4.21 Å and 4.25 Å, respectively. These values show that, as the system temperature is increased, a substitution is becoming more favorable, in agreement with the experiments performed at high temperatures. In these studies, we just adjusted the lattice constants without including the vibrational contribution to the free energy. Indeed, the vibrational energy for low coordinated atoms may become significant in determining the total free energy [32][33][34]. Moreover, we found that as the lattice constant increases (i.e. as the system temperature increases) the difference in height between the P (in a substitution case) and the adsorbed Au atom decreases, with the P and the Au atom are co-planar, meaning that at very high temperatures, the P atom is inserted in within the surface plane, without ejecting any surface Au atom. This height difference changes as follows, at 0 K (lattice constant is 4.17Å) it is 0.86 Å and decreases to 0.68 Å, 0.40 Å and 0.03 Å for a lattice constants of 4.19 Å, 4.21 Å and 4.25 Å, respectively.

Epitaxial growth of monolayer of phosphorus on Au(111)

After systematic experimental survey, our preliminary results on epitaxial growth of phosphorus show that when the surface temperature is maintained at 150°C, an local ordered crystalline phosphorus structure is formed on Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] surface consisting mainly of triangles with six protrusions. We also find that when the surface temperature rises to 260°C, Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] surface is covered mainly by a new structure which is composed of triangles with three protrusions. Due to the low coverage, phosphorus does not fully cover the substrate, and the bare Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] with herringbone reconstruction is still visible. In this section, we will report on the growth of single layer of phosphorus on Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] and disclose its structural details using LEED, STM and DFT calculations.

We also identify the thickness and chemical structure using AES and XPS, and determine the electronic band structure by ARPES and STS measurements. Finally, we unravel that the phosphorus clusters evolve into a phosphorus layer under thermal activation at high temperature (260°C). indicates that the phosphorus layer is formed with the same orientation of the unit cell as that of the Au(111) substrate, with a "perfect" match of P/Au system. In other word, five times the nearest-neighbor distance of Au(111) (5 ×0.288 nm = 1.44 nm) is equal to four times the lattice constant of phosphorus (4 × 0.36 nm = 1.44 nm) in the phosphorus sheet. We can then deduce a value of 0.36 nm for the lattice constant of phosphorus layer grown on Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF].

AES spectra of single layer of phosphorus layer on Au( 111) is presented in Figure 3.9b.

The characteristic spectra of Au MNN (69 eV) and P LMM (120 eV) peak appear at the expected positions [4]. There are no extra peaks for contaminants or compound formation appearing. In addition, if we compare the intensity of P LMM peak between initial stages (Figure 3.2d) and one monolayer (1 ML) of phosphorus, we can easily find that the P peak intensity increases when we increase the deposition time. According to the peak-to-peak Auger intensity ratio of Au MNN peak before and after deposition, we can estimate that the P coverage is around 1 ML. A typical STM topography recorded after deposition of 1 ML of phosphorus on Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] is shown in Figure 3.10a. Phosphorus covers the surface terraces with a periodic hexagonal structure, giving rise to a bright and sharp electron diffraction pattern (Figure 3.9a). The flakes of phosphorus layer present different heights. Figure 3.10b presents a line profile measured across phosphorus layer along the black line in Figure 3.10a, revealing a step height of 0.23 nm. We also observed that there are the flakes doesn't present straight borders which is the result of the growth process described in section 3.3. This structure should not be understood as a multilayer of phosphorus; instead, it represents a single layer of phosphorus layer on the surface with different heights.

Figure 3.10c shows a high-resolution STM image of phosphorus layer grown on Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] kept at 260 °C. We observe a periodic lattice composed of triangles. Two sizes of triangles coexist composed of three or six protrusions. Such local structures were also reported in ref. [6] where a (5 × 5) periodicity was also observed. However, in our investigation, we observed only a few small areas formed by triangles with six protrusions without the long range ordered structure. We found that the most prevalent structure of the first deposited layer is composed of triangles with three protrusions, which cover large areas of the substrate. This is in contrast with the studies reported in refs. [6] and [35] where it was concluded that the blue P structure obtained on Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] was composed only of triangles containing six bright protrusions. This can be explained by the different growth conditions, in particular the temperature of the substrate. In addition, the authors in ref. [36] used InP as source to deposit phosphorus instead of molecular beam epitaxy in our case and those of refs. [6] and [35]. It is clear that the decomposition of InP may produce different phosphorus precursors that will yield different structures, and that the temperature of the sample during the growth is a key parameter. Indeed, we would expect phosphorus atoms could diffuse in the bulk at higher temperatures. 

nA). (d) Profile taken along the black line in image (c), revealing a 1.44 nm distance between two trimers. (e) Profile taken along the blue line in image (c).

The unit cell of (5 × 5) single layer of phosphorus layer consists of two bright trimers, which is labeled by the black rhombus in the Figure 3.10c. The line profile in Figure 3.10d, referred to the black line in image 3.10c, reveals the distance between two trimers of 1.44 nm, which is equal to five times the lattice constant of the Au(111) (5 × 0.288 nm = 1.44 nm) in good agreement with the diffraction pattern of Figure 3.9a. This line profile also gives a distance between the two nearest-neighbor bright protrusions of 0.35 nm which is larger than the calculated black phosphorene nearest-neighbor atom distance of 0.222 nm [37]. However, this distance is close to the lattice constant of blue phosphorene, where it corresponds to the second neighbor distance of phosphorus atoms [6]. The line profile measured along blue line gives a distance of 0.69 nm between two neighboring triangles (Figure 3.10e).

Moreover, the value of 0.35 nm deduced for single layer of phosphorus layer on Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] is very close to the one extracted from the LEED pattern (0.36 nm), which is only 0.03 nm larger than the expected distance from standalone blue P (0.328 nm) [6]. This difference can be explained by the effect of the substrate on the sheet of phosphorus.

The observed distance between the neighboring protrusions in the STM image (Figure 3.10e) corresponds to the distance between second nearest-neighbor phosphorus atoms.

This suggests that the (5 × 5) sheet is formed by the honeycomb structure of the blue phosphorene sheet. We can then deduce a projected distance of the nearest-neighbor distance of the phosphorus atoms of 0.202 nm. Combining the results of the LEED and the high-resolution STM images, we deduced that the deposition of 1 ML of phosphorus on Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] gives rise to a phosphorene layer with the blue P structure. the corresponding STM image. The calculated STM images are produced from the partial charge density of the relaxed systems using the Tersoff-Hamann method.

To support the experimental findings, DFT calculations were performed by Prof. Kara.

The calculated STM images are produced by our collaborators Prof. Ari P. Seitsonen from Ecole Normale Supérieure (France) from the partial charge density of the relaxed systems using the Tersoff-Hamann method [38]. As the structural parameters of blue P are different from those of Au, it is not possible to adsorb a commensurate extended film on the Au( 111)-(5 × 5), which has a lattice parameter of 14.77 Å. The lattice parameter for freestanding blue P was found to be 0.3275 nm from density functional theory (DFT), yielding lattice parameters of 0.1310 and 0.1638 nm for blue P (4 × 4) and (5 × 5), respectively. The Au (5 × 5) lattice parameter falls right in between those for the blue P (4 × 4) and (5 × 5). Squeezing a blue P (5 × 5) onto the Au (5 × 5) would induce a huge strain in the system, which would lead to a large unfavorable energy. On the other hand, fitting a blue P (4 × 4) on the Au (5 × 5) resulted in a stretched blue P sheet with two neighboring blue P 16-atom triangles. The adsorbed triangles are placed to preserve the high symmetry of the substrate as can be seen in the top part of Figure 3.11a. After full relaxation of the system, the P-P distance along the sides of the triangles was found to be around 0.34 nm, close to the lattice parameter of the blue P, however, the corner-to-corner distance between triangles in neighboring unit cells was found to be around 0.44 nm, introducing a slight discontinuity of 0.1 nm, in the otherwise extended blue P. In these two triangles of 16 atoms each, we found that six atoms adsorb at a height of about 0.22 nm above the remaining ten atoms. These 2 × 6 atoms are the ones observed in both the experimental (Figure 3 We have performed photoemission spectroscopy measurements to characterize single layer blue P on Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF], grown with the substrate at 260°C during phosphorus deposition. The P 2p and Au 4f core level spectra recorded at normal emission are shown in Figure 3.12. All spectra are fitted with a Doniach-Sunjic line shape [39]. The P 2p spectrum (Figure 3.12a) is reproduced with two spin-orbit split components S1 and S2 located respectively at 128.88 and 129.17 eV [40][41][42]. The best fit was obtained with voigt shape feature combining a 166 meV Gaussian profile and an 80 meV Lorentzian profile, while the spin-orbit splitting is 0.865 eV and the branching ratio is 0.45. The presence of two components indicates that the phosphorene atoms have only two chemical environments. The S1 component is assigned to the phosphorus atoms with only a phosphorus environment while the S2 component is assigned to phosphorus atoms with a gold environment, in good agreement with the model derived from the DFT calculations. Indeed, the models present two phosphorene environments; P-P and P-Au. The Au 4f spectrum recorded for the clean gold (Figure 3.12b) is also reproduced with two spin-orbit split components S3 and S4 located respectively at 83.65 and 84.00 eV [43,44]. The S3 and S4 components are attributed to the surface and bulk environment of Au, respectively. The best fit was obtained with voigt shape feature combining a 133 meV Gaussian profile and a 320 meV Lorentzian profile, while the

The ARPES spectra show the well-known Shockley surface state (SS) band having a parabolic-like dispersion and a maximum binding energy at the  point of about 480 meV, in a good agreement with previous experimental results [45,46]. The surface state behaves as a nearly free electron and it arises due to the special boundary conditions introduced by the metal/vacuum interface [47]. We can also clearly distinguish the wellknown bulk Au sp-bands centered at M point located at 1.25 Å -1 and the high density of states of the Au d bands.

After deposition of phosphorus on Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF], the surface state is disappeared, and the Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] we deduce that Γ-KP = 1.15 Å -1 , Γ-MP = 1.00 Å -1 . Due to the interaction with the substrate, these values are different from the freestanding single layer blue P of Γ-

KP = 1.26 Å -1 , Γ-MP = 1.09 Å -1 .
From our ARPES results, we find that the maximum of dispersive band of phosphorene is at KP point lies at BE = ~ 0.95 eV. This value is consistent with earlier ARPES experiment [16] and also agrees with our previous result [48]. This indicates that the band gap of phosphorene is at least equal to 0.95 eV, but its value depends on the position of the conduction band of phosphorene, which we cannot, however, be measured by with the ARPES. As discussed above, ARPES suggested an apparent band gap in the filled state region.

In order to measure the density of empty states of blue phosphorene and to obtain the entire value of the band gap, we performed STS experiments at 77 K. We used a lockin amplifier to measure the dI/dV spectra with a modulation voltage of 10 mV and a frequency of 5.1277 kHz. When ramping the voltage, the feedback loop is opened. 111) surface [46,49,50] in agreement with our ARPES results (see Figure 3.13 a and c).

The dI/dV spectra of single layer blue P on Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] are acquired on a large bias range.

After the surface covered by the blue P, the metallic feature disappears. Notably, in the filled states (negative bias), the spectrum display several peaks located at -1.3 V and -1.0 V below the Fermi level while in the empty states, the most pronounced feature is the peak located at 0.1 V. We can conclude that the maximum position of the valence band of phosphorene (around -1.0 V) obtained from ARPES is consistent with our STS measurements. Thus, the STS determines semiconducting characteristics of blue P, revealing a gap of ~ 1.1 eV across the Fermi level. The onsets of valence band maximum and conduction band minimum occur approximately at -1.0 eV and 0.1 eV, respectively. The band gap value extracted from our dI/dV spectroscopy agrees with our ARPES measurements as well as with previously tunneling spectroscopy measurements [6]. It is worth noting that this value is smaller than the calculated result (2 eV) for the free-standing single layer blue P. Indeed, the band gap of blue P sensitively depends on the strain [51]. The strong interaction between P and Au would induce a large tensile strain in the system, leading to a modifications of the band structure. clean Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] and at U = -0.8 V, I = 1.5 nA for blue P).

Study of the thermal stability of phosphorene layer

We study the thermal stability of blue phosphorene in the temperature range from 150°C to 320°C. When the phosphorus was deposited onto the Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] surface at 150°C for 10 min, the local ordered hexagonal flower-like structure is observed, as shown in Finally, when the sample is post-annealed at 320°C, we observed cracks formed inside of the phosphorene layer illustrated in Figure 3.15c. Figure 3.15d shows a close-up STM image obtained from the same sample at different area, revealing a hexagonal structure formed by triangles with three protrusions. We can also observe a highly disordered morphology at the edge of Au terraces caused by Joule heating [52,53]. This can be interpreted as the fact that much less energy is required to knock out an atom from a vacancy edge to form a lattice site. Very recently, two independent research groups have studied the thermal decomposition of exfoliated black phosphorus by in situ TEM and SEM, and their results indicate that the sublimation temperature of exfoliated few-layer black phosphorus is around 400°C [54,55]. Black phosphorus is the most thermodynamically stable allotrope of phosphorus [56]. Blue phosphorus is nearly as stable as black phosphorus [51]. If we consider that the single layer blue P grown by MBE methods has a higher surface area to volume ratios than the exfoliated flake, we can estimate that the decomposition temperature of single layer blue P on Au( 111) is higher than 320°C. 

Epitaxial growth of multilayers blue phosphorene on Au(111)

Blue phosphorene, as a phosphorus allotrope, was first theoretically predicted in 2014, which is a very interesting material because its band gap depends on the thickness of the layers. In other words, a significant and controlled shift of the band gap can be induced by changing the thickness of blue P layers, that could shift to the longer wavelengths required for optical communications and optical devices. The preparation process of monolayer blue P has been mentioned in the previous section. As a layer crystal material, blue P could potentially arise to the multilayer by stacking similar to graphene, WSe2 and h-BN [57][58][59][60][61][62]. However, there is still a controversy remain to be clarified for epitaxial growth of multi-layer of blue P [35,36,63]. We report on the growth of blue P on Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] by MBE methods with a wide window of substrate temperature (150-260°C) and a wide deposition rate range approximately from 0.05 to 0.5 ML/min.

To calibrate the thickness and investigate the growth mechanism of phosphorus on Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF], the in situ AES measurements were carried out. The STM image also shows that some cavities are seen on the flat terraces, however, these cavities are maintained after prolonged deposition time. 2D phosphorus structure are stable on the Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] in a wide temperature window [6].

Therefore, we performed an experiment on growth of 2D phosphorus clusters on Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] surface at 150°C. A series of samples at different deposition time were characterized by STM as shown in Figure 3.18. Figure 3.18a shows the initial stage of growth of phosphorus on Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF], it can been seen that the phosphorus clusters and uncovered Au area with the well know "herringbone" reconstruction coexist on the same terrace.

After deposition of 10 min, the topographic STM image in Figure 3.18b shows that the whole surface is covered with an island-like shape of phosphorus sheets. Upon careful inspection of STM image, it is found that the phosphorus sheets is formed not only on the Au terraces but also within the terraces due to the exchange reactivity between P atoms and the first layer of Au atoms as mentioned in section above.

When we further deposited phosphorus onto the surface at 150°C for 50 min, the evolution of the gold surface is similar to elevated temperature of 260°C. The STM overview shows that the whole surface is covered with phosphorus flakes and the cavities still exist, as shown in Figure 3.18c. In Figure 3.18d gives a line-scan across 90 the different terraces, corresponding to the black line, indicating that the height between the first and second terraces are the same is about 0.23 nm. 

Discussion

From the AES spectra and STM images, we can understand the growth mechanism of phosphorus on Au(111) as a self-limited growth process. There are three possible explanations: one is that the experimental results can be interpreted as a single layer of phosphorus structure formed on Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] surface. The variation of AES intensities points out that the AES plots saturate after the phosphorus nucleates and develops into a complete monolayer of phosphorene on Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] surface. After that, the growth process is terminated by itself after prolonged deposition in a wide temperature range of 150-260°C. Thus, the STM morphology should be interpreted as the single layers of blue P on substrate of different heights.

This phenomenon may be due to the further deposited P atoms cannot stick on the Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] surface or the deposited P atoms diffuse into the substrate, resulting in formation of 1 ML of well-ordered blue phosphorene on Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF].

The other is interpreted as Au-phosphorus alloy. A new model has recently been proposed to explain the formation of blue P on Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] surface, where each two neighboring blue P triangle fragments are connected by three Au atoms, means that there are two 9-atom blue phosphorus fragments and 9-Au atoms in each unit cell as shown in Figure 3.19 [17,64]. As we have already observed in STM, the phosphorus atoms eject the Au atoms for forming blue P structure within the top Au layer. The ejected Au atoms as linkers form the phosphorus-Au network. Therefore, the AES intensities increase with the network structure starts to nucleate and develop, and keeps constant after the whole surface is smoothly covered by this 18-9 blue P-Au structure, as well as the gold atoms completely consumed. We thus obtain a constant AES intensity. Orange, violet, gold, and grey spheres represent high-and low-buckling P atoms, on surface and substrate Au atoms, respectively [64].

Conclusion

In this chapter, we have reported on the exploration of epitaxial growth of phosphorus on Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] surface and the investigation of nucleation and growth mechanisms. The epitaxial growth process have been systematically studied using a series of surface analytical techniques. Firstly, we have investigated the initial stages of the growth of phosphorus sheets on Au(111) substrate at room and at elevated temperatures, such as 150°C and 260°C, by using LEED, AES, STM, and DFT calculation. We demonstrated that phosphorus clusters of different geometrical have been already formed on Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] at RT. When depositing phosphorus on Au(111) at 150°C, phosphorus clusters are grown on the surface with a local order of hexapetalous flower-shaped structure. When phosphorus is deposited onto Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] surface with 260°C, a planar hexagonal structure of blue phosphorene with (5 × 5) superstructure is formed on Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF]. We also found that the evaporated P atoms react with the surface Au atoms. Under thermal activation at higher temperature, the P atoms kick out Au atoms from their surface sites to form the blue phosphorene structure within the top Au layer. This process does not occur at room temperature where P-clusters merely adsorb on the top Au layer. The results enabled us to understand the growth behavior of phosphorus on Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] and demonstrate that the exchange reaction between P atoms and Au(111) substrate.

Secondly, we have shown that single layer blue P can be synthesized on Au(111) using the MBE method. At a coverage close to 1ML, the phosphorus layer displays a (5 × 5)

superstructure with respect to the Au(111) surface. Moreover, our results from the STM and LEED measurements coupled with DFT calculations demonstrated that the bluephosphorene structure consists of a stretched first layer of blue P, with additional trimers of the second layer at higher coverage. This model is consistent with both the (5 × 5) periodicity and the extended periodic structure observed in the experimental STM topography. Furthermore, the electronic band structure of blue P on Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] is revealed by the combination of ARPES and STS measurement, where the energy gap value is determined to be around 1.1 eV.

Finally, we attempted to explore the determination of the growth mechanism, as well as the 2D phosphorus structure formation. Here, we proposed two possible growth mechanisms for phosphorus on Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] surface through STM and AES measurements.

One is that the AES plots remain unchanged after a single layer of blue phosphorene completion, indicating a self-limited growth of blue phosphorene on Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF]. The other is interpreted as the formation of Au-phosphorus alloy on surface.

Chapter 3. Epitaxial 2D phosphorus structure grown on Ag(111)

Introduction

In the previous chapter, we have disclosed a buckled hexagonal structure of blue phosphorene on Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] surface. Its structure is very similar to silicene on Ag(111) [1,2]. Besides, we have observed an exchange reaction between the evaporated P atoms and Au atoms of the surface plane, which is also observed in the case of growth of silicene on Ag [START_REF] Low | Tunable optical properties of multilayer black phosphorus thin films[END_REF] and Ag( 111) surfaces [3][4][5]. The Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] surface is a commonly adopted substrate serving as an ideal template for the growth of 2D materials. A moderate interaction strength has been found for a P layer adsorbed on the Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] surface [6,7]. However, until now the actual production of epitaxial phosphorus sheets on Ag(111) surface has not yet been reported. Theoretical calculations also predict that phosphorene can form many polymorphic structures that do not necessarily have a hexagonal structure [8].

In this chapter, we will focus on the growth of phosphorus and its derivatives on Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] substrate. For the first time, we report the epitaxial growth of single layer phosphorus on Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] surface under ultrahigh-vacuum (UHV) conditions. The morphology and atomic structure of the phosphorus film are investigated by STM, LEED and DFT calculations, the chemical composition is determined by in situ Auger electron spectroscopy (AES) and X-ray photoelectron spectroscopy (XPS). The electronic structure of the phosphorus on Ag( 111) is probed by scanning tunneling spectroscopy (STS) and Angle-resolved photoemission spectroscopy (ARPES) with DFT calculations. In particularly, the detail of the band structure is closely analyzed by ARPES.

Sample preparation

The experiments are carried out with a commercial ultra-high vacuum (UHV) system (Scienta Omicron), consisting of three inter-connected chambers, where the base pressure is better than 3.0 × 10 -10 mbar. The single-crystal Ag( 111) substrate (99.999%) 272 eV) or oxygen (at ~500 eV) [9]. As displayed in Figure 4.1c, the large scale STM image shows a typical terrace/step morphology of Ag(111) surface. 

Synthesis of phosphorus pentamers at 150°C on Ag(111)

To calibration of the phosphorus coverage on Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] surface, in situ AES is carried out during the growth process. A typical AES spectra of Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] surface before and after phosphorus deposition is presented in Figure 4.2a. The characteristic spectrum of Ag MNN acquired on clean Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] presents sharp peaks at 351 and 356 eV and broadening secondary peaks at 260 and 302 eV. After the phosphorus deposited on the Ag( 111) surface held at 150°C, the P LMM peak is clearly observed at the standard energy position of 120 eV [9]. Moreover, none of the features show any characteristic shifts or satellite peaks that would appear if surface alloying or compound formation had occurred. From the peak-to-peak Auger intensity ratio of Ag MNN peak at 356 eV before and after deposition of phosphorus atoms onto the clean Ag(111) surface at 150°C for 2 min, we can obtain the information on the absolute coverage.

According to

I 𝐴𝑢 (d 𝑃 ) = I 0 exp (-d 𝑃 /𝜆 𝐴𝑢 𝑐𝑜𝑠𝛼)
Where, I 0 is the signal intensity from the bare substrate, I 𝐴𝑢 is the signal intensity after deposition, 𝛼 is the geometric factor related to the CMA analyzer instrument, it is the acceptance angle of the analyzer 𝛼 = 42.1°.

𝜆 𝐴𝑢 is the decay length, refer to the inelastic mean free path of Au Auger electrons through phosphorus film, which can be approximated as 𝜆 𝐴𝑔 = 0.054√𝐸 = 1.02 𝑛𝑚 (E is the peak energy position of the Ag(111) substrate) [13].

Thus, from this equation, we estimate the phosphorus coverage on Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] surface to be around 0.4 ML. the spots which are highlighted in green and blue circles spots correspond to √7 and 6√7, respectively. We can also observe clearly the angle of 19° between the directions of the clean Ag and the pentamers superstructure in agreement with the analysis of the STM images. This indicates that phosphorus atoms form a (6√7 × √7) R19°

superstructure with respect to the Ag(111) surface.

Here, we need to recall that the LEED do not show any extra diffraction spots related to the phosphorus deposition but for STM we observe a periodic structure. This is possible caused by the temperature effect. Our LEED is performed at RT (300 K) while the STM is performed at 78 K. To investigate the structure of the phosphorus layer, we also performed STM experiments on the monolayer phosphorus sheets sample at RT.

A large-scale STM image reveals a 2D phosphorus sheets formed on the Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] substrate (Figure 4.4e). The smooth round edges to the layers have no clear crystallographic orientation with respect to the Ag(111) substrate suggestive of a liquidlike growth phase. This liquid behavior has been observed in the growth of Perlyene on Ag(110) [14]. Furthermore, a close-up STM image of the phosphorus layer clearly shows no order even at the nanometer scale (Figure 4.4f). The RT-STM experiments confirm the initial analysis of the LEED pattern. After cooling it to 78 K, the STM observation again shows the order of phosphorus pentamers structure on the Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] surface. In comparison with the image recorded at RT, the phosphorus appears to have undergone a phase change from a liquid-like layer to a crystalline structure. This indicates that at low temperature, the phosphorus atom diffusion is reduced allowing an ordered self-assembled phosphorus layer to form. This points to a very weak interaction between the phosphorus sheet and the Ag(111) substrate. The high-resolution STM image in Figure 4.5a reveals finer details of the pentamer structure of phosphorus on Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF], where different orientations of pentamers are observed. One of the unit cells is indicated by the black parallelogram. Along the direction a, the pentamers are similar and have the same relative alignment. However, along the direction b, each pentamer is rotated by 36° relatively to its neighbor as highlighted by red and blue pentagons in Figure 4.5a. The line profile measured along the lines A and B in Figure 4.5a gives a buckling of the pentamers in the range of 0.09-0.23 Å even the STM technique is sensitive to both topology and electron density. The average distance measured between the P atoms within each pentamer is around 0.27 nm. This value is larger than the 0.224 nm reported for the phosphorene sheet [15].

Furthermore, the five protrusions of each pentamer show an asymmetry in height; three eV and 368.2 eV respectively as found in Figure 4.6a [17]. We also observe the plasmon loss peaks of the Ag 3d5/2, with about 4 eV energetic difference to the photoelectron peak that has been found in the previous literature [18], which can be interpreted as that the photoelectrons are scattered by free electrons with discrete energy bands to produce an energy loss distribution with a relatively narrow structure. After phosphorus deposition, the shapes and positions of these two representative peaks remain unchanged. We also observed no splitting of these Ag 3d peaks, indicating the weak interaction between the phosphorus and the underlying Ag substrate. This confirm that no chemical modification occurs on the Ag surface due to the weak interaction between the phosphorus and the underlying substrate [19]. The best fit is obtained with a combination of 140 meV Gaussian profile and a 280 meV Lorentzian profile, while the spin-orbit splitting is 6 eV.

The XPS P 2p core-level spectra obtained from phosphorene recorded at normal (θ = 0°) and grazing emission (θ = 70°) are respectively shown in Figures With increasing emission angle, the XPS surface sensitivity is enhanced, enabling to selectively detect the surface and subsurface contributions. The relative intensities of the surface component peak will be increased. Thus, we can conclude that the S1 component is assigned to the phosphorus atoms buckled above the plane and the S2 component is assigned to the phosphorus atoms buckled below the plane which correspond to a stronger interaction with the substrate. These results confirm the buckled structure observed in the STM images. Our XPS results indicate that the P2p peaks of phosphorus show no significant change due to weak interaction with the Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] surface. These results prove that there is no chemical interfacial coupling between the phosphorene and Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] substrate, which agrees with our AES results. When the phosphorus sheets are formed on the Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] surface, the dI/dV spectrum exhibits a significantly different profile compared to the one probed on the bare Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF].

Obviously, the semiconductor feature can be identified.

The spectrum is showing peaks located at -2.0 V, -1.0 V below the Fermi level. The dI/dV spectrum unambiguously demonstrates that the new phase of phosphorus pentamers has a band gap of ~1.2 eV. It is important to notice that the band gap of phosphorene depends sensitively on the applied in-layer strain [22]. This value is smaller than the predicted band gap of 1.8 eV for the free-standing single layer phosphorene [23]. [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] surface and from the pentagonal lattice phase regions of phosphorus sheets on Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF], revealing a semiconductor characteristic of the phosphorus sheets. Feedback loop opened at U = -0.7 V, I = 0.5 nA for bare Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] and at U = -0.7 V, I = 0.7 nA for phosphorus sheets.

To sum up, in this section we have synthesized successfully a high-quality single layer of phosphorus on the Ag(111) substrate using MBE; this new 2D phase is composed of phosphorus pentamers. STM measurements demonstrated a characteristic array of buckled pentamer structure of phosphorus atoms on Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] with anisotropic corrugation. STS investigations determined the semiconductor character of phosphorus pentamers with a band gap value around 1.20 eV. XPS measurements and AES analysis reveal a weak interaction between phosphorus and Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF]. Moreover, XPS further confirmed the buckled conformation of phosphorene. This work reveals a new 2D polymorphic structure of phosphorus, opening new avenues for this novel 2D material.

Synthesis of phosphorus nanoribbons at room temperature

Phosphorus nanoribbons (PNRs) are predicted to exhibit very interesting properties based on their intrinsically anisotropic structure. It is reported that electronic structure, carrier transport, optical response, spin caloritronics, magnetic, and mechanical properties depends on the ribbons width, edge functionalization, substitutional impurities, thickness, and strain [24][25][26][27][28][29][30][31][32][33][34][35][36][37][38]. Even due to the novel edge and size effects, the theoretical simulations have shown that PNRs can surpass the properties of phosphorene. The fabrication of PNRs have been attempted by top-down approach starting from few layers of black phosphorus [24,30,39], but the length and width of the PNRs were limited by the resolution of the lithography and the etching techniques.

Likewise, PNRs were produced by ionic scissoring of black phosphorus in liquids with typical widths of 4-50 nm and measured lengths of up to 75 μm [40]. Since PNRs are very promising novel material for nano-electronic and optoelectronic applications, the controlled synthesis of high quality PNRs is a necessary step for further applications. The AES technique is used to investigate the chemical environments on the surface.

When phosphorus is further deposited onto Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] surface, it is found that the P LMM peak emerges at the standard energy position of 120 eV and the energies position of Ag MNN peaks do not change, still located at 351 and 356 eV and broad secondary peaks at 260 and 302 eV [9]. The spectrum of P LMM overlapped on the clean Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] spectrum. In addition, no additional Auger signals appear due to carbon (272 eV) or oxygen (~500 eV). From the peak-to-peak Auger intensity ratio of Ag MNN peak at 356 eV, before and after deposition of P atoms onto the clean Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] surface at RT for 2 min, we can deduce that the phosphorus coverage is about 0.8 ML on Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] surface.

With increasing phosphorus coverage to 0.8 ML, the sample yields a (2 × 3) LEED pattern and thin streaks elongated along the main directions of the Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF], as clearly seen in Figure 4.10a. The strong diffraction spots circled in white are related to the Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] (1 × 1) surface. Following the deposition of P atoms new spots appear corresponding to a × 3 structure (blue circles) with respect to the silver substrate. We observe that the spots of the × 3 structure are elongated which indicate that the order is not perfect along this direction. A weak diffraction pattern composed of thin elongated streaks (outlined by the yellow dashed line) with a × 2 periodicity (marked by red circles) are also observed. This weakness is also due to the PNRs offset with respect to each other. This behavior is also observed in the case of silicon nanoribbons on Ag(110) [41].

In the following, we present STM results to further characterize the formation of PNRs on Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] with a much higher density of PNRs. A typical large-scale STM topography image is displayed in Figure 4.10b, which shows that the PNRs grow on a flat Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] terrace with a high degree of alignment between neighboring PNRs compared to that seen at low-coverage sample ( Note that the × 3 periodicity is not perfect because of the presence of the stacking fault To characterize the chemical environment at the interface between the as-grown PNRs and the substrate, XPS measurements were carried out. The XPS spectra only show P and Ag core level peaks after deposition of phosphorus, because the bare Ag substrate has already been discussed in previous measurements. The P 2p and Ag 3d core level spectra recorded at normal emission. All spectra are fitted with a Doniach-Sunjic line shape [16]. The P 2p core level spectrum presented in Figure 4.11b, reveals only one spin-orbit doublet indicating that P atoms have only one chemical environment. The best fit is obtained with a convolution of 160 meV Gaussian profile and a 90 meV Lorentzian profile, while the spin-orbit splitting is 0.865 eV. The P 2p3/2 is located at the binding bands were highlighted on single layer of black phosphorus and were approximated by a bonding and anti-bonding pair of the P 2pz orbitals [51]. This is the first time that such bands are observed on epitaxial P monolayer and there is almost no influence of the underlying Ag substrate, which reflects a very week interaction at the interface.

As a complementary determination, we have also calculated the electronic band structure of the system ( To complete the band structure of PNRs on Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF], STS investigations were performed on the P/Ag(111) system. The dI/dV spectrum exhibits a characteristic semiconductor behavior quite similar to that obtained on phosphorus pentamers on Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF]. However, it is worth noticing that the spectrum feature peaks are different, which are located at -2.6 V, -1.5 V and 0.3 V, respectively. At negative bias, the local density of states (LDOS) is flat and featureless until at V = -1.5 V. The slight rise from -0.7 to -1.5 V is due to contribution of sp-state of Ag but strongly attenuated by the PNRs. Hence, the peak located at -1.5V corresponds to the valence band maximum. This is consistent with the ARPES observation in Figure 4.12. The shoulder located at -2.6 V is also observed in the APRES. At positive bias, the conduction band minimum is located at V = +0.3 V above the Fermi level. Therefore, based on STS, ARPES and DFT calculations, the PNRs present a band gap value of 1.8 eV. Note that our dI/dV spectroscopy is in good agreement with previous calculation results [52][53][54].

As displayed in Figure 4.13b, the integrated ARPES intensity along the K--M direction of the surface Brillouin zone (SBZ) confirms the existence of the band gap, which in full agreement with the STS data. 

Phosphorus Reactivity on the Ag(111) Surface

In the chapter 3, we have mentioned the exchange reactivity between P atoms and the first layer of Au atoms, where P atoms eject Au atoms to form a (5 × 5) blue phosphorene superstructure within the top Au layer under thermal activation at higher temperature. It is well-know the Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] surface is even more reactive than that of gold because of its lower electrochemical potential [55]. Similar results have been reported

on Si/Ag system, where the formation of silicene is caused by the exchange reaction between the top layer of Ag atoms and Si atoms [3,5]. Several examples has also been studied for alloy formation of the heavier group V atoms Sb and Bi on Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] and Cu(111) [56][57][58]. Therefore, we investigate here the growth of phosphorus on Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] at elevated temperature of 260°C.

AES is used to determine the chemical state of elements and the coverage of deposited adsorbates on Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] for different deposition time. For the clean Ag(111) surface, the characteristic spectrum of Ag MNN is clearly observed with sharp peaks at 351 and 356 eV and broad secondary peaks at 260 and 302 eV [9] as shown in Figure 4.14. During the initial growth stage, the peak of P LMM is observed at 120 eV. Moreover, no additional signals are observed for contaminants, for example carbon (at 272 eV) or oxygen (at ~500 eV), and also no feature characteristic shifts or satellite peaks appear, indicating no substantial chemical modification on the surface. When phosphorus is further deposited onto Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF], it is found that the P LMM signal intensity increases, and the position and shape of P peak remains unchanged still located at 120 eV, indicating that the phosphorus coverage increases with increasing deposition time.

From the peak-to-peak Auger intensity ratio of Ag MNN peak at 356 eV before and after the formation of phosphorene, and according to

I 𝐴𝑢 (d 𝑃 ) = I 0 exp (-d 𝑃 /𝜆 𝐴𝑢 𝑐𝑜𝑠𝛼)
We can obtain that 0.38 ML and 0.8 ML of phosphorus are deposited onto the clean Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] surface after exposure time of 1 min and 2 min, respectively. The growth mechanism of phosphorus islands can be understood as a substitution process. The thermalized P adatoms diffuse on the Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] surface and kick out a Ag atom and then take its position (substitutional process) for forming embedded P atom.

These P atoms will then act as nucleation center to form phosphorus islands. The ejected Ag atoms will diffuse to the steps edges and re-organized to form new steps further decorating the Ag(111) terrace edges. This phenomenon has been observed in the case of growth of blue phosphorene on Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] surface [59] and phosphorus on Si [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] surface [60]. There are also several examples of the substitution of a surface metal atom by an adsorbing group IV atom; some form stable 2D surface alloys [61][62][63][64], others disappear as more atoms are adsorbed [65,66]. While alloy formation of the heavier group V atoms Sb and Bi on Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] and Cu(111) also has been studied [57,58], this is the first observation of such a behavior in P/Ag(111) system.

The close-up STM image of In order to confirm the influence of the exchange reactivity between the evaporated P atoms and Ag atoms of the surface, XPS analysis was carried out. The experimental data are displayed with black dots, while the fitted curves are black lines. All spectra are fitted with a Doniach-Sunjic line shape [16]. For the bare Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] surface, the Ag 3d3/2 and 3d5/2 peaks locates at the binding energies of 374.2 and 368.2 eV, respectively [17]. After deposition of phosphorus, the binding energies of these two peaks remain unchanged, located at 374.2 and 368.2 eV which originates from Ag-Ag bonds. This indicates that the interaction between Ag and P is weak even if a substitution reaction occurs during the deposition process. The best fit is obtained with a convolution of a 140 meV Gaussian profile and a 280 meV Lorentzian profile, while the spin-orbit splitting is 6 eV. which is consistent with the binding energy of the P 2p peak in bulk black phosphorus [67,68]. While the S2 component located at a binding energy around 129.0 eV is related to the phosphorus atoms with Ag environment, which results from the P atoms direct contact with the Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] surface. These values are consistent with phosphorus pantemers phase and PNRs phase on Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF]. In addition, there are no signs of phosphorus in other chemical environments, in particular the oxide components that are usually located at the higher binding energy side [49,50]. When the spectra acquired at surface emission, the XPS surface sensitivity is enhanced to selectively detect the surface. In other words, the relative intensities of the surface components would be increased. In this section, we have investigated the growth of phosphorus on Ag(111) at elevated temperature of 260°C, and also consider the surface reactivity between the topmost layer Ag atoms and P atoms. The atomic and electronic structure of phosphorus islands on Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] are characterized by combining in situ LT-STM, LEED, STS and ARPES.

During the growth process, we disclosed that a domain-wall structure containing a local order of hexagonal shaped phosphorus islands is formed on Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF]. We also highlighted the exchange reactivity between P atoms and the first layer of Ag atoms, where P atoms eject Ag atoms to form phosphorus clusters structure within and on the top Ag layer.

Conclusion

In this chapter, for the first time we report a molecular beam epitaxial growth of 2D phosphorus nanostructure on Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] surface under UHV conditions. The experimental procedure, atomic structure, chemical states and electronic structure of phosphorus on Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] have been studied through a series of surface analytical techniques. Firstly, 0.4 ML phosphorus sheets are obtained at 150°C, which demonstrates an atomically thin crystalline 2D striped phase with a perfectly ordered structure. The striped phase is composed of a low buckled pentagonal structure with anisotropic corrugation. The structure of phosphorus sheets on Ag(111) can be explained by a (6√7 × √7) R19° superstructure with respect to the Ag(111) surface. XPS measurements revealed a weak interaction between phosphorus and the Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] substrate. STS investigation indicated the semiconductor characteristic with the electronic band gap of ~1.20 eV.

Secondly, we have reported on the exploration of epitaxial growth of PNRs on Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] by using black phosphorus as precursor. The structure of PNRs has been identified as a Finally, we fabricated a 2D structure composed of phosphorus islands on the Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] substrate at a higher temperature of 260°C. LEED and STM measurements demonstrated that the hexagonal shaped phosphorus islands formed a (4√3 × 4√3) superstructure on Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] surface. In addition, an interesting phenomenon was also revealed that phosphorus atoms not only adsorbed on the surface but also substituted for the topmost layer of Ag atoms for forming phosphorus islands structure on or within the Ag terraces. The weak interaction between phosphorus islands and the Ag substrate was demonstrated by experimental XPS measurements. This work provides direct evidence that the substitution effect of phosphorus with silver substrate cannot be ignored under thermal activation at high temperature.

The Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] or Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] surface are used frequently as a substrate; many 2D structures have been grown on it. However, since phosphorene was initially obtained using the exfoliation technique, the epitaxial growth of phosphorene has only been reported on the Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF]. The Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] surface has a moderate interaction strength, resulted in a rich surface structural, including phosphorus pentamers, phosphorene nanoribbons and 144 phosphorus islands. To our knowledge these observation has not yet been reported. This does not imply that Ag(111) is any better or not than Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] surface, simply that they are different. Given the novel structure we have found, this should encourage the 2D community to explore other surfaces.

Current research on 2D phosphorus structures grown by MBE are still in their infancy with many un-resolved issues, and many novel phenomena and properties have to be explored in the future. One of the crucial aspects is the need to produce large-scale, high-quality monolayer or multilayer of phosphorene sheets, which is a necessary step for potential industrial practical applications in nano-electronic or flexible devices.

Indeed, phosphorene may offer the best trade-off between mobility and on-off current ratio that is very attractive for developing high-speed flexible electronics systems.

Epitaxial growth of phosphorene may be a route for large scale synthesis, however experimental results in this field are still scare. We need to not only understand the formation mechanism of phosphorene on the substrate, but also continue the effort to explore the unusual physical properties of phosphorene. This 2D material presents challenges and opportunities for physicists, chemists and materials scientists to work closely together to explore both the fundamentals and applications of this emerging material. Another important step is the transfer of phosphorene. Indeed, it is mandatory to develop reliable methods of transfer for its integration in devices. As phosphorene is lamellar material, one can use the technics already developed for similar 2D materials like graphene. Inspiré par la recherche réalisée sur le phosphorène noir, une nouvelle structure allotropique 2D du phosphore, le phosphorène bleu, a été théoriquement prédite. Cette structure est en nids d'abeilles et partage de nombreuses caractéristiques avec le phosphorène noir. La synthèse du phosphorène est basée principalement sur les techniques d'exfoliations du phosphore noir. Cependant, la synthèse contrôlée du phosphorène basée sur des processus industriels tels que la croissance en jet moléculaire ou le dépôt chimique en phase vapeur reste un défi majeur pour une intégration future en applications industrielles.

Dans cette thèse, on présente une étude expérimentale de la croissance du phosphore sur un substrat d'Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] et d'Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF]. Les expériences ont été réalisées en utilisant les techniques ultravides suivants : la microscopie et la spectroscopie à effet tunnel (STM-STS), la diffraction d'électrons lents (LEED), la spectroscopie d'électrons Auger (AES), la spectroscopie de photoélectrons (XPS) et la photoémission résolue en angle (ARPES).

Dans le chapitre 1, on présentera l'état de l'art de la synthèse du phosphorène.

Dans le chapitre 2, on décrira les bases des techniques expérimentales utilisées dans cette thèse.

Dans le chapitre 3, on présentera la croissance du phosphore sur une surface d'Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF]. Les images de microscopie à effet tunnel montrent une couche ordonnée du phosphorène bleu alors les mesures ARPES montrent une valeur du gap au moins égale à 0.8 eV. La réactivité du phosphorène sur la surface d'Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] en fonction de la température a aussi été étudiée et nous avons mis en évidence un processus de substitution des atomes d'or avec les atomes de phosphore.

Dans le chapitre 4, on présentera la croissance du phosphore sur une surface d'Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF]. Les images STM montrent une structure 2D du phosphore sous forme de pentamères alors les mesures STS montrent un gap de 1.2 eV. Le dépôt du phosphore donne lieu aussi à la formation de nano-rubans auto-organisés avec un gap de 1.8 eV. Finalement, le dépôt du phosphore à haute température donne lieu à la formation d'ilots monoatomiques autoorganisées.

Dans la dernière partie on présentera une conclusion ainsi qu'une perspective de cette étude. 
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Abstract : Over the last decade, the research in 2D materials has grown appreciably, due to their new hitherto unknown properties as well as their great promise for application in next generation electronic and optoelectronic devices. In particularly, phosphorene has attracted intensive interest recently because it has several properties that distinguish it from other 2D materials, including an intrinsic direct band gap, that can be tuned from 1.8 eV for a monolayer to 0.35 eV for bulk black phosphorus crystals, and high carrier mobility with high on/off ratio. All these attributes make it suitable for nanoscale devices.

Inspired by the investigation of black phosphorene, a new attractive 2D phosphorus allotrope, blue phosphorene, has been predicted theoretically, which shares many excellent characteristics as black phosphorene with the buckled honeycomb lattice. The synthesis of phosphorene is mainly based on exfoliated black phosphorus. However, the controlled synthesis of phosphorene, based on industrial processes such as MBE and chemical vapor deposition (CVD), is still a major challenge for further applications.

In this thesis, we present an experimental investigation of the epitaxial growth of phosphorus on Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] and Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] substrates. The experiments were performed using the following ultra-high vacuum surface science techniques: scanning tunneling microscopy and spectroscopy (STM-STS), low energy electron diffraction (LEED), Auger electron spectroscopy (AES), X-ray photoelectron spectroscopy (XPS) and angle resolved photoemission spectroscopy (ARPES).

In chapter 1, we present the state of the art on the synthesis of phosphorene.

In chapter 2, we describe the basis of the experimental setup and techniques used in in this thesis.

In chapter 3, we present the growth of blue phosphorene Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF]. The STM images show an extended and ordered layer of blue phosphorene while the ARPES measurements show that the blue phosphorene presents a band gap of at least 0.8 eV. The reactivity of phosphorus on Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] versus the temperature of the substrate is studied and we highlight a substitution process between phosphorus atoms and the topmost Au atoms.

In chapter 4, we present the growth of 2D phosphorus structure on Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF]. The STM images show self-assembled 2D layer of phosphorus pentamers while the STM measurements give a band gap of 1.20 eV. Deposition of Phosphorus induces also self-assembled black phosphorene nanoribbons with band gap value of 1.8 eV. Finally, deposition of phosphorus at elevated temperature induces a self-assembled phosphorus monoatomic islands.

In the last part we present a conclusion with a perspective of this study. .
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 11 Figure 1.1. Schematic illustration of the crystalline structure of few-layer BP. (a) 3D representation. (b) Lateral view. (c) Top view.
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 12 Figure 1.2. Schematic diagram of the crystalline structure of few-layer blue phosphorus. (a) 3D representation, (b) top view and side view. (c) Schematic of the conversion of black to blue P by dislocations [45].
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 13 Figure 1.3. (a) Schematic representation of the mechanical exfoliation of BP nanosheets.

Figure 1 . 4 .

 14 Figure 1.4. (a) Schematic illustration of LPE of few layer black P nanosheets. (b)

Figure 1 . 5 .

 15 Figure 1.5. Single layer blue P on Au(111). (a) Large scale STM image of single layer blue P on Au(111) (U = 0.9 V, 100 × 100 nm 2 ). (b) Close-up STM image of single layer blue P on Au(111). The unit cell of the blue P is highlighted by a rhombic with a = b =

Figure 1 . 6 .

 16 Figure 1.6. (a) STM image of a surface after exposing the Au(111)surface to a low coverage of phosphorus, showing a 1D chain structure (20 × 20 nm 2 ; U = 0.1 V). (b) STM image of a surface at intermediate coverage of phosphorus, showing a more closely packed (√3 × √3) R30° structure (20 × 20 nm 2 ; U = 0.1 V). (c) STM image of blue P surface (8 × 8 nm 2 ;U = 0.1 V). (d) Relative formation energies per P adatom for

Figure 1 . 7 .

 17 Figure 1.7. Calculated formation energies (a) and binding energies (b) of four

Figure 1 . 8 .

 18 Figure 1.8. (a) Summary of the band gap values for black P, obtained from different approaches [106]. (b) Calculated band structure of mono-, bi-, and trilayer black P [26]. (c) Electronic band structure of monolayer blue P, (d) Dependence of the fundamental band gap on the number of layers [45].

  2). The wave vector 𝐤 𝐢 of the incident electron beam is plotted such that it terminates at a reciprocal lattice point. The Ewald sphere has a radius of | 𝐤 𝐢 | and origin at the center of the incident wave vector. By construction, only when a reciprocal lattice point lies on the surface of the Ewald sphere will satisfy the Laue condition and diffraction occurs.

Figure 2 . 2 .

 22 Figure 2.2. Ewald sphere for elastic scattering for a 2D lattice

  phosphor screen. The remaining elastically-scattered (Bragg scattering) electrons collide with the luminescent screen for yielding the diffraction spots. A typical schematic diagram of LEED instrument and an experimental set-up for LEED is depicted in Figure 2.3.
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 23 Figure 2.3. Schematic diagram of a typical LEED instrument and an experimental setup for LEED.
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 24 Figure 2.4 Schematic diagram for the illustration of the three-step Auger process, involving KL1L2,3 Auger electron.
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 25 Figure 2.5. Schematic diagram of a typical AES experimental setup using a cylindrical mirror analyzer (CMA).

Figure 2 . 6 .

 26 Figure 2.6. A simple barrier model for the tunneling junction between the STM tip and the sample.

Figure 2 . 7 .

 27 The set-up consists of three chambers, in which we can prepare and characterize samples. The preparation chamber provides standard techniques for cleaning samples, including ion sputtering and annealing by radiative heating. The analysis chamber is equipped with an evaporator and two typical surface characterization tools (LEED and AES). The LT-STM technique located in the 3 rd chamber gives the detailed information on real-space sample at atomic resolution.
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 27 Figure 2.7. The LT-STM setup, including ion gun, evaporator of phosphorus, LEED and AES.
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 28 Figure 2.8. Schematic diagram of two different scanning modes: constant current mode (right) and constant height mode (left).
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 2 Figure 2.9 shows the schematic diagram of Synchrotron SOLEIL. The third generation of synchrotron radiation uses a more effective insertion device of wiggler or undulator,
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 29 Figure 2.9. Schematic diagram of a third-generation synchrotron light source of

Figure 2 .

 2 10 depicts the schematic energy level diagram, showing the photoemission process. Because the binding energy of the electrons is unique for each element, we can identify the chemical compounds of surface based on the emitted photo-electrons.
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 210 Figure 2.10. Schematic diagram of XPS process.
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 211 Figure 2.11. Mean free path of electrons in solids as a function of their energy [30].

Figure 2 .

 2 Figure 2.13. Schematic diagram of TEMPO beamline [34].

Figure 2 .

 2 Figure 2.14. (a) Schematic diagram of the Scienta hemispherical analyzer. (b) Schematic diagram of the respective location of the analyzer and the sample.

  photon light and the analyzer axis is fixed at 𝛽 = 60° with both directions lying in the xy plane, and the slit of the analyzer is parallel to the x axis. The main axis of rotation is the polar rotation 𝜃 about the z axis. The secondary axis of rotation is the tilt 𝜓 about the y' axis, and the azimuthal rotation 𝜑 about the surface normal n of the sample. The count of photoelectrons is collected as a function of four angles 𝜃, 𝜓, 𝜑 and 𝛼[36], where photoelectrons are captured at 𝛼 between -30° and 30°about the x axis in the xz plane. The sample can not only adjust the position in the x, y and z directions, but also rotate around the z and y' axes, as well as around the surface normal n. The photoemission measurements were performed at the PEARL beamline, in which the photoelectrons were collected by combining 𝜓 and 𝜑 scans and keeping 𝜃 unchanged.

Figure 2 . 15 .

 215 Figure 2.15. Schematic diagram of the measurement geometry of the analyzer and the sample in the ARPES chamber.
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 323 Figure 3.1a shows the LEED pattern corresponding to the bare Au(111) substrate. The six outer symmetric spots are surrounded by satellites corresponding to the well-known (22 × √3) reconstruction of Au [1, 2]. The intensity of these satellites spots is weaker compared to the one of the Au (1 × 1) spots. A typical AES spectrum corresponding to the bare Au substrate is presented in Figure 3.1b. The presence of the Auger NVV transitions of Au located at 69 eV and at 240 eV with the absence of any other peaks

Figure 3 . 1 .

 31 Figure 3.1. LEED, AES and STM analysis for clean Au(111) substrate. (a) LEED pattern recorded at 57 eV for clean Au(111) substrate. (b) AES spectra of clean Au(111) surface. (c) Large scale STM image of clean Au(111) surface, showing "herringbone" reconstruction (U = -0.7 V, I = 1.0 nA), flat terraces and atomic step with 0.2 nm of height. (d) The lateral profile corresponding to the black line in panel (c). (e) Atomically resolved STM image of clean Au(111). The red arrows indicate [1-10] crystal directions of the gold lattice (U = -0.1 V, I = 0.6 nA). (f) The line profile corresponding to the black line in panel (e), shows the two nearest-neighbor bright protrusions of 0.28 nm.

Deposition of 2

 2 min of phosphorus gives rise to the LEED pattern shown in Figure3.2a.Compared to the LEED of the clean Au[START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] substrate (see Figure3.1a), the intensity of the diffraction spots of the pristine Au[START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] substrate decreases and the satellites spots corresponding to herringbone reconstruction disappear. No additional spots are observed. This indicate that the surface is covered by disordered structure of phosphorus layer (adlayer).However, the same deposition of phosphorus (2 min) on the Au(111) surface kept at 150°C instead of RT gives additional weak spots in the LEED pattern (see Figure3.2b) highlighted by the red arrows. The weak additional spots indicate the formation of a locally ordered crystalline structure on the surface. These additional spots become then very sharp when the deposition of phosphorus atoms (2 min) is performed on Au[START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] surface kept at 260°C (see Figure3.2c). This LEED pattern reveals a well-define (5 × 5) superstructure with respect to the Au[START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF]. The clear LEED pattern reveals the high quality and single crystallinity of the phosphorus structure. In addition, identical LEED patterns are observed on the entire sample surface which reveals the uniformity of the sample.AES spectra corresponding to the clean substrate and after deposition of phosphorus at different temperature are presented in Figure3.2d. The Au MNN and P LMM transitions corresponding to 69 eV and 120 eV respectively are observed with no contaminants such as carbon (located at 272 eV) or oxygen (located at ~ 500 eV). Also, no feature such as characteristic shifts or satellite peaks are observed which could indicate a formation of Au-P alloy. We note that the P peak decreases when the temperature of deposition increases indicating a possible dissolution of P in the Au substrate.
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 32 Figure 3.2. LEED and AES analysis of phosphorus on Au(111). LEED patterns acquired at 57 eV after the phosphorus deposition for 2 min at (a) RT, (b) at 150°C, the additional weak spots are highlighted by the red arrow, (c) at 260°C with a (5 × 5) structure. The (1 × 1) spots of Au are highlighted by yellow circles in all LEED patterns. (d) AES spectra recorded for clean Au(111) surface and after phosphorus deposition at RT, 150°C and 260°C, respectively.

Figure 3 .

 3 Figure 3.3 show the initial stage of phosphorus deposited on Au(111) surface kept at RT. Compared with the bare reconstructed Au(111) surface, the topography of the surface covered with phosphorus adlayer evidently suffers significant modifications.

Figure 3 .

 3 Figure 3.3a clearly shows a rough surface. The atomic resolution STM image shown in Figure 3.3b presents different shape of P clusters, including pentagonal-shaped, triangular-shaped, trapezoid-shaped, and hexagonal-shaped. This could result from the

Figure 3 . 3 .

 33 Figure 3.3. STM topography images of phosphorus on Au(111), corresponding to phosphorus adlayer grown on Au(111) at RT during 2 min. (a) Large-scale image, one can see a rough terrace morphology of P overlayer (U = 1.0 V, I = 1.0 nA). (b) Atomic resolution STM image of phosphorus adlayer. The different shape of P-clusters are highlighted by black circles (U = 930 mV, I = 1.1 nA).

Figure 3 .

 3 Figure 3.4 shows the initial stage of growth of phosphorus on Au(111) kept at 150°C. Compared with the clean Au(111) surface, we observe phosphorus islands with a hexagon flower-like shape formed on the surface after phosphorus deposition. The large scale STM image of Figure 3.4a shows that the phosphorus islands and an uncovered Au area with the well know "herringbone" reconstruction coexist on the same terrace. Phosphorus islands are observed either on the top of Au substrate or within the Au layer (see Figure 3.4b). The line profile depicted at Figure 3.4c (corresponding to the black line in Figure 3.4a) reveals that the thickness of this phosphorus island is 0.23 nm.

Figure 3 .

 3 Figure 3.4d shows a line-scan across the phosphorus clusters within Au(111) surface as measured by black line in Figure 3.4b, indicating that the phosphorus island is this time located at the same height as the herringbone reconstruction of Au[START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF]. The highresolution STM image presented in Figure3.4c displays the local ordered superstructure of single layer phosphorus islands on Au[START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF], where each flower is
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 34 Figure 3.4. Filled state STM images corresponding to phosphorus grown on Au(111) surface at 150°C for 2 min. (a) Large scale STM image of phosphorus on Au(111) (U = -1.6 V, I = 1.0 nA). (b) STM height profile measured on black line in panel a, showing that the thickness of phosphorus islands is 0.23 nm. (c) High-resolution STM image of phosphorus on Au(111), showing different shaped P-clusters (U = -1.5 V, I = 1.0 nA). (d) STM height profile measured along the black line in panel c.

Figure 3 .

 3 Figure 3.5c reveals finer details of a phosphorus island with highly ordered superstructure. Each dark center is surrounded by six triangles which are formed by three bright spots. The unit cell is highlighted by black rhombus. The unit cell is composed by two trimers of phosphorus atoms. Figure 3.5d shows the line profile along the black line displayed in Figure 3.5c, indicating that the distance between two triangles gives a surface periodicity of 1.44 nm. The Au(111) surface lattice constant is 0.288 nm. Thus, the measured periodicity corresponds exactly to five times the lattice constant of the Au(111) surface (5 × 0.288 nm = 1.44 nm), which is consistent with the (5 × 5) periodicity observed in LEED pattern, refer to Figure 3.2c.
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 35 Figure 3.5. STM analysis of phosphorus deposited on Au(111) at 260°C for 2 min. (a) Large scale STM image (U = -0.80 V, I = 1.0 nA). (b) Phosphorus step-height profile, taken along the black line in (a). (c) High resolution STM image of single islands of phosphorus layer within Au(111) (U = -2.04 V, I = 0.51 nA). The 5 × 5 unit cell, highlighted by black rhombus, includes two trimers of phosphorus atoms. (d) Height profile taken along the black line in image (c).

260°C for 30

 30 min. The (5 × 5) superstructure is also observed in the LEED pattern (Figure3.6a). A typical STM topography recorded after post-annealing at 260°C of phosphorus on Au[START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] is displayed in Figure3.6b. This topography gives some insights about the mechanism involved during the first steps of growth when the substrate temperature is in the range 150-260°C. Here, in comparison with the phosphorus adlayer formed at RT (Figure3.3), the evolution is completely different, especially at the edge of terraces (Figure3.6c) where a dendritic structure is formed. These dendritic structures of Au are decorated by phosphorus atoms. The measured height line profile as shown in the inset of Figure 3.6b (corresponding to the black line in Figure 3.6b) indicates that phosphorus atoms are at the same height of Au. This indicates that P atoms replace Au atoms within the dendritic structure of Au and are not located in adatom positions as observed at RT (refer to Figure 3.3).

Figure 3 .

 3 Figure 3.6d reveals the details of phosphorus structure within Au(111) surface. A clear array of bright phosphorus trimers forming a phosphorus island within herringbone reconstruction of Au(111) is highlighted. The unit cell of (5 × 5) phosphorus structure is marked by black rhombus. Figure 3.6e shows the line profile along the blue line displayed in Figure 3.6d, which is in agreement with the (5 × 5) periodicity detected by LEED pattern.

1. 5 V

 5 , I = 0.9 nA). The inset in panel (b) shows a profile measured across the Au terrace and phosphorus dendritic, along the black line drawn in (b). (c) A magnified view of the red square area in image (b) (U = -1.5 V, I = 0.9 nA). (d) High resolution STM image of single layer phosphorus within Au(111) (U = -480 mV, I = 1.60 nA). Unit cell of 5 × 5 phosphorus is highlighted by black rhombus. (e) Profile taken along the blue line in image (d), revealing a 1.45 nm distance between the dark cores.

  functional implemented in the Vienna ab initio simulation package (VASP) version 5.4.1[26][27][28]. To model the Au(111) surface, we constructed a 4-layer slab, where each layer is formed by a 3 × 4 atoms (each layer contains 12 atoms). For the bulk Au lattice constant at 0 K, we used 4.17 Å[29]. To mimic the high temperature structure, we multiplied this lattice constant by 1.005, 1.01 and 1.02, consistent with the thermal expansion of gold, and performed the same adsorption studies described hereafter. Each slab is separated by the next ones in the direction perpendicular to the surface by vacuum with about 22 Å between slabs.
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 37 Figure 3.7. Configurations considered in the calculation of the total energy: (a) Au(111) surface with a P atom adsorbed on an fcc site, (b) a P atom replacing a Au surface

Figure 3 . 8 .

 38 Figure 3.8. Au(111) surface with a Au atom adsorbed on an hcp site close to the P atom in a substitutional configuration.

Figure 3 .

 3 Figure 3.9a shows the LEED patterns recorded at 57 eV, corresponding to a single layer of phosphorus formed on the Au[START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] surface when the substrate was kept at 260°C during deposition. The deposition of phosphorus atoms yields a nice and sharp(5 × 5) superstructure superimposed on the Au(111) integer spots (Figure3.9a), with a very low background. Moreover, identical LEED pattern is observed across the entire sample surface (8 mm × 8 mm in size), indicating that almost the whole surface is covered by the same surface structure with high quality and single crystallinity. In addition, we observe that the 4/5 spots along the main directions of Au[START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] are much brighter than the other spots. Let's note that this feature was not observed in the (5 × 5) LEED pattern obtained at low P coverage (see for example Figure3.6a). This diffraction spot arises from two contributions: the diffraction of the (5 × 5) superstructure superposed on the diffraction of the (1 × 1) sheet made by the phosphorus atoms. The LEED data clearly

Figure 3 . 9 . 1 × 1 )

 3911 Figure 3.9. LEED and AES analysis of the single layer phosphorus on Au(111). (a) LEED pattern (acquired at 57 eV) recorded after 1 ML of phosphorus at 260°C. The (1 × 1) spots of Au are highlighted by yellow circles in image, and the 4/5 spots along the main crystallographic directions of Au(111) are highlighted by red circles. (b) AES spectra recorded for clean Au(111) and after phosphorus deposition at 260°C for 10 min.

Figure 3 .

 3 Figure 3.10. STM characterization of 2D (5 × 5) phosphorus layer on Au(111), grown at 260°C for 10 min. (a) Large scale image of single layer of phosphorus layer on Au(111) (U = -1.0 V, I = 0.5 nA). (b) Profile taken along the black line in image a, revealing the apparent phosphorus layer thickness is 0.23 nm. (c) High-resolution STM image of single layer of phosphorus layer on Au(111), revealing a unit cell of (5 × 5) phosphorus layer consists of two trimers of phosphorus atoms, which is labeled by the black rhombus (U = -50 mV, I = 4.0 nA). (d) Profile taken along the black line in
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 311 Figure 3.11. The model systems of blue P on the (5 × 5) Au(111): (a-top) 32 P atoms forming two triangles with six bright protrusions each; (a-bottom) the corresponding simulated STM image. (b-top) Additional 2 × 3 P atoms on the two triangles; (b-bottom)

  .4c) and the simulated STM images (Figure3.11a-bottom).The model presented in Figure3.11a is close to the proposed model in ref.[6]. However, it cannot explain the experimental STM image shown in Figure3.10c, where triangles with three protrusions are observed. According to the same study, no more than one additional phosphorus atom could be adsorbed per unit cell on the first layer phosphorene. However, our experimental STM topography (Figure 3.11d) can be only explained by adding 2 × 3 extra P atoms per unit cell on top of the first phosphorene layer in agreement with the calculations discussed below. The model of this new superstructure is shown in Figure 3.11b-top. It consists of 38 P atoms with three atoms adsorbed on each of the triangles in the first model, which gives a blue phosphorene second layer via A-B-C stacking. The fully relaxed system presents a P-P distance of 0.33 nm, within a three-atom triangle, and a lateral distance of 0.663 nm between the two three-atom triangles. Both these distances are in good agreement with the distances observed in the experimental images of 0.35 and 0.69 nm (see Figure 3.10d, e). In this extra 2 × 3 phosphorus atom system, the 3 atoms on top of each 16atom triangles again lie at about 0.22 nm above the 6 top atoms of the first phosphorene layer and correspond to the spots observed in the experimental (Figure 3.10c) and calculated STM images (Figure 3.11b-bottom).

  intensity of the sp band and the d band of Au becomes faint, but the bands are still visible as shown in Figures 3.13b and d. Since the surface state of Au is extremely sensitive to any change of the surface, it can be taken as a probe of modifications of the surface atomic structure and electronic properties. The complete disappearance of the Shockley state lying at  point means that the Au(111) surface is completely covered by 1 ML of blue P and that the interaction between Au and P is relatively strong. Upon the formation of the blue phosphorene on Au(111), a clear new dispersive band appears related to phosphorene in the energy range from Fermi level to 2.0 eV (see Figure 3.13e and f). The ARPES shows that this band is dispersing along the high-symmetry directions. The high symmetry points MP and KP of the blue P are indicated in the inset of Figure 3.13. From the reconstruction (5 × 5) perodicity of the single layer blue P on

Figure 3 .

 3 Figure 3.13. ARPES for (a) clean Au(111) surface along the Γ-KAu direction, (b) 5 × 5 blue P grown on Au(111) along the Γ-KAu direction. (c) Clean Au(111) surface along the Γ-MAu direction, (d) 5 × 5 blue P grown on Au(111) along the Γ-MAu direction. (e, f) Close up in the energy region from Fermi level down to 2 eV BE for the spectra of parts b and d, respectively.

Figure 3 .

 3 Figure 3.14 shows two typical STS dI/dV spectra acquired on the clean Au(111) and on 1 ML blue P deposited on Au(111) at 260°C. The spectra correspond to an average of 25 STS spectra recorded at random positions. The spectrum for the clean Au(111) exhibits a metallic characteristic feature, with a state at ~ 0.45 eV below the Fermi level, corresponding to the Shockley state of the Au(111) surface[46, 49, 50] in agreement

Figure 3 .

 3 Figure 3.14. Wide-bias STS dI/dV spectra obtained from the clean Au(111), and 1 ML blue P formed on Au(111) at 260°C. For the clean gold (black line) the onset of Shockley surface states is identified around 0.45 V while for 1 ML blue P it demonstrates semiconducting characteristics (feedback loop opened at U = -0.1 V, I = 0.6 nA for

Figure 3 .

 3 Figure 3.15a. This structure is composed by predominantly triangular-shaped phosphorus clusters as mentioned in the previous section. Then, the sample was annealing at 260°C for 60 min, we observe that the local ordered triangles transform to a periodic honeycomb blue phosphorene structure composed of an array of bright trimers due to the thermal activation as presented in Figure 3.15b.

Figure 3 . 15 .

 315 Figure 3.15. The sample is deposited at 150°C for10 min, followed by a subsequent annealing step at elevated temperature. (a) Close-up STM image of 2D phosphorus layer on Au(111), showing a hexagonal flower-like shape structure. (b) STM

Figure 3 .

 3 16 the plotting of the experimental AES, revealing evolution of peak to peak intensity of the substrate (Au MNN) and the adsorbate (P LMM) as function of the deposition time. From the evolution of the different Auger intensities, two regimes can be describes: for the initial stage, the linear part of the AES plots for Au and P peaks can be clearly observed, where the P overlayer growth is characterized by continuously decreasing Au signals accompanied by steadily increasing P signals; when exceeding a threshold time, the Au and P Auger intensities remained unchanged. Here, it is worth mentioning that we attempt the different deposition rates to obtain the phosphorene on Au[START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] surface, but the finally result is that the intensity of Au and P AES signals remain unchanged after formation of 1 ML of phosphorene on the Au[START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF].

Figure 3 .

 3 Figure 3.16. AES plots of peak to peak Auger intensity of Au MNN (69 eV) and P LMM (120 eV) as function of the deposition time on Au(111) surface at 260°C.

Figure 3 .

 3 17b shows the profile measured across the different terraces along the black line in Figure 3.17a, indicating that the different height of flat terraces is the same with a step height of around 0.23 nm.

Figure 3 .

 3 Figure 3.17. STM characterization of 2D (5 × 5) blue P on Au(111), grown at 260°C for 50 min. (a) Large scale image shows that blue P fully covers the substrate (U = -1.0 V, I = 0.5 nA). (b) Profile taken along the black line in image a, revealing the apparent blue P thickness is 0.23 nm.

Figure 3 .

 3 Figure 3.18. STM characterization of the phosphorus sheets grown on Au(111) deposited at 150°C for (a) 2 min, (b) 10 min, and (c) 50 min, respectively. (d) Profile taken along the black line in image c, revealing the apparent phosphorus sheets thickness is 0.23 nm.

Figure 3 .

 3 Figure 3.19. (a, b) Top and side views of the 18-9 blue P-Au structure on (5 × 5)-Au(111).

Figure 4 .

 4 1d shows line profile taken along the black line in Figure4.1c over a step edge between two Ag[START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] terraces. The height difference between neighboring terraces is about 0.233 nm, which is in good agreement with the height of a monoatomic step on Ag[START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] [10].

Figure 4 .

 4 Figure 4.1e shows an atomic structure of Ag[START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF], revealing a perfect crystallographic structure of Ag[START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] surface. Figure4.1f shows the line profile measured along black line in Figure4.1e, which gives an interatomic distance of 0.289 nm in good agreement with the expected value for the lattice constant of Ag[START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] surface[11, 12].

Figure 4 . 1 .

 41 Figure 4.1. LEED, AES and STM analyses of clean Ag(111) surface. (a) LEED pattern of clean Ag(111) surface taken with an electron energy at 47 eV. (b) AES spectra of clean Ag(111) surface. (c) Large scale STM image of a clean Ag(111) surface (U = -0.2 V, I = 1.8 nA). (d) The height profile measured along the black line in panel (c), reveals flat terraces with a step height of 0.233 nm. (e) Atomically resolved STM image of clean Ag(111) surface (U = -0.2 V, I = 1.7 nA). (f) The line profile measured along the black line in panel (e), shows the periodicity of the Ag(111) lattice ~0.289 nm.

Figure 4 .

 4 Figure 4.2b shows the LEED pattern obtained from phosphorus deposited at 150°C on Ag(111) substrate with 0.4 ML coverage recorded at 47 eV electron energy. No extra

Figure 4 . 3 .

 43 Figure 4.3. (a) The large scale filled state STM image of phosphorus sheets on Ag(111) deposited at 150°C with 0.4 ML coverage, showing that the phosphorus sheet covers the terrace and different domains are highlighted by different colored (U = -200 mV, I = 0.80 nA). (b) Close-up STM image of phosphorus sheet on Ag(111), showing a perfectly ordered rows (U = -500 mV, I = 1.00 nA). The unit cell is highlighted by black parallelogram. (c) Line profile taken along the blue line in (b), revealing that the distance between the nearest-neighbor phosphorus pentamers along the rows direction is 0.76 nm. (d) Line profile taken along the red line in image (b), reveals the periodicity of about 4.5 nm.

Figure 4 .

 4 Figure 4.3b shows a close-up STM image, demonstrating the striped phase composed of a series of rows made by phosphorus pentamers. Careful inspection of the STM image reveals that each small structure is composed of 5 atoms in the form of a pentamer.The distance between the nearest-neighbor pentamers is 0.76 nm as revealed by the line profile of Figure4.3c (corresponding to the blue line in Figure4.3b). This value is equal to √7 times the unit cell of Ag(111) (√7 × 0.289 nm = 0.765 nm). In addition, Figure4.3b shows that pentamers are close-packed into rows. The pentamers within the same row have the same orientation while a neighboring row has a different orientation giving a periodic pattern to the stripes. The measured line profile in Figure4.3d (corresponding to the red line in Figure4.3b) shows that the periodicity is about 4.5 nm which is very close to 6√7 times the unit cell of Ag(111) (6√7 × 0.289 = 4.6 nm). This indicate that the phosphorus pentamers structure presents a (√7 × 6√7) R19° unit cell with respect to Ag[START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF]. The unit cell is indicated by black parallelogram in Figure4.3b.

Figure 4 .

 4 4d shows the FFT pattern of Figure 4.4b, where

Figure 4 . 4 .

 44 Figure 4.4. (a) Atomic resolution STM image of clean Ag(111) (U = -0.2 V, I = 1.7 nA). (b) Close-up STM image of 0.4 ML phosphorus sheet on Ag (111) (U = -500 mV, I = 1.00 nA). (c) Fast Fourier transform (FFT) image of panel (a). The white circles represent the (1 × 1) Ag(111) lattice. (d) Fast Fourier transform (FFT) image of panel (b). The green and blue circles correspond to × √7 in one direction and × 6√7 in the other direction relatively to Ag. The rotation between the unit cell of silver and the

  bright and two dark (or vice versa). Such protrusions inhomogeneity observed within the pentamer structures results from asymmetry between the pentamer and the underlying Ag lattices. Indeed, along b direction, each pentamer is rotated by 36° relatively to its neighbor which forces the pentamers to adsorb in different site of the Ag surface.

Figure 4 . 5 .

 45 Figure 4.5. (a) Atomically resolved filled state STM image showing buckled pentagonal lattice structure (U = -100 mV, I = 3.0 nA). (b) Line profile along black lines in (a), revealing a corrugation in the phosphorus pentamers.

Figure 4 . 6 .

 46 Figure 4.6. Representative Ag 3d core-level XPS spectra of (a) clean Ag(111) surface and (b) after formation of the striped phase of phosphorus on Ag(111). Ag 3d core-level spectra (dots) and their fitted curves (solid line), recorded at hν = 470 eV. Blue arrows indicate the plasmon loss peaks of Ag. P 2p core level XPS spectra of the striped phase on Ag(111) at (c) normal emission and (d) surface emission (70° off-normal) recorded at hν = 280 eV with two asymmetric components (S1) and (S2).

Figure 4 . 7 .

 47 Figure 4.7. STS dI/dV spectra obtained from the clean Ag(111) surface and from the

Figure 4 .

 4 Figure 4.8a shows the LEED pattern corresponding to ~0.1 ML phosphorus deposited on Ag(111) substrate at RT. There are no obvious characteristic of phosphorus spots after deposition, only few fuzzy streaks are observed in the diffraction pattern along the main crystallographic directions, which are the sign of one dimensional structure.

Figure 4 .

 4 Figure 4.8b shows a topographic STM overview map of phosphorus on Ag[START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] in 3D view corresponding to low coverage deposition of P atoms (~0.1 ML) on the Ag[START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] surface. This image shows different atomically flat Ag[START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] terraces, covered by isolated PNRs with an average length around 15 nm (inset of Figure4.8b). We observe that at the early stages of growth, the P atoms are not disordered but ribbons are formed rapidly.

Figure 4 .

 4 Figure 4.8c presents an atomic resolved STM image of individual PNR. The PNRs all have the same width and internal atomic structure, consisting of two rows of bright protrusions with a typical width of about 0.75 nm as shown by the line profile of Figure

Figure 4 . 8 .

 48 Figure 4.8. (a) LEED pattern of phosphorus deposited on Ag(111) substrate at RT for 30 s with the coverage around 0.1 ML, measured with an electron energy of 49 eV. (b) 3D view of the STM topographic image of PNRs on the Ag(111) surface with a low coverage of about 0.1 ML (U = 600 mV, I = 1.20 nA). Inset: histogram showing the length distribution. (c) Atomically resolved filled state STM image of PNRs structure (U = -80 mV, I = 1.50 nA). (d) STM height profile measured for the black line in (c).

Figure 4 . 9 .

 49 Figure 4.9. AES spectra of clean Ag[START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] surface and PNRs deposited onto Ag[START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] surface at RT for 2 min.

Figure 4 . 8 )

 48 . The growth directions of the three domains are aligned with the Ag(111) substrate as the atomically-resolved STM image of the bare Ag(111) the inset in Figure 4.10b highlights. The finer details of the surface structure are revealed in Figure 4.10c, which shows that the phosphorus pentamers and PNRs phases coexist. Local pentagonal structure with well-defined nanoribbons are clearly shown. Bright contrast corresponding to the phosphorus cluster and darker one corresponding to missing phosphorus atoms are also observed. The atomic-scale feature of the PNRs is clearly shown in the high-resolution STM image (Figure 4.10d), which reveals an armchair-like structure of the PNRs. The profile of blue line in Figure 4.10d measures the corrugation along the PNRs (Figure 4.10e). We see that the periodicity of the brightest protrusions in the STM image is 0.58 nm, which corresponds to twice the lattice constant of Ag(111) surface (2 × 0.289 nm = 0.578 nm) in good agreement with the (× 2) periodicity shown in the LEED experiments. This line profile also gives an average distance between the two nearestneighbor bright protrusions of 0.20 nm.Figure 4.10f shows a line profile measured along the red line in image 4.10d, revealing the periodicity of the nanoribbons is about 0.87 nm in the corrugation is measured across the PNRs along the other main direction of Ag(111). This value is equal to three times the lattice constant of Ag(111) surface (3 × 0.289 nm = 0.867 nm), in good agreement with the diffraction pattern of Figure 4.10a. This indicates that the PNRs self-assemble to form a (2 × 3) superstructure relative to the Ag(111) surface. The unit cell of PNRs structure is indicated in Figure 4.10d.

Figure 4 .

 4 Figure 4.10. (a) LEED pattern acquired at 56 eV, corresponding to the (2 × 3) superstructure obtained after the deposition of phosphorus onto the Ag(111) surface at

Figure 4 .

 4 11a exhibits a characteristic XPS spectrum of Ag 3d core level, where the characteristic Ag 3d3/2 and 3d5/2 peaks are located at the binding energies of 374.2 and 368.2 eV, respectively. The binding energies of these two peaks are consistent with the value of pristine Ag(111): 374.2 and 368.2 eV[17], indicating that Ag atoms do not have strong interaction with phosphorus atoms to change their chemical state during the deposition process. The best fit is obtained with a combination of 140 meV Gaussian profile and a 280 meV Lorentzian profile, while the spin-orbit splitting is 6 eV.

Figure 4 .

 4 12b) using 160 k-points along the K--M direction of the (1 × 1)-Ag(111) surface, according to the HR-ARPES experiments. The contribution of the P atoms on the Ag(111) surface is superimposed in red circles. The results fit very well the observed dispersion band in the ARPES experimental measurements. Obviously the use of k-points belonging to the first Brillouin Zone of the (1 × 1)-Ag(111) unit cell involves the presence of several folded bands. However, one can observe the standard parabolic dispersion of silver around the  point. In addition, the P-contribution around 1.6 eV below the Fermi level is clearly visible and is close to the experimental value (1.5 eV).

Figure 4 .

 4 Figure 4.12. (a) ARPES band structure mapping recorded at photon energy of 60 eV along K--M direction after deposition of PNRs on Ag(111) surface. (b) DFT calculated band structure of the whole 4P/(2 × 3)-Ag(111) surface along the K--M path. Superposition of the experimental and the calculated ARPES showing a good agreement between the experiment and the calculation.

Figure 4 .

 4 13a shows a typical STS dI/dV spectrum recorded on the bare Ag(111) surface (black line) and on PNRs (red line). Each curve is an average of 40 individual spectra. Compared to the clean silver, the representative dI/dV spectrum recorded on the PNRs presents a clear semiconducting character. 123

Figure 4 .

 4 Figure 4.13. (a) STS dI/dV spectra obtained from PNRs on Ag(111) surface, revealing semiconductor characteristics. Feedback loop opened at U = -0.7 V, I = 0.5 nA for bare Ag(111) and at U = -1.5 V, I = 1.2 nA for PNRs. (b) The integrated signal from the APRES after deposition of PNRs on Ag(111) surface along K--M direction of the SBZ.

Figure 4 .

 4 Figure 4.14. AES spectra of Ag(111) surface before and after phosphorus deposition at 260°C for 1 min and 2 min, respectively.

Figure 4 .

 4 15bshows an STM image over a region where phosphorus islands exhibits a fascinating pattern composed of irregular-shaped of phosphorus islands. The phosphorus islands not only stand on the Ag[START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] but also are formed within the Ag terrace. This indicates that during its formation, phosphorus is not simply adsorbed on the substrate, but it induces a modification of the Ag substrate. The measured height line profile in Figure4.15c (corresponding to the white line in Figure4.15b) shows that the height of single layer islands standing on Ag(111) is about 0.25 nm but also indicates that other phosphorus islands are at the same height of Ag(111) (substitution site). From the topographic images and line profile, we can deduce that the phosphorus islands emerge within the Ag[START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] surface on which they grow.The detailed atomic structure is presented in Figure4.15d, revealing that the large phosphorus islands are composed by irregular-shaped phosphorus islands. Their sides are aligned along Ag(111) main directions.

Figure 4 .

 4 Figure 4.15. (a) LEED patterns acquired at 48 eV of phosphorus deposited on the Ag(111) surface held at 260°C with 0.38 ML coverage. (b) STM image of phosphorus deposited on Ag(111) terraces with a large phosphorus islands (U = -1.0 V, I = 1.0 nA). (c) Line profile taken along the white line in image (b). (d) Topographic STM image of phosphorus islands within Ag(111) (U = -0.5 V, I = 0.5 nA).

Figure 4 .

 4 Figure 4.16d shows a line-scan across the phosphorus in different layers (corresponding to the red line in Figure 4.16b) giving a phosphorus sheets height of 0.25 nm, which is consistent with phosphorus islands height standing on clean Ag(111).

Figure 4 .

 4 16e indicates that the well-ordered hexagonal phosphorus islands are obtained at high coverage. The (4√3 × 4√3) R30°with respect to the Ag[START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] is indicated by a green rhombus. The inset at the upper left-handed corner shows the atomic structure of the clean Ag[START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] surface, in which the unit cell of (1 × 1) Ag(111) is marked with a red rhombus. We can see that the islands have different shapes but on average, the unit cell is turned by 30° respect to Ag[START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] (1 × 1). Figure4.16f shows the line profile along the black line displayed in Figure4.16e.The average distance between two dark regions is about 1.99 nm which corresponds to 4√3 times the lattice constant of the Ag(111) surface (4√3 × 0.289 nm = 2.00 nm), consistent with the (4√3 × 4√3) periodicity observed in LEED pattern of Figure4.16a.

Figure 4 .

 4 Figure 4.16. (a) LEED pattern acquired at 48 eV of phosphorus islands on the Ag(111) surface held at 260°C with 0.8 ML coverage, revealing a (4√3 × 4√3) R30°s uperstructure. (b) Large scale STM image of phosphorus clusters structure covering

Figure 4 .

 4 Figure 4.17. (a) High-resolution STM image of the phosphorus clusters within Ag(111) (U = -50 mV, I = 1.0 nA). (b) Profile taken along the black line in image (a).

Figures 4 .

 4 Figures 4.18a and b exhibit the characteristic XPS spectra of Ag 3d core level for the clean Ag(111) and after phosphorus deposited on the Ag(111) surface, respectively.

Figures 4 .

 4 Figures 4.18c and d show P 2p core level spectra of phosphorus clusters on Ag(111) at normal emission and surface emission, respectively. As shown in Figure 4.18c, the fitting results clearly show that the P 2p peak consists of two groups of bonding components S1 and S2. The S1 component located at 129.7 eV binding energy is assigned to the phosphorus atoms with only a phosphorus environment in the islands,

Figure 4 .

 4 18d reveals the characteristic XPS spectrum of P 2p core level for phosphorus deposited on the Ag[START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] surface at surface emission. It is found that the intensity of S1 component increases which is related to the surface component, while the intensity of S2 component decreases which is related to the interface component.The best fit is obtained with a 166 meV Gaussian profile and an 80 meV Lorentzian profile, while the spin-orbit splitting is 0.865 eV. semiconducting nature of the phosphorus islands growing within the Ag surface. The two pronounced shoulders locate at -0.3 V and 0.3 V, attributed to orbitals of phosphorus. The STS reveals a gap of ~0.6 eV across the Fermi level. The dI/dV curve of phosphorus islands on Ag[START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] display an overall similar band structure compared to the curve recorded on phosphorus islands within Ag[START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF], but the valence band maximum shifts to -0.7 eV below Fermi level. From STS spectra, it could be concluded that the phosphorus islands on Ag[START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] surface has a larger band gap that the islands within Ag(111) surface, indicating that the effect of the surface exchange reaction cannot be ignored.

Figure 4 .

 4 Figure 4.19. STS dI/dV spectra obtained on phosphorus clusters within and on Ag(111), revealing semiconductor characteristics. Feedback loop opened at U = -0.7 V, I = 0.5 nA for bare Ag(111) and at U = -0.5 V, I = 0.7 nA for phosphorus clusters.
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 23 reconstruction on Ag[START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] obtained at RT, which are oriented along the main crystallographic directions of the Ag[START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] surface. The electronic band gap of PNRs is determined to be 1.8 eV by means of a combination of STS, ARPES and DFT calculations.Finally, we highlighted that the evaporated phosphorus atoms react with Ag atoms of the surface at elevated temperature of 260°C, where the phosphorus atoms exchange with the Ag substrate and are inserted within the top Ag layer, resulting in the formation of a domain-wall structure with a (4√3 × 4√3) R30°superstructure with respect to Ag[START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF]. Moreover, the domains are separated by straight domain boundaries, which are oriented along the main crystallographic directions of the Ag(111) lattice. The exchange reaction leads to jagged-shape step edges. The STS determines the semiconducting characteristics of P-islands, revealing a gap of ~1.0 eV. This work has not only allowed us to understand the evolution of the structure of the P element on the Ag[START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] surface, but it permitted also to explore an avenue for future research in physics and chemistry on this novel 2D material. characteristic low buckled pentagonal lattice structure of phosphorus atoms on Ag[START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] with an anisotropic corrugation. Analysis of the XPS measurements and AES analysis indicates a weak interaction between the phosphorus pentamers and the Ag[START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] substrate. Moreover, XPS further confirmed the buckled conformation of this new 2D phosphorus phase. STS investigations determined the semiconductor character of phosphorus pentamers with a band gap value around 1.2 eV. This work shows the nature of the new 2D structure of phosphorus. Secondly, we have presented compelling evidence for controlling growth of phosphorene nanoribbons on Ag[START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] at RT. The atomic and electronic structures of epitaxial PNRs were determined experimentally with DFT calculations. The phosphorus atoms organize into a nanoribbon structure on the (111) surface with a typical length of 15 nm detected by STM and LEED. A band gap of ~1.8 eV is measured for PNRs on Ag(111) surface through STS, ARPES and DFT calculations. With these properties, PNRs present unique opportunities to fabricate in nano-electronic and optoelectronic devices.
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	XPS, ARPES, which is suitable for the structural characterization of local bonding
	geometry at surfaces and interfaces of novel materials, nanostructured surfaces, and
	surfaces of complex materials. The photoemission station is equipped with a Scienta
	EW 4000 hemispherical electron analyzer with 2D detection. The specifications are
	summarized in Table 2.1[35].	
	Base pressure	2 × 10 -10 mbar

The Swiss Light Source (SLS) as a third-generation synchrotron light source located at the Paul Scherrer Institut near Villigen in Switzerland, can generate electromagnetic radiation with high energy and high stability. At the SLS, the energy of electrons is 2.4

GeV, and these electrons circulate in a storage ring with a circumference of 288 m. It covers a photon energy range of 60 to 2000 eV.

Essentially, the PEARL beamline (short for Photoemission and Atomic Resolution Laboratory) includes a variety of surface science techniques, such as LT-STM, LEED, 1. Specifications of the photoelectron spectroscopy system.

  4.6c and d. The core-level spectrum of P 2p is fitted by two components S1 and S2 located respectively at 129.72 and 129.04 eV. These two components are assigned to two types of phosphorus atoms with different chemical environments. This can be explained by the buckled structure of phosphorus pentamers observed by STM. One component 110 corresponds to P atoms in contact with the substrate and the second corresponds to P atoms in contact only with P atoms. The best fit is obtained with a combination of a 200 meV Gaussian profile and a 80 meV Lorentzian profile, while the spin-orbit splitting is 0.865 eV.

Chapter 2. Epitaxial synthesis of Blue Phosphorene on Au(111)

In this chapter, we will focus on the epitaxial growth of blue phosphorene (blue P) on Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] by molecular beam epitaxy. We will discuss the surface reactivity between the topmost Au and P atoms, the structural evolution of phosphorene on the Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF], and the formation of multilayers of blue P. Here, several surface sensitive techniques are employed: the surface topography is studied by in situ low temperature scanning tunneling microscopy (LT-STM), low-energy electron diffraction (LEED) and density functional theory (DFT) calculations, the chemical composition of the surface is determined by X-rays photoemission spectroscopy (XPS) and Auger electron spectroscopy (AES) and the electronic structure is disclosed by scanning tunneling spectroscopy (STS) and angle resolved photoemission spectroscopy (ARPES). merge at the edge of the terraces due to less coordinated and high surface potential [6,16,17]. This phenomenon was also observed in the case of growth of silicene on Ag [START_REF] Low | Tunable optical properties of multilayer black phosphorus thin films[END_REF] and Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] surfaces [18][19][20][21][22]. spin-orbit splitting is 3.678 eV and the branching ratio is 0.75. Figure 3.11b also shows the Au 4f spectrum recorded after deposition of 1 ML of phosphorene. The fit was obtained with the same parameters as for the clean Au surface. Here, the spectrum is again reproduced with the two spin-orbit split components (S3 and S4) as for the clean gold. However, it was necessary to add an additional component (S5) located at 84.32 eV that we attribute to the gold-phosphorus environment. We observe that the S3 component attributed to the surface environment of Au does not vanish completely, indicating that a few small areas of the bare surface remain, even though none was found in the many STM images. This may be due to some bare areas of the Au surface remaining. We have also studied the electronic band structure of blue P on Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] by ARPES.

Here we probe the band structure of the new phosphorene structure composed of trimers protrusions, which is prepared at 260°C. Figures 3.13a and c show the ARPES data acquired at 60 eV photon energy for pristine Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] along -K and -M direction, respectively. At this photon energy the intensity of the Au-sp bands is more intense. was used to grow phosphorus and its derivatives, which has smooth surface and a cylindrical shape with 6 mm of diameter and 3 mm of thickness. The substrate is cleaned in the preparation chamber by several cycles of Ar + sputtering and postannealing. The beam energy is 650 eV at 1.3 × 10 -5 mbar and the subsequent annealing temperature is kept at 500°C for 40 minutes to get rid of blemishes and contaminations.

Furthermore, the Ag( 111) is re-cleaned for each new experiment by following the same procedure to remove previously deposited material. In the analysis chamber, a Knudsen cell loaded with black phosphorus is used as a phosphorus source. The deposition rate is monitored by using a quartz microbalance, which is placed at the same position as the sample. It is also equipped with a LEED instrument and an Auger spectrometer. A series of experiments is carried out, in which phosphorus is evaporated onto the Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] substrate maintained at room temperature (RT), 150°C and 260°C, respectively. The surface structure and chemical composition are characterized by LEED and AES, which are performed at RT. The morphology details of the clean Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] substrate and the phosphorus sheets on Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] are investigated by in situ STM, operated at 78 K or 300 K. All STM measurements are recorded in a constant current mode. Tungsten (W) tip is made by electrochemical etching. STS experiments are acquired using a lock-in technique, where a modulation voltage of 10 mV and a frequency of 5127.7 Hz are applied. The photon energies used for the XPS experiments were 470 eV for the Ag 3d spectrum and 280 eV for that of the P 2p, respectively.

Clean Ag(111) surface

The quality and cleanliness of the Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] surface is characterized by LEED, AES and STM measurements. Figure 4.1a shows a sharp and bright (1 × 1) LEED pattern of Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] surface. The six outer symmetric spots are assigned to the pristine Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] substrate, which has six-fold symmetry. The characteristic AES spectrum acquired on the clean Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] surface is shown in Figure 4.1b, where the sharp peaks of Ag MNN at the standard energy of 351 and 356 eV and broadening of secondary peaks at 260 and 302 eV can be easily distinguished [9]. Moreover, compared with the standard AES spectrum of Ag, no extra peaks can be found due to contaminants, such as carbon (at diffraction spots related to the phosphorus deposition are observed. Only an increase of the background contrast is observed compare to the LEED pattern of the clean Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF]. between PNRs as highlighted by blue and yellow in Figure 4.10d. Indeed, the protrusions along the red line in Figure 4.10d are not equivalent due to a shift of one atom distance (stacking fault) relative to the neighboring nanowires. This explains why the × 3 diffraction spots observed by LEED are weak and elongated. In addition, because the × 3 periodicity is not well defined, this induces also a fuzzy × 2 diffraction spots. The × 2 is along the PNRs which are not perfectly matching the × 3 structure.

However, the distance between the PNRs corresponds exactly to × 3 = 0.867 nm.

In order to support the experimental features, in collaboration with Prof. Kara from University of Central Florida (USA) and Dr. Yannick Dappe from CEA (France), we performed Density Functional Theory (DFT) calculations. In the calculations, we have considered a 2 × 3-Ag(111) slab of 5 layers ( we also used a 9 layers effect to test the size effect), on top of which we have set 4 phosphorous atoms according to the standard geometry of the side view of black phosphorus layer. The present calculations were performed using density functional theory (DFT) using the PBE exchange-correlation functional [42] as implemented in VASP [43][44][45] version 5.4.4. The interaction between the valence electrons and ionic cores is described by the projector augmented wave (PAW) method [46,47]. The plane wave energy cut-off was set to 400 eV. We have then optimized the geometry until the forces went below 0.1 eV/Å. The calculated STM images were produced Tersoff-Hamann method [48], and the p4vasp software package with an STM tip placed 2.05 Å above the phosphorus position.

The resulting structure, presented in Figure 4.10g is in good agreement with experimental observations (Figure 4.10d), as we can observe the emergence of phosphorous nanoribbons after a full relaxation of the system. Moreover, the corrugation is also in good agreement with the STM results. We have simulated STM image from the partial charge density of the relaxed systems. Figure 4.10h presents a juxtaposition of the experimental (right) and the calculated (left) STM images. A good agreement is obtained confirming the proposed model. energy of 129.03 eV, which is consistent with the binding energy of the P 2p peak in phosphorus pentamers obtained on Ag(111) of ∼129.04 eV. This component originates from the P atoms directly in contact with the Ag substrate. In addition, no peak is detected at the higher binding energy side, which would correspond to oxidized phosphorus [49,50]. This indicates the as-grown PNRs on the Ag( 111 To explore the electronic structure of PNRs on Ag(111) surface, we performed ARPES measurements. Figure 4.12 shows the band structure obtained by ARPES using a photon energy of 60 eV after deposition of PNRs. Measurements were recorded along and perpendicular to the armchair direction, which correspond also to the -K and -M directions of the substrate, respectively. Besides the well-known Ag sp branches crossing the Fermi level, we observe interesting dispersive bands associated with phosphorene layer and located at 1.5 eV below the Fermi level indicating unambiguously the existence of an energy gap of at least 1.5 eV. This type of peculiar To determine the electronic band gap of phosphorus islands we performed STS measurements. STS is the ideal technique to probe the local density of states of the topmost surface layer, which is particularly useful for these non-uniform structures. The differential conductance dI/dV is proportional to the local density of states (DOS) for metals and semiconductors [69]. As shown in Figure 4.19, the dI/dV of the black curve taken on clean Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] surface demonstrates a metallic characteristic. After deposition of phosphorus on Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF], the dI/dV of the red curve gives an evidence of a

Conclusion and Perspectives

In this thesis, we used the molecular beam epitaxy method to synthesize several 2D phosphorus structures on different metal substrates, including Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] and Ag [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF].

We have investigated the phosphorus sheets growth on the Au(111) surface at room (25°C) and at elevated temperature (150°C and 260°C) using LEED, AES, STM, XPS, ARPES and DFT calculations. We demonstrated that phosphorus clusters of different geometries formed on Au(111) at room temperature. After post-annealing at 260°C, these clusters re-organize to form a planar hexagonal blue phosphorene layer. We also found that the evaporated P atoms react with the surface Au atoms. Under thermal activation a substitution process occurs at higher temperature, where by the P atoms kick out Au atoms from their surface sites to form the phosphorene structure within the top Au layer. This process does not occur at room temperature where P-clusters merely adsorb on the top Au layer. The results enable us to understand the growth behavior of phosphorene and demonstrate that the exchange reaction between P atoms and Au atoms should be considered. We have also shown that 2D blue phosphorene can be synthesized on Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] with a coverage close to 1 ML. When the substrate is maintained at 260°C, the phosphorus layer forms a (5 × 5) superstructure with a band gap of about 1.1 eV. Moreover, the results from the STM and LEED measurements coupled with DFT calculations demonstrate that a new blue phosphorene structure consists of a stretched first layer of blue phosphorene, with additional trimers of the second layer at higher coverage. This new model is consistent with both the (5 × 5) periodicity and the extended periodic structure observed in the experimental STM topography. Finally, we attempted to obtain multilayer blue phosphorene on Au [START_REF] Mao | Optical anisotropy of black phosphorus in the visible regime[END_REF] surface, however, the AES and STM results indicated a self-limited growth of 1 ML of well-ordered blue phosphorene.

On the Ag(111) substrate, we have successfully synthesized a high-quality single layer of a new 2D phase of phosphorus using the MBE process. Firstly, phosphorus was deposited on the Ag(111) surface at 150°C. STM measurements revealed a